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Preface

In the last several years, issues related to environmental pollution, health, and safety have

pushed the global research community to address new challenges in order to find valid solutions able

to substitute petroleum-based materials, providing advantages for the environment and humans.

In this scenario, bio-polymers have gradually caught on in several application fields in materials

science, such as manufacturing, biomedical engineering, the food industry, packaging, cosmetic and

pharmaceutical industries, agriculture, the energy sector, green nanotechnology, and recycling by

attracting the interest of the industrial world, which is increasingly forced to comply with restrictions

for environmental and health protection. This reprint collects 32 scientific works of scholars that

contributed their own expertise, passion, and science to expand the boundaries of knowledge by

addressing new challenges. The topic of new biopolymer-based composite materials is addressed

from several aspects, from the development to characterization and application, in several fields of

scientific interest.

Raffaella Striani

Editor
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Abstract: Chitosan is produced by deacetylating the abundant natural chitin polymer. It has been
employed in a variety of applications due to its unique solubility as well as its chemical and biological
properties. In addition to being biodegradable and biocompatible, it also possesses a lot of reactive
amino side groups that allow for chemical modification and the creation of a wide range of useful
derivatives. The physical and chemical characteristics of chitosan, as well as how it is used in the food,
environmental, and medical industries, have all been covered in a number of academic publications.
Chitosan offers a wide range of possibilities in environmentally friendly textile processes because of
its superior absorption and biological characteristics. Chitosan has the ability to give textile fibers and
fabrics antibacterial, antiviral, anti-odor, and other biological functions. One of the most well-known
and frequently used methods to create nanofibers is electrospinning. This technique is adaptable
and effective for creating continuous nanofibers. In the field of biomaterials, new materials include
nanofibers made of chitosan. Numerous medications, including antibiotics, chemotherapeutic agents,
proteins, and analgesics for inflammatory pain, have been successfully loaded onto electro-spun
nanofibers, according to recent investigations. Chitosan nanofibers have several exceptional qualities
that make them ideal for use in important pharmaceutical applications, such as tissue engineering,
drug delivery systems, wound dressing, and enzyme immobilization. The preparation of chitosan
nanofibers, followed by a discussion of the biocompatibility and degradation of chitosan nanofibers,
followed by a description of how to load the drug into the nanofibers, are the first issues highlighted
by this review of chitosan nanofibers in drug delivery applications. The main uses of chitosan
nanofibers in drug delivery systems will be discussed last.

Keywords: chitosan; nanofiber; preparation; characterization; applications; wound dressing

1. Introduction

Henry Braconot (1780–1855) isolated chitin from mushrooms in 1811. Chitin was the
second carbohydrate discovered in 1859 [1]. It was hydrolyzed in an alkaline medium
in 1894 to produce a new carbohydrate soluble in dilute acids called chitosan. Chitosan
and its oligomers drew a lot of attention because of their unique properties [2–4]. Chitin
represents the second natural polysaccharide in nature, after cellulose. Its chemical name is
poly N-acetamido-2-decoxy-β-D-glucose [5]. Figure 1 shows the chemical structure and
some sources of chitin and chitosan [6–9].

Polymers 2023, 15, 2820. https://doi.org/10.3390/polym15132820 https://www.mdpi.com/journal/polymers
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Figure 1. Chemical Structure and some sources of chitin and chitosan [5].

2. Structure of Chitin and Chitosan

Chitosan, a white polymer found in crabs, is a nitrogenous polysaccharide that is rigid
inelastic and found both inside and outside the exoskeleton of invertebrates. The primary
distinction is the solubility of chitosan in diluted acid (at PH = 7). The ocean, lakes, and seas
are the sources of chitosan products [10]. Chitosan has potential applications in various
fields, such as biomedical applications and the fabrication of protective clothes [10].

Chitin and chitosan, as natural renewable biopolymers, have unique properties, as
they are biocompatible, biodegradable, and non-toxic [11]. Because of the NH2 groups that
open the structure of chitosan, it is easier to modify than cellulose. As a result, it can be
converted into a variety of chitosan derivatives [12]. The main purpose of this modification
is to improve its solubility and chemical reactivity [13,14].

Acetylation degree is the presence of acetyl glucose amine to glucose amine in the
chitin structure. Which determines the solubility of chitin and chitosan? Chitosan is more
accepted than chitin due to its high degree of solubility in dilute acetic acid [15,16].

The presence of acetyl groups in chitin and chitosan makes their solubility problematic,
although M.W.T. represents an important later component for chitin and chitosan properties.
There are several methods used to estimate the molecular weight (M.W.T.) of chitin and
chitosan, such as light scattering and viscosity [15,16].

Chitin is hydrophobic material insoluble in water and most organic solvents. Its
solvent is a mixture of 1,2-diehloroethane and trichloroacetic acid (35:65), fresh saturated
solution of lithium thiocyanate, chloroalcohols in conjugation with aqueous solutions of
mineral acids and Dimethylacetamide containing 5% lithium chloride [10,17].

2
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Chitin and chitosan are biocompatible, biodegradable, and non-toxic. Because they
are amino polysaccharides, they exhibit interesting properties in biology, pharmacology,
and physiology and have numerous applications such as wound healing, wound dressing,
hemostatic agency, and antimicrobial activity, requiring them to be used as a biomedical
material [17].

Figure 2 shows chitosan-based materials with different shapes and sizes: chitosan
nanoparticles, chitosan nanofibers fabricated by electrostatic spinning technology, chitosan–
pectin hydrogel grid scaffold prepared by 3D printing technology, chitosan core-alginate
shell microspheres, chitosan-based fibers fabricated by solvent spinning technology, and
3D-printed chitosan porous structures [18].

 

Figure 2. Chitosan-based materials with different shapes and sizes: (a) chitosan nanoparticles;
(b) chitosan nanofibers fabricated by electrostatic spinning technology; (c) chitosan–pectin hydrogel
grid scaffold prepared by 3D printing technology; (d) chitosan core–alginate shell microspheres
(e) chitosan-based fibers fabricated by solvent spinning technology; and (f) 3D-printed chitosan
porous structures. Copyright 2023. Reproduced with permission from Elsevier Science Ltd. [18].

3. Modification of Chitin and Chitosan

Although chitin and chitosan possess several useful qualities, their application is
constrained by their poor solubility, small surface area, and porous makeup. To modify
chitin and chitosan physically or chemically, various researchers have tested their theories.
The two main benefits of modifying chitin and chitosan are to increase their solubility and
improve their ability to absorb metals. The OH at the C3, C6, and NH2 at the C2 groups in
chitosan undergo substitution reactions. These changes also improve the capacity of the
membrane to swell in water [19–21].

In the molecular structure of chitosan, there are three types of active groups: amino
groups, and primary and secondary hydroxyl groups at the C-3 and C-6 positions, which al-
low for chemical modification of chitosan. C6-OH is a main hydroxyl group with little steric
hindrance, whereas C3-OH is a secondary hydroxyl group with a lot. As a result, the main
hydroxyl group could freely rotate while the secondary hydroxyl group could not. The
amino group is usually more reactive than the primary hydroxyl group, and the primary hy-
droxyl group is usually more reactive than the secondary hydroxyl group [22–24]. Chitosan

3
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can be chemically modified on the amino, hydroxyl, or both amino and hydroxyl groups to
generate N-modified, O-modified, or N, O-modified chitosan derivatives [25] (Figure 3).

 

Figure 3. Chemical modification of chitosan.

The proposed mechanism of chitosan modification can pass through one of the follow-
ing four mechanisms: (a) free radical-induced conjugation to form a polyphenol chitosan
conjugation; (b) carbodiimide chemical mechanism to form Schiff base compounds; (c) func-
tional group conversion strategy, which converts the amino group of chitosan into an azide
group, substituted carboxyl group, substituted mercapto group, and where the hydroxyl
group can be azidate, aminated, oxidized to an aldehyde or carbonyl group, or further
oxidized to a carboxyl group; or (d) conjugation of chitosan with polyphenol via enzymatic
assisted coupling reaction, as shown in Figure 4a–d [26].

Chitosan has a low specific surface area (2–30 m2·g−1) [27] and is present in flake,
which is unsuitable for many applications, so that it has been modified into beads to
increase its value in different fields of application [19–21]. Due to the open structure and
pores of chitosan, which has poor mechanical properties, shrinkage, and deformation in
dry form and is only soluble in weak acids, numerous modifications have been made to
it to improve its properties [28]. Chitosan contains amino and hydroxyl groups, so it is a
poly-nucleophilic polymer. Nucleophilic substitution occurs. Protonation in NH2 groups
results in the formation of NH3

+ [29,30], such as N-alkylated chitosan prepared from Schiff
base reactions followed by imine reduction by sodium borohydride. Furthermore, positive
chitosan charges interacted with polyanion polymers such as alginate, carrageen, and
pectin between the COOH and NH3

+ groups [31]. Chitosan produce new functionalized
derivatives via a grafting reaction [32]. The properties of grafted chitosan are determined
by the side chains and the cross-liking agent [33]. Chitin threads are prepared to be used in
absorbable suture fabrication, dressing, and biodegradable materials for human skin fiber
growth [34].

4
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Figure 4. Cont.
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Figure 4. Proposed mechanisms (pathway) for chemical modification of chitosan via conjugation
(a) free radical-induced conjugation to form a polyphenol chitosan conjugation; (b) carbodiimide
chemical mechanism to form Schiff base compounds; (c) functional group conversion strategy, or
(d) conjugation of chitosan with polyphenol via enzymatic assisted coupling reaction.
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Chitosan is a hydrophilic material used to impart hydrophilicity to some other polymer
in its composites, such as polyacrylonitrile (PAN) [35]. Hydrophilic polymer nanoparticles
were prepared by ionic gelation in mild conditions at room temperature, via two phases;
one is for polymers such as chitosan polysaccharide (CS) and polyethylene oxide (PEO),
and the other phase contains sodium tripolyphosphate (TPP). Calvo et al. prepared chitosan
nanoparticles with high protein loading capacity, which were released within a week [36].
The morphology of these nanoparticles is spherical, as shown in Figure 5.

 

Figure 5. Electron transmission microphotography of: (a) CS nanoparticles; (b) CS/PEO–PPO
nanoparticles (concentration of PEO–PPO in the chitosan solution: 10 mg/mL) prepared by
Calvo et al. [36], reproduced with permission from John Wiley and Sons.

Nanoparticles of chitosan by using a variety of agents, the freeze-drying method
increases shelf life. Chitosan nanoparticles of two different types were prepared by Alonso
et al. in 1999 [37]. The prepared nanoparticles ranged in size from 300 to 400 nm, had a
positive surface charge, and were efficient. These nanoparticles are used to address the
nasal absorption of insulin. In addition, chitosan nanoparticles were used as a poly load of
the anthracycline drug doxorubicin (DOX) [38,39]. In addition, these nanoparticles were
used to load dextran sulphate to enhance its drug loading [40]. With cyclosporine serving

7
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as the model drug, chitosan nanoparticles (CSNP) were used to enhance the drug at the
ocular surface. The size of these nanoparticles was 29 nm [41].

Chitosan-coated PLGA–Lecithin nanoparticles were prepared by the modified double
emulsion method; these nanoparticles were used through the oral or nasal administration
route. Figure 6 depicts the process of preparing CS–PLGA nanoparticles, and Table 1
summarizes the properties of the prepared nanoparticles [41].

Figure 6. Flowchart showing the creation of chitosan–PLGA particles step-by-step.

Chitosan nanoparticles loaded by Mycobacterium uaceae aerivatiuem antineoplastic
proteoglycans exhibit wide antimicrobial activity, as repeated by Tian and Groves (1999) [42].
The researchers prepared chitosan nanoparticles with particle sizes of 600–700 nm without
using organic solvents and discovered that the two reactants affected the absorption and
release of bovine, as well as that the initial Nanoparticles of chitosan by using a variety of
agents, the freeze-drying method increases shelf life. Chitosan nanoparticles of two different

8
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types were prepared by Alonso et al. in 1999 release was followed by a steady release for
4 h in water [43].

Table 1. Particle size zeta potential theoretical loading, and encapsulation efficiency values of CS [41].

Polymer Protein Loaded Size (nm)
Potential

(mV)
Theoretical
Lading (%)

Encapsulation
Efficiency (%)

PLA Tetanus Toxoid 192 ± 12 −47.9 ± 1.5 1 36.7 ± 0.3
PEG-PLA Tetanus Toxoid 196 ± 20 −23.9 ± 1.2 1 31.1 ± 0.5
CS-PLGA Tetanus Toxoid 500 ± 29 −21.8 ± 1.1 1 90.0 ± 3.6

CS Tetanus Toxoid 354 ± 27 −37.1 ± 5.9 10 55.1 ± 3.4
CS Insulin 337 ± 14 −36.9 ± 0.3 40 94.7 ± 2.1

Using self-aggregates of chitosan modified by deoxycholic acid, there is a novel and
straightforward method of delivering adriamycin [44].

Deoxycholic acid and chitosan are covalently conjugated through an EDC-mediated
reaction, resulting in self-aggregating chitosan nanoparticles. The Adriamycin active
ingredient was physically trapped in nanoparticles, and the resulting self-aggregates were
assessed using a variety of methods, including spectroscopy, which shows that these
self-aggregates are spherical and that the drug concentration affects the shape of the
particles [44].

These self-aggregates of chitosan modified by deoxycholic acid were used as DNA
carriers by Kim et al. in 2001 [45]. Chitosan is used to overcome the side effects of drugs
such as their solubility and hydrophobicity so that it can be used as a drug carrier. For
example, commercial chitosan can be used to control body weight.

4. Chitosan as Biomaterial

Chitosan is a semi-crystalline polymer that is partially deacetylated chitin, and the
degree of crystallinity is correlated with the degree of deacetylation. Chitin and fully
deacetylated chitosan have the highest crystallinity, while intermediate levels of deacetyla-
tion have the lowest crystallinity [12]. Chitosan is stable, crystalline, and soluble in aqueous
solutions at PH 7, but it is insoluble in weak acids due to the protonation of amino groups.
Chitosan solutions could be extruded at higher PH values or in non-solvent baths, e.g.,
methyl alcohol. Chitosan polymer is used for industrial applications in such forms as fiber
or film [46]. Chitosan solution’s cationic nature and high charge density make it potentially
useful as a biomaterial. Chitosan forms soluble ionic complexes or complexes with water
soluble anionic polymers such as alginates and synthetic polymers such as poly (acrylic
acid) due to its charge density [21]. When used for local delivery of biologically active poly
anions like GAGs and DNA, for example, ionic complexes release heparin to increase the
efficacy of growth factor secreted by inflammatory cells [21,47–51].

Chitosan DNA complex is used to facilitate cellular transfection and prevent plasmid
degradation by nucleases. Chitosan can become porous through freezing and lyophiliza-
tion, making it useful for both tissue regeneration and cell transplantation [52]. Figure 7
illustrates how ice crystals form in the freezing process from a solution, grow from the ice
crystal phase, and are then removed by lyophilization from a general porous mother.

Pore size and pore orientation affect the mechanical properties of scaffold-based
chitosan, with porous chitosan membranes having less elasticity (0.1–0.5 MPa) than non-
porous membranes (5–7 MPa).

The maximum strain of the porous membrane of chitosan is greater than that of
the non-porous membrane, and the 100% chemical modification of chitosan introduces
new biological activity with modified mechanical properties. The chitosan NH2 group
is reactive and capable of introducing side group attachment with several reactions that
affect primarily crystallinity disruption with lower stiffness and alter soluble derivatives
feasible in chemical reactions, such as alkyl derivatives of chitosan, which have lower
solubility than chitosan itself and give aggregates miscible for c > 5. In addition, the basic
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properties of chitosan are hemostatic, cationic, and insoluble at pH 7, which are completely
reversed by the solvation process to give ionic, water-soluble derivatives, and anticoagulant
properties, so that chitosan can attack with unlimited side groups and be chosen according
to specific needed functions, e.g., biological activity or modified properties, etc.

Figure 7. SEM micrographs of different hybrid hierarchical structures resulting from freezing hydro-
gel nanocomposites, with identical CHI and calcium phosphate composition (93.25 and 6.75 wt.%,
respectively) at different rates of freezing: (a) 0.7 mm/min; (b) 2.7 mm/min, and (c) 5.7 mm/min.
Scale bars are 50 μm. TEM (d) micrographs of ACP nanoclusters forming the ACP/CHI hierarchical
structure. Ref. [52] Reproduced with permission from MDPI.

5. Applications of Chitosan and Chitosan Derivatives

Chitosan is a biodegradable, biocompatible, and non-toxic biomaterial; therefore, it
has many applications in areas such as medicine, agriculture, food processing, cosmetics,
and treatment of water.

5.1. Agricultural Application

Chitosan can be used safely in agricultural applications because it does not pollute
the environment or harm consumers; it is used as a leaf coating, fertilizer, and sea coat-
ing [10,53]. The use of chitosan in agricultural fields has increased exponentially, especially
for germination improvement, leaf growth, retention of moisture, and fungal and disease
reduction [53]. Chitosan boosts photosynthetic efficiency while enhancing plant tolerance
to salinity, high temperatures, and drought [54]. Chitosan’s hydrophilic properties encour-
age water absorption while reducing transpiration [55]. To encourage plant development,
chitosan can be employed as an additional carbon source in plant synthesis [56]. In com-
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parison to the control group, seedlings treated with Cu-chitosan nanoparticles (NPs) at
concentrations of 0.04 percent and 0.12 percent had greater rates of germination, seedling
length, root length, and root number [57]. To encourage the mobilization of protein and
starch to boost seedling growth, Cu-chitosan NPs can increase protease and -amylase
activities [58].

5.2. Wastewater Treatment Applications

Chitosan contains both OH and NH2 groups as chelating agent groups, which allow it
to be used in water treatments from wastes due to the high-power effect of these functional
groups to bind with heavy dissolved metals present in wastewater such as Cu, Pb, Hg, and
Ur [59]. Furthermore, chitosan can be used to break down food particles, particularly food
proteins, as well as remove dyes from wastewater [60].

Cu (II) ion-containing wastewater was examined by Qin et al. [61] using sodium
alginate and chitosan as treatment agents. They investigated how various parameters
affected this ion removal. According to the findings, chitosan and sodium alginate worked
better together than they did separately. Pesticide removal from wastewater was explored
by Dwivedi et al. [61] using hydrogel beads made of chitosan and gold nanoparticles. The
data obtained indicated that the synthetic sorbent has good pesticide removal capacity.

Heterogeneous catalysis is one technique that heavily relies on adsorption. Purifi-
cation is one of the earliest documented uses of adsorption. Adsorbents are still used to
clarify water [62]. Numerous adsorbents, including activated carbon, low-cost biomass
adsorbents, waste sludge, rice husk, sugarcane bagasse, lignite, and chitosan, were used in
the adsorption tests. Heavy metal contamination clean-up frequently employs chitosan.
In order to study the adsorptions of three metal ions—Cu (II), Zn (II), and Pb (II) ions—in
an aqueous solution, cross-linked chitosan was created by the homogeneous reaction of
chitosan in an aqueous acetic acid solution with epichlorohydrin [63].

5.3. Food Industry Applications

Because of the high potential for toxicity of chitosan as a chelating agent and its high
functional properties, as previously stated, chitosan is used in a variety of applications in
the food industry, such as removing specific elements, particles, and undesirable materials,
such as dyes and fats. In addition, it is widely used as a natural, safe preservative in the
United States to store food [64,65].

There has been an increase in interest in recent years in studying the potential applica-
tions of chitosan as films or coatings in food packaging. This is due to their film-forming,
antioxidant, and antibacterial properties, as well as their mechanical and barrier properties,
which were studied as films. In order to extend the storability and shelf life of perishable
commodities, these experiments sought to develop active packaging based on chitosan,
either on its own or in combination with other materials. By combining chitosan with other
natural antimicrobial agents, it is also possible to make food products that guarantee food
safety against a variety of mutating and pathogenic bacteria [66–68].

An edible coating or thin edible film made of chitosan can be applied to food to act
as active food packaging. The edible coating is a thin layer that is added to a food item
and is generated by dipping the item in a chitosan solution or spraying, in which case,
the film-forming solution is crushed up using an aerosol spray coating. Even though the
chitosan film is a thin, prefabricated layer, once it is produced, it can be deposited on
the surface of or in between food ingredients [66,67,69]. Studies using chitosan films and
coatings on food products are shown in Table 2 [66].
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Table 2. Chitosan-based films have been used in a wide variety of food products.

Chitosan Film/Coated Food References

Chitosan Citrus fruit [70,71]
Chitosan Logan fruit [72]
Chitosan Green coffee beans [73]
Chitosan Frozen salmon [74]
Chitosan Tankan citrus fruit [75]
Chitosan Apples [76,77]
Chitosan Mushroom [78]
Chitosan Mangoes [70,71,79]
Chitosan Litchi fruit [80,81]
Chitosan Salmon fillets [82]
Chitosan Tomatoes [83]
Chitosan Strawberries [83]
Chitosan Peach fruit [72]
Chitosan Fresh-cut Chinese water chestnut L.T. [84]
Chitosan Silver carp [85]

5.4. Medical Applications

Chitosan is applicable in several medical industries, especially periodontal and or-
thopedic drug delivery, wound healing, and tissue engineering applications [86]. Surgical
sutures, contact lenses, eye fluids, artificial skin, artificial blood vessels, bandages, sponges,
burn dressings, blood cholesterol vessels, antitumor, antibacterial, antiviral, bane regen-
erator, antimicrobial, and hemostatic agents are the most well-known examples of these
applications [86–91].

Chitosan inhibits tumor cell proliferation, and Liu et al. demonstrated that chitosan
induces apoptosis in tumor cells by decreasing Bcl-2 and increasing Caspase-3 expres-
sion [92,93]. Carboxymethyl chitosan (CMCS) increases macrophage viability, deeply
penetrates the tumor microenvironment, generates cytokines like TNF and IL-1, improves
phagocytosis, and increases NO levels. Notably, CM-COS is not significantly toxic to
normal liver cells but inhibits the growth of BEL-7402 and sarcoma cells in vivo [94,95].
Additionally, chitosan inhibits the invasion and metastasis of tumor cells. During tumor
invasion and metastasis, matrix metalloenzymes (MMP) are involved in the breakdown
of extracellular matrix, and MMP-2 can encode an enzyme that breaks down type IV
collagen [96].

Chitosan is a great material for creating wound dressings because it can promote
wound healing. It exhibits good antibacterial activity due to its alkaline amino groups,
which cause the destruction of bacterial cells and protect the wound surface from microbial
infection [97]. To improve the antibacterial and coagulation capabilities, Zhang et al. cre-
ated a nanocomposite hydrogel utilizing zinc oxide (ZnO), chitosan, and aldehydic sodium
alginate (SA) [98]. It significantly inhibited the growth of Escherichia coli and Staphylococcus
aureus. I-sexual collagen hydrogels sulphated chitosan-doped by Shen et al. improved
macrophage polarization from M1 to M2. The IL-4 and TGF-1 secreted by macrophages
were stimulated, which resulted in an increase in collagen synthesis, regeneration epithe-
lialization, and neovascularization [99].

Tissue engineering is an emerging interdisciplinary discipline combining material
science, engineering mechanics, and biomedicine. The structure and function of damaged
tissues and organs are repaired or replaced by cell transplantation combined with bioactive
molecules and 3D scaffolds. Chitosan is similar to mucopolysaccharides of the extracellular
matrix and is used as a scaffolding material for cartilage tissue engineering [100].

Kaviani et al. used the cryogel approach to construct nano porous scaffolds from
chitosan, collagen, and nanohydroxyapatite, which lowered the rate of biodegradation,
increased mechanical characteristics, and enabled cell proliferation and adhesion [58].
Porous scaffolds made from chitosan, gelatin, and silk proteins have higher compressive
strength and modulus, whereas incidental chondrocytes can produce seed scaffolds and
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stimulate cartilage tissue regeneration [58]. By mixing gelatin, chitosan, and polyvinyl
alcohol with nano-hydroxyapatite, Martino et al. created porous composite scaffolds [58].
Table 3 summarizes the biological application of chitosan and its derivatives.

Table 3. Biological applications of chitosan and its derivatives.

Composite/Properties Stimulatory Effects References

Environmental purposes

Flocculation Removes a variety of contaminants from wastewater in an
efficient manner [101]

Metals and organic compounds adsorption Removes pathogens, radioactive materials, heavy metals, colors,
organic chemicals, and inorganic nutrients (nitrates and phosphates) [101]

Agricultural purposes

Biocontrol agent Safe alternative to the use of pesticides and agrochemicals as a
biocontrol material against many pathogenic microorganisms [102]

Enhance crop production - Effectively raises the productivity of various agricultural plants
- Effectively encourages plant development in a variety of crops

[103]

Aquafeed additives
Positively impacts the growth, digestive enzymes, body composition,
intestinal bacterial count, immunological response, and hematological
and liver health of commercial freshwater fish

[104,105]

Biomedical purposes

Chitosan microspheres

- Used as a carrier for targeted and prolonged delivery of drugs
- Increases the bioavailability of degradable substances such

as protein
- Increases uptake of hydrophilic substances across the

epithelial layers

[106]

Chitosan mesh membrane Decreases wound healing time and increases the recovery of the
granular layer [107]

Chitosan collagen blend membrane Increases the antibacterial activity against E. coli and S. aureus and
decreases the excessive dehydration of the wound [108]

Alginate/carboxymethyl chitosan blend fibers Increased water-retention and increased antibacterial activity
against S. aureus [109]

Composite nanofibrous membranes (NFM) of collagen
and chitosan Increased wound-healing and increased tissue regeneration [110]

Electro spun chitosan fiber with polyethylene oxide Used effectively as surface layers on the wound site in
periodontal disease [111]

Chitosan membranes loaded with Tetracycline
hydrochloride or silver sulfadiazine

Increased wettability, decreased swelling rate, water vapor permeability,
and tensile strength, and increased antimicrobial activity against E. coli
and S. aureus

[112]

Chitosan titanium dioxide composite membranes
Increased antimicrobial activity against S. aureus, decreased oxidative
stress and apoptosis of fibroblast cell sand, increased proliferation in
L929 fibroblast cells

[113]

Chitosan nano silver dressing Increased wound-healing using the non-invasive dressing [114]

Chitosan sponges loaded with norfloxacin The dressing can conduct the role of normal skin and the antibiotic
release is swelling-controlled [115]

Chitosan-gelatin sponge Increased antimicrobial activity against E. coli K88 over penicillin
Increased antimicrobial activity against S. aureus over cefradine [116]

Photo cross linkable chitosan hydrogel containing
fibroblast growth factor-2 Increased wound healing in diabetic and normal mice [117]

Carboxymethyl chitosan alginate hydrogel Increases Bactericidal properties toward S. aureus and E. coli, and
antibiotic continues to be released from the hydrogel [118]

6. Electro-Spun Nanofibers: Process and Application

6.1. History of Electrospinning

In 1897, Rayleigh discovered electrospinning. The early 1700s saw the discovery of
electrostatic effects on water behavior and their impact on the dielectric values of liquid
excitation. Around the turn of the twentieth century, Cooley and Morton developed elec-
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trospinning technology. The rotatory electrode was then incorporated into electrospinning
by Cooley. Formhals created yarns using electrospinning in 1930 without the use of a
spinneret, and his technique and apparatus granted him a patent for his creation [119–121].

After that, Formhals submitted a patent for a different method of creating electrostatic
polymer fibers: composite fibers made of several polymers. In 1969, Taylor conducted
research on the composition of the polymer droplet formed at the needle tip by a strong
electric field. This proved that the droplet assumed a cone-like shape, with jets emerging
from vortices. The “Taylor cone” is the final name given to this cone. Additionally, factors
affecting fiber stability, such as the electric field, flow rate, and experimental settings, were
examined [122,123].

Compared to conventional spinning, electrospinning produces fibers at a much slower
rate. Electrospinning produces yarn at a rate of 30 m per minute, compared to conventional
spinning’s 200–1500 m per minute [119,120,124]. So, before 1990, melt spinning was the
preferred method for creating fibers from natural and synthetic polymers, and only a small
number of businesses were interested in electrospinning for fiber production. Nanometer-
scale fibers cannot be produced through melt spinning [120,124].

For the purpose of removing harmful solvents and for use in tissue engineering
applications, Dalton et al. applied an electro spun nanofiber web to tissue cells [125]. The
use of electro-spun nanofibers today spans a wide range of potential uses [119,124,126].
Surface nanostructures may produce extraordinary phenomena, such as the lotus effect
(self-cleaning effect). Since proteins, viruses, and bacteria all have dimensions in this range,
the nanoscale is particularly important for biological systems. Electro spun fibers display a
strikingly broad range of sizes when compared to the diameters of these things. Figure 8
depicts the dimensions of bacterial cells, proteins, viruses, and nanofibers [119,124,126,127].

Figure 8. Position of nanofibers between protein, bacteria, and viruses [126]. reproduced with
permission from John Wiley and Sons.

6.2. Electrospinning Process

A high electric field (kV) is used to create micro or nanofibers from polymer solutions
while maintaining ambient temperature and pressure. There are two primary setups for
electrospinning devices: vertical and horizontal [119,124,128].

The major components of the electrospinning device are the power supply (high
voltage), the syringe (spinneret), and the collector (electrode) [119,123,129].

High voltage creates electric charges on the surface of the polymer solution during the
electrospinning process, and these charges build up on the surface. These charges possess
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repelling forces in a critical electric field that can dissipate the surface tension of the solution
and the unstable charges. A Taylor cone-tip jet ejects a solvent-causing jet [119,123,124,130].

A stable jet created at the spinneret needle then changes into an unstable jet to create
electro-spun fibers using a straightforward process. When the applied electric field reaches a
critical value, jets shoot out of the cone tip, and the tensile force is transferred to the polymer,
creating bending instability in that polymer. After that, a jet moves from the cone’s apex to a
collector with opposing charges, which has the power to draw charged fibers to it. Jet travel
causes the solvent to evaporate, leaving the dry fiber on the collector [119,122–124,131,132].

A typical electrospinning device can be created using a power supply with high
voltage power, a syringe, and a collector electrode alone, as demonstrated in the exper-
imental part. Polymeric materials can be electro spun to create continuous nanofibers,
and there are a number of variables that affect the nanofibers’ properties. These vari-
ables are either processing variables (electric field) or polymer properties (concentration,
viscosity, surface tension, and conductivity) (extrusion rate: distance from needle tip to
collector) [119,123,124,129,133].

The definition of the electrospinning technique is the use of a strong electric field to
spin polymer solutions into micro- to nanofibers at room temperature and atmospheric
pressure (kV). Electrospinning devices can be set up in either a vertical or horizontal
orientation [119,124,134–136], (Figure 9).

(a) (b) 

Figure 9. A diagram of electrospinning equipment with a syringe injecting polymer solution into
an electric field generated by a high voltage power source between the spinneret and the grounded
collector; a high voltage is applied. (a) A typical vertical arrangement of an electrospinning apparatus.
(b) A typical horizontal setup of an electrospinning apparatus [119].

The three primary components of an electrospinning device are the power supply
(high voltage), the syringe (spinneret), and the collector (electrode) [119,123,137,138]. When
a polymer solution is subjected to a high voltage, electric charges accumulate on its surface.
These charges repel one another so strongly that they can overcome the surface tension
of the solution and form a Taylor cone in a critical electric field. When the electric field
stretches the Taylor cone tip further, a charged jet is ejected. The jet eventually transforms
into solid fibers due to solvent evaporation [123,139–141].

Using a simple process, a stable jet at the spinneret needle is converted to an unsta-
ble jet to generate electro-spun fibers. When the applied electric field reaches a critical
magnitude, the surface tension is overcome by the charge repulsion force, and jets erupt
from the cone tip, transferring the tensile force to the polymer and causing it to bend. The
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charged fibers are then attracted by jets, with opposing charges moving from the cone
apex to the collector. As the solvent evaporates through the jet, it leaves dry fiber on the
collector [119,124,131,139,141].

A high-voltage power source, a syringe, and a collector electrode may be used to
construct a standard electrospinning apparatus that can be configured vertically or horizon-
tally, as illustrated in Figure 7. Continuous nanofibers may be generated by electrospinning
polymeric materials, and the quality of electro-spun nanofibers is determined by some
criteria. Polymer physical properties (concentration, viscosity, surface tension, and conduc-
tivity) or processing factors (electric field, flow rate, needle tip to collector distance) are
examples [119,124,139,141].

Prior to electrospinning, most polymers are dissolved in a range of solvents; when
fully dissolved, they create a polymer solution. The polymer solution is then poured into
the capillary tube in preparation for electrospinning. However, because some polymers
emit unpleasant or even dangerous odors, the procedures should be done in well-ventilated
areas [142]. In the electrospinning process, a polymer solution at the capillary tube’s end is
exposed to an electric field, which causes an electric charge to form on the liquid’s surface.
The repelling electrical forces outweigh the surface tension forces when the applied electric
field is strong enough. The solvent evaporates, and a polymer is formed when a charged
jet of the solution is eventually released from the Taylor cone’s tip. The jet is unstable and
whips quickly in the area between the capillary tip and collector. Just past the spinneret’s
tip, where the jet is stable, instability sets in. Consequently, the electrospinning technology
makes the process of making a fiber simpler [143].

Solution parameters, process parameters, and environmental or “ambient” parameters
are the three main groups into which factors that have an impact on the electrospinning
process are divided [119,144]. These factors are gathered in order to produce smooth fibers
without beads, so a thorough understanding of these factors is required in order to obtain
electro-spun nanofibers that are bead-free.

6.3. Application of Electro-Spun Nanofibers

Nanofiber membranes are created using electrospinning and used in a variety of
applications, including biomedicine, security, clothing, and nano-sensors. Nanofibers are
used in the biomedical field to focus on tissue engineering, wound dressing, drug delivery
systems, and enzyme immobilization because they resemble the majority of organs and
tissues, including skin, collagen, cartilage, and bone [145].

Electro-spun nanofibers are unique in that they have a consistent morphology, a high
surface area to volume ratio, and inter- and inner porosity. These characteristics make them
promising as scaffold biomaterials [146,147]. Additionally, nanofibers improve protein
absorption, cell growth, cell differentiation, and cell adhesion [148,149].

Due to their pores, nanofibers are also used in filtration as micro and nano filters based
on membrane design and construction, allowing liquids and small particles to pass while
arresting larger particle sizes (contaminants), similar to how paper coffee filters prevent
undissolved particles from passing through their pores while allowing dissolved ones to
do so [150–153].

Affinity membranes, which have numerous uses in the biomedical and environmental
fields, were also developed to select immobilized targets and remove contaminant tar-
gets [146,147,152–154]. Although electro-spun nanofibers have many uses, including those
for tissue engineering, drug delivery, enzyme immobilization, wound dressing, antibacte-
rial properties, filtration, desalination, and protective clothing, the focus of this article will
be on biomedical uses.

6.3.1. Tissue Engineering Applications

Electro-spun nanofibers are used in tissue engineering scaffold construction [155]. The
use of biodegradable and biocompatible nanofibers to provide target tissues has increased
daily [156]. Due to the similarities between these fibers and the natural extracellular matrix,
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these fiber scaffolds had an impact on both cell-to-cell and cell-to-matrix communication
and produced excellent growth factors [157].

6.3.2. Drug Delivery Applications

Based on the observation that the drug’s rate of dissolution increased as the surface
area of both the drug and the carrier increased, nanofibers were used to coat the drug and
deliver it to the target site [158,159]. Anticancer medications, antibiotics, proteins, ribonu-
cleic acid (RNA), and deoxyribonucleic acid are all delivered by electro-spun nanofibers
(DNA) [160].

Recently, Yang et al. created a composite scaffold using nanofibers made of gelatin and
polyvinyl alcohol (PVA) to transport raspberry ketone [161,162]. Additionally, to transport
the growth factor calcium hydroxyapatite, Haider et al. prepared PLGA nanofibers [146,147].

6.3.3. Enzymes Immobilization Applications

Immobilization of enzymes onto insoluble material is essential to improve durability
and maintain the enzyme properties such as bioprocessing and long duration controls [163].
The immunized material essentials are biocompatible, durable and hydrophobic or hy-
drophilic [164].

Recently, electro-spun nanofiber prepared from the dual electrospinning process
increased the enzyme immobilization [165]. Yet, there are some limitations that hinder this
technique, and enzymes encapsulation and the enzyme immobilized on the fibers surface
are limited [166], so that some chemical modification of the surface needs to overcome
these limitations [167,168].

6.3.4. Wound Dressing Applications

Inhibiting microorganisms, removing exudate, and protecting the wound site are all
important functions of wound dressing. In addition to having antimicrobial properties,
wound dressings provide a pleasant, moist environment to speed up the healing pro-
cess [169–171]. Consequently, electro-spun wound dressings have more benefits than those
made using traditional techniques [172]. These benefits include fiber pores, a large surface
area, and the ability to stimulate fibroblast cells, making it suitable for use in cosmetic masks
for skin cleansing and healing [142,173]. The electro spun nanofiber matrix incorporates
various skin-treatment components [174].

Due to its capacity to create cationic clusters that can bind with anions on red blood
cells, chitosan nanofibers have amazing hemostatic capabilities that can speed up platelet
and red blood cell aggregation and ultimately reduce blood loss [175]. Additionally,
this technique is successful even in individuals with coagulation abnormalities and is
independent of the patient’s own clotting system [176]. By electrospinning, Ren and
colleagues [177] created a medicinal dressing made of a composite of silk fibroin, chitosan,
and halloysite nanotubes. Aluminum silicate-based halloysite nanotubes have a hollow
tubular structure, can efficiently bind antibacterial medications, and can provide delayed,
sustained drug release [177]. The findings showed that using halloysite nanotubes caused
the loaded-drug release time to increase by about 8 days. Additionally, the electro-spun
chitosan composite membrane demonstrated a better blood coagulation rate, improved
tensile property, and antibacterial activity, all of which support its potential value as a
medical dressing.

An anti-fibrinolytic medication known as tranexamic acid (TXA) is frequently used
during trauma surgery and has been found to improve wound healing [178]. For hemor-
rhage control applications, Sasmal and colleagues [178] created TXA-loaded chitosan/PVA
electro-spun nanofibers. The findings support the role of chitosan in hemostasis by demon-
strating that the total blood clotting time of pure chitosan/PVA nanofibrous membranes
decreased from 21,010 s to 1676 s as the amount of chitosan increased. Additionally, clotting
time and plasma recalcification time were dramatically shortened after TXA was added
to chitosan nanofibers, demonstrating the enormous potential of TXA-loaded chitosan
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nanofibers for managing civil and military hemostasis. Additionally, by fabricating chi-
tosan within a hydrogel carrier template produced from cyclodextrin through proton
exchange and complexation, Leonhardt and colleagues [179] observed the development of
nanoscale features in chitosan mats. With nanofiber diameters of 9.23.7 nm and a macro-
scopic shape resembling a honeycomb, the assembled chitosan was highly entangled. When
compared to commercially available absorbable hemostatic dressings, the chitosan-based
composite hydrogels result in much less blood loss and faster timeframes for hemostasis.

6.3.5. Antibacterial Applications

Many antibacterial hybrid electro-spun nanofiber scaffolds, including polyacryloni-
trile/silver PAN and Ag nanofiber scaffolds, prepared by various research groups, have
antibacterial activity against both gram-positive and gram-negative bacteria. Therefore, a
wide variety of antimicrobial amidoxime was immobilized using PAN nanofibers. Ami-
doxime’s antibacterial action is caused by its binding to the Mg2+ and Ca2+ ions, which
upset the balance of the bacteria and result in bacterial death [180].

6.4. Electrospinning of Chitosan

Template synthesis, drawing, phase separation, electrospinning, self-assembly, and
other techniques have all been used to create nanofibers [181]. For the creation of micro- and
nanofibers, electrospinning is one of these techniques that is particularly adaptable [182].
With their high surface area to volume ratio, oxygen permeable porosity, and variety of pore
sizes, electro-spun nanofibers act as a wound dressing material by promoting fibroblast
growth [183]. Chitosan has a low electro spinnability and needs a strong applied electric
field to work properly because of its polycationic nature, which is brought on by the
amino groups on its backbone [184,185]. A strong electric field is necessary because the
polycationic nature of chitosan results in very viscous solutions with high surface tension.
Additionally, the chitosan’s strong hydrogen bond network minimizes molecule exposure
to the applied voltage [184,185].

Chitosan, like the majority of other polysaccharides, needs a strong acidic environment
to dissolve properly, but this can be dangerous and prevent the use of chitosan fibers in
some circumstances. Furthermore, when it comes to the creation of pure chitosan fibers,
chitosan with a low molecular weight and low biological activity frequently produces
better results. This has a negative impact on the biological functioning of the electro-
spun chitosan [184–186]. As in all electrospinning techniques, changing parameters cause
morphological changes in the spun fibers. The correlations between parameters and
morphology are generally as follows: The diameter and length of the end fiber are decreased
as the applied voltage is increased. Low chitosan concentrations can lead to fiber formation
and breakdown, which increases fiber diameter and leads to morphological flaws [184,187].

Chitosan’s electro spinnability may be improved by using co-spinning polymers, either
natural or synthetic. Frequently, chitosan is employed in the following fields: collagen,
zein, silk fibroin, PEO, PVA, PLA, and zein [185,188]. Another method for resolving the
issues with electrospinning chitosan is to chemically modify it to produce derivatives
that are suitable for electrospinning, as with what was done with cellulose. More often
than not, these derivatives have improved solubility and electro spinnability. Chitosan
derivatives that have been investigated for this purpose include quarternized chitosan,
hexanoyl chitosan, N-carboxyethyl chitosan, and others [189].

Chitosan is soluble in diluted aqueous formic, acetic, and lactic acids but insoluble in
most mineral acidic media, alkalis, and water solutions. Chitosan dissolves when a small
amount of acid is added to mixtures of water, ethanol, methanol, and acetone. Chitosan
is a positively charged polyelectrolyte with a pH range of 2–6, which results in its greater
solubility when compared to chitin. This characteristic makes chitosan solutions extremely
viscous, making electrospinning difficult [190,191]. In addition, the three-dimensional
network created by the potent hydrogen bonds prevents the polymeric chains from moving
when they are exposed to an electrical field [192,193].
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The unique properties of the polymer in solution, such as its polycationic nature, high
molecular weight, and broad molecular weight dispersion, make chitosan electrospinning
a challenging process. The inner tip–collector gap, the electric field voltage, the molecular
weight, and the input velocity are just a few of the variables that have an impact on the
quality of the electrospinning process and the finished product. When the electrostatic force
in a solution is greater than the solution’s surface tension, the electrospinning process starts.
When an electric field is applied, the surface of the polymer solution charges up. A strong
electrical charge encourages jet extension and increases the volume of solution the needle
can draw. On the other hand, a higher voltage leads to a longer stretch of the solution.
This has a significant impact on electro-spun fiber morphology, frequently reducing their
diameter, and raising the possibility of bead formation [190,194].

The feed rate, which regulates the number of solutions available, is another crucial
component. A solution’s jet velocity and transfer rate are also impacted by its feed rate. For
the evaporation of the solvent and the production of solid nanofibers, lower feed rates are
preferred [119]. The solution must be removed from the tip at a rate that is substantially
higher than the feed rate. Low feeding rates may prevent electrospinning, and high feeding
rates may cause beaded large diameter fibers because sufficient solvent evaporation time
must pass before the collector is reached [195].

SEM images of Figures 10 and 11 show the effect of tip–collector distance and electrical
field voltage, respectively, on the structure of electro-spun nanofibers. As shown in these
figures, increasing gap distance and voltage not only decreases and refines nanofibers
diameters, but also improves the quality of electro-spun nanofibers.

 

Figure 10. SEM images of 5 wt.% chitosan hydrolyzed 48 h nanofibers in aqueous acetic acid 90%, tip
needle–collector distance: 14 cm (a), 15 cm (b), 16 cm (c). [119] Copyright 2023. Reproduced with
permission from Elsevier Science Ltd.

Another factor that affects the sizes and shapes of the nanofibers is the separation
between the tip and the collector. In order to give the fibers enough time to dry before
reaching the collector, a minimum distance is necessary; otherwise, beads have been
observed when distances are either too close or too far apart [119]. This variable directly
affects the strength of the electric field and the duration of the jet’s flight. The reduced
tip–collector distance has a nearly identical effect on the circuit as increased voltage [196].

Additionally, rheological and electrical properties like viscosity, surface tension, con-
ductivity, and dielectric strength are significantly influenced by molecular weight. High
molecular weight nanofiber solutions produce fibers with a larger average diameter while
too low a molecular weight solution tends to produce beads instead of fibers [197]. Polymer
molecular weight, which is important to the electrospinning process, reveals how many
polymer chains condense in a solution. It has been suggested that if there are sufficient
interactions between molecules to compensate for chain entanglements, high molecular
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weights may not always be required for the electrospinning process. High molecular weight
solutions typically result in the production of very long fibers. When a low molecular
weight solution is employed, beads rather than fibers are produced [198].

 

Figure 11. SEM images of 5 wt.% chitosan hydrolyzed 48 h nanofibers in aqueous acetic acid
90%, electric field voltage: 14 kV (a), 16 kV (b), 17 kV (c). [196] Copyright 2023. Reproduced with
permission from Elsevier Science Ltd.

6.5. Applications of Chitosan Nanofibers
6.5.1. Chitosan Nanofibers in Tissue Engineering

Tissue-engineered scaffolds should be biocompatible and capable of mimicking the
extracellular matrix to create a microenvironment conducive to cell growth. Natural bone
extracellular matrix, for example, has a complex microstructure of multi-layered collagen
fibers and calcium deposits with fiber sizes in the nano meter range [199].

Nanofibrous scaffolds, as nanostructured scaffolds, have the distinct characteristics
of large surface area, high porosity, and mechanical strength, resulting in extraordinary
biological properties such as mimicking the nanoscale properties of the extracellular matrix,
promoting cell adhesion and migration, transporting nutrients, and discharging waste [200].

Among these properties are the functional groups of nanofibrous polymers, which
can coordinate with other components to promote cell adhesion, proliferation, differen-
tiation, and, eventually, tissue regeneration [201]. Nanofibrous scaffolds may be a viable
solution for the synthesis of extracellular matrix substitutes with the required biological
functions [201].

Chitosans are polysaccharide polymers that are similar to extracellular matrix compo-
nents, so they can be metabolized and their degradation products can be stored as proteo-
glycans in vivo [202]. Because of their excellent biological properties, chitosan nanofibers
are popular in tissue engineering research [202].

Nanofibrous scaffolds based on chitosan are widely used in a variety of applications,
including nerve, bone, and cartilage engineering, cardiac and vascular tissue engineering,
tendon, ligament, and skeletal muscle regeneration, and wound healing (Table 4). Because
of their chemical properties, chitin and chitosan can be dissolved in solvents such as acetic
acid, trifluoroacetic acid, formic acid, succinic acid, and 1,1,1,3,3,3-Hexafluoroisopropanol
(HFIP) [203].

Electrospinning, self-polymerization, and thermally induced phase separation can all
be used to create chitin/chitosan nanofibrous scaffolds [204]. Furthermore, chitin/chitosan
nanofibers derived from polymer blending can alter the biological and mechanical prop-
erties of composite scaffolds [205]. To meet the requirements of tissue engineering, these
composite nanofibrous scaffolds can mimic the nanoscale structure and porosity of the
extracellular matrix [206,207].
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Table 4. Tissue engineering applications of chitosan nanofibers.

Composition
Nanofiber
Diameter

Cells Application Reference

Chitosan/montmorillonite/PVA nanofiber composite mesh 60–140 nm Human dental pulp stem cells Nerve tissue engineering [208]

PVA/chitosan nanofiber composite scaffolds 94–410 nm PC12 nerve cells Nerve tissue engineering and repair [209]

Polycaprolactone/chitosan nanofibers composite 110–240 nm Schwann cell (SC) Nerve tissue engineering [210]

Chitosan/PVA/graphene oxide nanofibers composite 123–160 nm ATDC5 cells Cartilage tissue engineering [211]

Chitosan/polyethylene oxide nanofiber composite 140 ± 41 nm C2C12 myoblast cells Tendon tissue engineering [212]

Chitosan nanofiber scaffolds 50–450 nm Primary ventricular
cardiomyocytes Cardiac tissue engineering [213]

Polycaprolactone/chitosan nanofibers 150 ± 2 nm Mouse model and sheep Vascular tissue engineering [214]

Chitosan/poly (vinyl alcohol) nanofibrous composite
scaffold 137 nm rMSC Skeletal muscle regeneration [215]

Chitosan nano-/micro fibrous double-layered composite 20–300 nm Bovine chondrocytes Cartilage tissue engineering [216]

6.5.2. Chitosan Nanofibers in Enzyme Immobilization

Nanofibers, in contrast to other nanomaterials, have recently attracted attention for
enzyme immobilization not only due to their higher surface-area-to-volume ratio and
greater enzyme-loading capacity, but also due to their higher chemical and mechanical
protection, which is crucial to ensure physical resistance for the support. The disadvantages
of nanoparticles, such as the behavior of aggregation, which affects the stability and activity
of enzymes, are not present in nanofibers. They also do not need an additional procedure
(such as centrifugation or membranes) to separate nano capsules. The gathered nanofibers
form a macrostructure of nanofibers that is simple to separate and repurpose [217–220].
Therefore, chitosan has been used as a support for enzyme immobilization because of its
benefits [221–224]. In fact, it is important to note that chitosan-based nanofibers should be
further investigated as a support for enzyme immobilization due to the characteristics of
chitosan combined with the benefits of nanofibrous structures. The use of chitosan-based
nanofibers in enzyme immobilization is summarized in Table 5.

Table 5. Chitosan–based nanofibers in enzyme immobilization.

Composition Component’s Ratio Enzyme References

Chitosan/poly (vinyl alcohol) composite in
0.1 M Sodium acetate 1:5,4 Phytase by entrapment [225]

Chitosan/poly (vinyl alcohol) composite in 1%
acetic acid 1:1 B-D-galactosidase by entrapment [226]

Chitosan/poly (vinyl alcohol) composite
in water 1:6 Urease by Cross-linking [227]

Chitosan/poly (vinyl alcohol) composite in 0.5%
acetic acid 1:10 Lysozyme by Cross-linking [228]

Chitosan/poly (vinyl alcohol) composite in 2%
acetic acid 1:4 Laccase by Cross-linking [229]

Chitosan/polyethylene oxide composite in 1%
acetic acid 22:1 Trypsin by Adsorption/Covalent [230]

Chitosan/poly (ethylene oxide) composite in
90% acetic acid 95:5 Glucose oxidase by Cross-linking [219]

Chitosan/polyamide 6 composite in Formic acid
and Acetic acid (2:1 v/v) 1:9 Laccase by Cross-linking [231]

Chitosan/Cellulose monoacetate composite in
acetone 99% 1:5, 2:5, 1:1, 7:5 Protease by Adsorption/

Cross linking [232]

Chitosan/gelatin composite in 60% acetic acid 4:6 Peroxidase by Cross-linking [233]
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6.5.3. Chitosan Nanofibers in Cancer Treatment

There are numerous anticancer medications, including Doxorubicin, Paclitaxel, Berber-
ine, Methotrexate, Adriamycin, Curcumin, Vincristine, Mercaptopurine, Indomethacin,
Ibuprofen, Ketoprofen, Dexamethasone, Tetracycline, Gemifloxacin, Tetanus Toxoid, and
Folic acid. The quantity of these anticancer medications is loaded onto the carriers of fibers
during in vitro and in vivo cancer treatment. The polycationic nature of chitosan makes it
a good candidate in this field among other fiber carriers. Table 6 lists several anticancer
drug-loaded chitosan fiber systems along with information on how they affected cancer
tissues in vitro.

Table 6. The chitosan nanofibers as anticancer drug delivery in vitro conditions.

Composition Anticancer Drug Cancer Type References

Chitosan Fe3O4/under magnetic field HFL1 [234]

Chitosan Fe2+/under magnetic field HFL1 [234]

Chitosan Glutaraldehyde/under
magnetic field HFL1 [234]

Chitosan/poly(ε-caprolactone) composite 5-Fluorouracil B16F10 [235]

Chitosan/polyvinyl alcohol-g-C3N4-g-C3N4
composite

5-Fluorouracil,
Doxorubicin,
Paclitaxel

MCF-7 [236]

Chitosan/polycaprolactone composite Resveratrol, ferulic acid HaCat, A431 [237]

Chitosan/polyethylene oxide composite Berberine HeLa, BT474, MCF-7,
MDA-MB-468 [237]

Polyethylene oxide/chitosan/graphene
oxide composite Doxorubicin A549 [238]

Chitosan/gelatin composite Resveratrol HT29 [239]

Polyvinyl alcohol/chitosan/Au composite Doxorubicin SKOV3 [240]

Polycaprolactone/chitosan composite Cisplatin Erlich ascites carcinoma [241]

Chitosan/polyethylene oxide/hyaluronic
acid composite Paclitaxel DU145 [242]

Chitosan/cobalt ferrite/TiO2 composite Doxorubicin B16F10 [234]

Chitosan/poly (lactic acid)/TiO2/graphene oxide Doxorubicin A549 [243]

Chitosan/PVA/graphene oxide/Si composite Curcumin MCF-7 [244]

Poly (ε-caprolactone diol)/polyurethane/
chitosan/Au TiO2

Temozolomide U-87 MG [245]

Graphene oxide/chitosan composite Curcumin MCF-7, HepG2, L929 [244]

Poly (lactic-co-glycolic acid)/chitosan/
SiO2 composite Doxorubicin HeLa [246]

Chitosan/polyvinyl alcohol/MoS2 composite Doxorubicin HT29, HT29 cell lines [247]

Chitosan Cupric oxide A549 [248]

6.5.4. Chitosan Nanofibers in Food Technology

Chitosan’s polycationic nature, biodegradability, nontoxicity, antimicrobial, chelating,
mucoadhesive, and gelling properties set it apart. All these properties, combined with the
high surface area: volume ratio of nanofibrous structures, make chitosan-based nanofibers
suitable for a wide range of applications in food technology that have yet to be fully
explored. As a result, the following sessions highlight some plausible studies in this field.

Food waste poses a problem for the food industry. According to the Food and Agri-
culture Organization of the United Nations [249], one-third of the world’s food is wasted,
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causing economic and environmental problems. Indeed, food packaging has emerged as
a viable option for improving the quality and safety of food products by increasing their
biological, physical, and chemical stability. It is necessary to avoid chemical contaminants,
oxygen, microorganisms, light, and moisture to achieve these properties. As a result, active
packaging with antimicrobial properties has received a lot of attention [250–252].

Nanofibers made of chitosan have enormous potential for use in active food packag-
ing. It has been widely reported that chitosan is effective against bacteria, viruses, and
fungi [253–257]. In addition, chitosan, a renewable and biodegradable polymer, presents
an intriguing real alternative to petroleum-based polymers in the development of green
packaging materials.

Arkoun et al. [258] prepared chitosan/poly(ethylene oxide) (PEO) and tested its
antibacterial activity against pathogenic microorganisms such as E. coli, Salmonella enterica
serves Typhimurium, Staphylococcus aureus, and Listeria innocuous.

The nanofibers had an irreversible antibacterial effect, resulting in a bactericidal rather
than bacteriostatic mechanism, according to the authors. Furthermore, bacterial growth
was reduced at pH 5.8, which is lower than the pKa of amine groups on chitosan, and as a
result, the authors proposed that the nanofibers could be applied to foods such as yoghurt,
milk, cheese, meat, and fish, where lactic acid is liberated during the storage period.

Cui et al. [259] formed chitosan/poly(ethylene oxide) loaded with tea tree oil and
tested it against Salmonella enteric subsp. enteric serovar Enteritidis and Salmonella ty-
phimurium, two food pathogenic microorganisms. When the concentration of tea tree
liposome was increased to 50%, the tensile strength increased by around 350%. Tea tree
liposomes improved the antibacterial effect of the chitosan/poly (ethylene oxide) nanofiber
as well. Furthermore, the chitosan/poly (ethylene oxide) loaded with liposomes tea tree
demonstrated a four-day stable antibiofilm activity in chicken meat samples.

To prevent microbial spoilage of fish fillets, Ceylan et al. [260] created electro spun
chitosan/thymol/liquid smoke nanofibers. The electro spun chitosan/thymol/liquid
smoke nanofibers effectively reduced nearly 60% of total mesophilic bacteria. Furthermore,
the authors stated that the nanofibers were thermostable until 150 ◦C, which is within the
temperature range used in traditional food preservation methods.

The field of food packaging is a developing one that will most likely expand in the com-
ing years. There are still numerous opportunities to investigate the role of chitosan-based
nanofibers in other pathogenic microorganisms and different food types. Furthermore,
the effect of other biopolymers and bioactive compounds on food packaging properties,
such as mechanical properties and water vapor permeability, can be evaluated. Chitosan-
based nanofibers could also be used to control food quality by monitoring external and
internal conditions.

The majority of bioactive substances, volatile molecules, antioxidants, and flavors are
unstable or even degradable [261].

Therefore, in addition to increasing bioavailability, chitosan-based nanofibers could
improve the stability of functional food compounds. Chitosan’s mucoadhesive property
can be used to deliver bioactive molecules to the body in a manner similar to how drugs
are delivered; the mucoadhesion of the functional compounds increases their absorption
through the gastrointestinal tract [262,263]. These qualities have increased interest in using
chitosan-based nanofibers as a drug delivery vehicle in addition to their non-toxic and
biocompatibility benefits [264,265]. Although some research has been done using various
nanomaterials as food carriers [266,267], chitosan-based nanofibers have not yet been
sufficiently investigated in this regard.

As a delivery vehicle for curcumin, Shekarforoush et al. [268] created electro spun
chitosan/xanthan gum nanofiber. The authors discovered that pH 2.2 had a lower release
of curcumin from nanofibers than other studied pH values at 6.5 and 7.4. According to one
theory, there were stronger electrostatic interactions between chitosan and xanthan at pH
levels below the pKa of the amine groups on chitosan, such as pH 2.2, which decreased the
swelling behavior of the nanofiber and, as a result, the diffusion of curcumin. As a result,
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curcumin was able to be transported using the electro spun chitosan/xanthan gum, which
improved its stability and bioavailability.

Biocatalysts called enzymes are essential in the food industry. However, due to their
poor operational stability, short shelf life, and challenging recovery and reuse, their green
chemistry and substrate specificity are compromised [269,270]. These issues might be
solved by the enzyme immobilization on chitosan-based nanofibers, though. Due to their
high pore-interconnectivity, which improves mass transfer between the substrate and the
enzyme and, as a result, the enzyme activity, they stand out as promising supports.

Chitosan’s functional groups can be used to functionalize surfaces, which can then
be used to adsorb controlled-release enzymes. Lactose is hydrolyzed using chitosan/poly
(vinyl alcohol) nanofibers. According to the authors, at 50 ◦C, the immobilized enzyme
was more thermostable than the free enzyme. Additionally, after 28 days of storage at
4 ◦C and 25 ◦C, the immobilized -D-galactosidase retained 77% and 42%, respectively, of
its activity. As a result, the thermal and storage stability was increased by immobilizing
-D-galactosidase in chitosan/poly (vinyl alcohol) nanofibers.

Nanofibers made of chitosan have been developed for the immobilization of enzymes.
Indeed, they offer promising resources for the creation of hypoallergenic foods as well

as a number of dairy products (baking, jam, jellies, wine, beer and juices). The application of
chitosan-based nanofibers on the immobilization of enzymes in food processing, including
amylase, trypsin, pectinase, protease, tyrosinase, lipase, pectin lyase, pectin, laccase, among
many others, should therefore receive significant attention.

7. Limitations and Future Perspectives for Chitosan Application

The use of chitosan has several restrictions in addition to its many benefits. Chitosan’s
low solubility at a neutral pH is its most significant drawback. Numerous chemical and
physical procedures have been employed to increase its solubility in order to get around
this drawback. Chitosan has three types of functional groups: an amino group at C-2, a
primary hydroxyl group at C-6, and a secondary hydroxyl group at C-3. Recent research has
attempted to modify the three reactive functional groups in order to improve antimicrobial
properties as well as solubility. For example, adding CH3 to chitosan increased its solubility
and allowed it to be used in a wider pH range. The addition of disaccharides and N-
alkylation increased its solubility and antimicrobial activity against E. coli across a wider
pH range.

These findings collectively appear to suggest that chitosan can be modified in a variety
of ways to increase its solubility and antimicrobial activity. Chitosan and its derivatives
have received a lot of attention in recent decades due to their numerous applications in
various fields. Several studies have shown that chitosan’s antimicrobial properties are
affected by a variety of factors, including pH, temperature, Mw, metal chelation, and
microorganism type. In vivo studies have also shown that chitosan and its derivatives can
be used to treat microbial infections with no side effects. More research is needed, however,
to determine the optimal chitosan conditions.

Chitosan’s nontoxic, biocompatible, biodegradable, and antimicrobial properties in-
dicate that this compound and its derivatives have a wide range of applications, which
have been discussed in this review. In the future, chitosan may be used as an alternative to
synthetic bactericides for crops because it has already been shown to be effective against
the treatment of bacterial infections in animals. In the food industry, it can be used in food
packaging materials to extend the shelf-life of food products, as well as in dressings that
treat wounds in the pharmaceutical industry.

However, more research is required to determine its mode of action. A more standard-
ized and comprehensive description of procedures, on the other hand, is required to match
the results of different investigators. More research is needed to understand the molecular
events that underpin chitosan’s antimicrobial action. Finally, more research should be
focused on improving chitosan’s antimicrobial activity while maintaining its low toxicity
and biodegradability.
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8. Conclusions

Chitosan-based polymers can be used in a variety of biological applications. Chitosan
is a biomaterial that is both biocompatible and biodegradable. Chemistry increases the
utility of chitosan. Chitosan and its derivatives are employed as nano-delivery systems in
biotechnology. Electrospinning includes preparation, fiber configuration, material selection,
intended applications, and the spinning method. Foundation polymers based on chitosan
are anticipated to be used in biological applications more frequently.

The development of biodiversity materials with applications in biomedicine (tissue
engineering, wound treatment, drug delivery), as well as environmental protection (air and
water filters), is a promising field. Because of the difficulties, the most common method for
electrospinning clean chitosan fibers is blending with a co-spinning agent, which has the
advantages of easier electrospinning and complementary qualities for specific applications.
The result is that chitosan has been combined with a wide range of synthetic polymers,
such as poly (ethylene oxide), polyvinyl alcohol, poly (lactic acid), polycaprolactone,
polyurethanes, polyamides, polyacrylates, polyethylene terephthalate, polyacrylonitrile,
polyaniline, and natural polyproteins (collagen, gelatin, silk fibroin, sericin), as well as
polyanionic polysaccharides (hybrid). The systematic analysis of the properties of these
blend nanofibers revealed the advantages and disadvantages of each method, the main
rules that should be followed when aiming for a specific morphology, and the impact of
the co-spinning agents on the fiber properties, which further directs their use. All this
foundational knowledge in chitosan electrospinning is useful for the design of materials for
real-world applications, which appear to be focused on the fabrication of complex chitosan-
based nanofiber blends or composites in order to meet the need for multifunctionality.
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Abstract: Bio-based polymers, obtained from natural biomass, are nowadays considered good
candidates for the replacement of traditional fossil-derived plastics. The need for substituting
traditional synthetic plastics is mainly driven by many concerns about their detrimental effects on
the environment and human health. The most innovative way to produce bioplastics involves the
use of raw materials derived from wastes. Raw materials are of vital importance for human and
animal health and due to their economic and environmental benefits. Among these, wood waste is
gaining popularity as an innovative raw material for biopolymer manufacturing. On the other hand,
the use of wastes as a source to produce biopolymers and biocomposites is still under development
and the processing methods are currently being studied in order to reach a high reproducibility and
thus increase the yield of production. This study therefore aimed to cover the current developments
in the classification, manufacturing, performances and fields of application of bio-based polymers,
especially focusing on wood waste sources. The work was carried out using both a descriptive and
an analytical methodology: first, a description of the state of art as it exists at present was reported,
then the available information was analyzed to make a critical evaluation of the results. A second
way to employ wood scraps involves their use as bio-reinforcements for composites; therefore, the
increase in the mechanical response obtained by the addition of wood waste in different bio-based
matrices was explored in this work. Results showed an increase in Young’s modulus up to 9 GPa for
wood-reinforced PLA and up to 6 GPa for wood-reinforced PHA.

Keywords: biopolymers; biocomposites; renewable sources; wood waste; waste valorization

1. Introduction

Nowadays, the manufacturing of bio-based polymers is characterized by a strong
development. Because of the present rapid expansion in the manufacture of these polymers,
the use of plastic items created from them is also expanding, according to the European
Environment Agency (EEA) [1]. However, they even correspond to a very modest portion
of the market, since they are around one percent of the more than 368 million tons of plastic
produced yearly. The total amount of biopolymers is going to increase up to 2.11 million
tons [2]. The main challenge in the next few years will be to significantly reduce production
costs. Economies of scale are vital for competitive pricing. However, because bio-based
supply chains are often extensive, scaling them up is difficult, especially since many of the
essential technologies have not been validated [3,4].

Today, growing attention is paid to the manufacturing of bio-based materials, starting
from scraps. The circular economy has, in fact, grown in importance in academic study
over the previous decade. A key development goal of the circular economy is the reuse of
different kinds of wastes, particularly wastes from industrial operations [5]. The increase
in population and the usage of polymers for disposable items and packaging generate
uncontrolled waste, posing severe management and disposal issues. The unrestricted
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waste stream from many sources poses a major challenge to waste management [6]. Several
researchers have been studying the potential and valorization of the organic component
in a circular economy scenario. The valorization technique has numerous benefits over
conventional organic fraction collecting and treatment technologies. These treatments use
the organic portion as an energy source by burning or composting it [7,8].

The organic fraction of municipal scraps includes a huge quantity of carbohydrate
and wood derivatives [9]. In today’s world, the increase in population and the continuous
usage of throwaway materials for lots of applications causes significant problems in waste
management [2].

Among the different kinds of organic wastes, agro-industrial and forestry wastes
present an unsustainable environmental and economic scenario [10]. Therefore, the val-
orization of this class of wastes represents one of the main issues in terms of disposal
management. Many studies are currently being carried out to develop new procedures
to produce biopolymers and biocomposites, starting with agro-industrial wastes. Due
to the innovation of the topic, a summary of the last developments in the production of
biopolymers and biocomposites can be useful to help carry out future research.

This work reports the current developments in the classification, production, proper-
ties and application of biopolymers, particularly those obtained from the valorization of
wood wastes. Among the different application fields, the possibility to use wood scraps as
a reinforcement for the production of biocomposites is also reported and the improvements
in the performances obtained by the use of wood waste fillers are analyzed.

2. General Definition of Biopolymers and Biocomposites

2.1. Biopolymers: Difference between Biodegradable and Bio-Based

A polymer can be defined as a bioplastic when the material exhibits biodegradability,
or it comes from bio-based or raw materials, or both [11,12]. Other researchers define a
bioplastic as a material that can be decomposed into CO2, H2O and non-organic particles or
biomass, generally thanks to the enzymatic decomposition carried out by microorganisms.
Nevertheless, a bio-based polymer could be not biodegradable and vice versa. A bio-based
polymer is derived from natural sources obtained from biomass, which can be partially
or totally renewable. There are three basic methods for creating bio-based polymers.
To achieve the performance criteria, one option is to partially change polymers derived
from green sources, for example, cellulose, and lipids, using extraction, separation and
filtration [13].

Depending on the type of synthesis and source, biopolymers can be classified into three
groups (Table 1) [14]. Natural sources, such as carbohydrates and proteins, or monomers,
such as lactic acid, can be the raw materials for biopolymers. Furthermore, other biopoly-
mers such as polyhydroxyalkanoate (PHA) can be obtained from microorganisms [15].
Commercially accessible biopolymers are divided into the categories which follow: polyhy-
droxyalkanoates (PHAs/PHBs), polylactic acid (PLA) polyamides, polyols, bio-PET, butyl
rubber and cellulose acetate; these are some of the materials used [16]. For practical usage in
plastics or as water-soluble polymers, polysaccharides are mostly confined to starch and cel-
lulose derivatives. Both of these compounds are made up of D-glycopyranoside-repeating
units, which result in molecular weights in the thousands [14].
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Table 1. A brief definition and classification of bio-based polymers.

Types Chemical Group Example References

Biomass-based polymers Polysaccharides
Proteins and lipids

• Carbohydrates (wheat, potatoes, maize);
• Products made from cellulosic and

ligno-cellulosic materials (wood, straws, etc.);
• Pectins (chitosan/chitin, gums, etc.);
• Casein, whey, collagen/gelatin from animals;
• Plants which are a type of living thing (zein,

soya, gluten).

[16–18]

Polymers derived via
microbial fermentation

Polyhydroxyalkanoates
(PHA)

• Poly(hydroxybutyrate) (PHB)
• Poly(hydroxybutyrate-cohydroxyvalerate)

(PHBV)
[19–21]

Agro-resource monomers
are used to chemically
manufacture polymers

Poly(hydroxyacid)
• Poly(lactic acid) (PLA)
• Polyglycolic acid (PGA) [22–24]

2.1.1. Biodegradable Polymers

Biodegradability is an important property of biopolymers, which does not refer to the
raw materials used for the production. A biodegradable polymer could, in fact, be derived
from fossil sources. Biodegradation is a biological process that occurs during composting,
which involves the release of carbon dioxide, water, non-organic particles and biomass. In
order to be defined as biodegradable, the biopolymer should degrade with a similar rate of
certified compostable materials, without leaving hazardous residue [25]. If the plastic is able
to decompose, but it doesn’t follow the established standards, even if it is biodegradable, it
must be classified as non-compostable. Finally, degradable materials should also not be
derived from natural sources; for example, oxo-biodegradation is a phenomenon that occurs
with some polyolefins through an oxidative process, which implies the breakage of the
plastics into small pieces making them easier to biodegrade. Nevertheless, oxo-degradation
is not currently classified as biodegradable or compostable, as its decomposition does not
occur following established standards [26].

Table 2 shows the biodegradability of the most-used bioplastics in different fields.
Biopolymer degradation depends on the physical and chemical structure of the biomate-
rial [27]. Furthermore, pH, temperature, moisture and oxygen must be considered.

Table 2. Definition of compostability and biodegradability of some bioplastics in different environments.

Bioplastic

Biodegradability

Ref.
Environment Condition

Biodegradability
(%)

Biodegradability/
Degradability

Method

Testing Period
(Day)

Starch-based

Compost (starch,
thermoplastic) 58 ◦C 73.1 CO2 produced 56 [11,27–29]

Soil
(wheat,

starch-derived plastic)
20 ◦C, 60% RH 14.2 CO2 produced 110

Marine
(neat starch) 26 ◦C 100 Weight loss 50

Cellulose-based

Compost
(cellulose acetate) 53 ◦C 100 CO2 produced 18 [11,27,28]

Soil
(bacterial and

vegetable cellulose)
25 ◦C 100 Weight loss 180

Simulated marine
environment (neat

cellulose)

Room
temperature 75 Oxygen

consumed 150
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Table 2. Cont.

Bioplastic

Biodegradability

Ref.
Environment Condition

Biodegradability
(%)

Biodegradability/
Degradability

Method

Testing Period
(Day)

PLA

Compost 58 ◦C, 60% RH 60–70 CO2 produced 30 [11,12,27,30]
Soil 10–25 ◦C 0 CO2 produced 120

Simulated marine
environment 25 ◦C 3–4 CO2 produced 180

PHB

Compost 55 ◦C, 70% RH 80 CO2 produced 28 [11,27,28]
Soil 20 ◦C, 60% RH 48.5 CO2 produced 280

Simulated marine
environment 25 ◦C 38–45 CO2 produced 180

2.1.2. Bio-Based Polymers

The greatest part of bioplastics currently available on the market are obtained from
biomasses of the first generation, for example, corn, potatoes, sugar cane, palm oil and
straw. All these sources have a high amount of carbohydrates and can be eaten by people
and animals. Feedstocks of the first generation have a high efficiency for the production
of biopolymers, since they need less land to grow and have a high yield of production
compared to the other feedstocks. The technical maturity of these feedstocks is then very
high [25], although the subtraction of sources to the food chain poses important issues.

The second generation of feedstocks is related to those raw materials which cannot be
eaten by animals, such as non-edible harvests (e.g., cellulose) or derivatives of raw materials
of the first generation, for example, sugarcane bagasse. Although second-generation
feedstocks are commercially available, the use is not so widespread due to a relatively
high cost.

Finally, the third-generation feedstock, obtained from food scraps, algae biomass and
industrial or municipal waste, is the most innovative and can solve the problems related to
the consumption of sources from the food chain. Several studies are underway in order to
develop new biopolymers from food wastes [31].

Figure 1 shows a summary of the three generations of feedstocks.
This review is focused on a special class of the third-generation biopolymers, i.e.,

those obtained from the reuse and valorization of wood-based waste. The following
paragraphs, hence, refer to the description of the main production methods, properties and
applications of biopolymers from wood sources, with a special focus on wood scraps, such
as agricultural waste.

2.2. Biocomposites

The tendency to substitute the petroleum-based polymers with biopolymers has also
made its way into the field of composite materials. In the last decade, it has become
a possibility to combine biopolymers with natural fillers in developing new materials,
i.e., biocomposites. They have attracted the interest of the research community all over
the world, as well as the industrial sector, for a wild spectrum of applications that these
new materials can offer, such as aerospace parts, automotive components, consumer
goods, sporting goods and their use in the marine and oil industries [32]. Biocomposites
are defined as composite materials composed of biodegradable natural fibers used as
reinforcement and biodegradable (or non-biodegradable) polymers in a matrix. Starch,
cellulose, soya, polylactic acid and polyhydroxyalkanoates are the most commonly available
biopolymers [33]. Natural fibers are largely divided into two categories: plant-based and
animal-based. In general, plant-based fibers are lignocellulosic in nature, and they are
composed of cellulose, hemicellulose and lignin; animal-based fibers consist of proteins,
for example, silk and wool [34]. In fact, the great advantage offered by biocomposites
with respect to traditional composites is related to low energy and low CO2 emission
during their processing, biodegradability, renewability, low specific weight, higher specific
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strength, and stiffness, high electrical resistance, low cost and good thermal and acoustic
insulating properties [35]. Despite some drawbacks that affect biocomposites, mostly due
to their high sensitivity to moisture, low durability and low adhesion between matrix and
fiber [36], natural fillers play an important role in order to develop fully biodegradable
green composites as a possible solution for contemporary environmental difficulties.

Figure 1. An overview of the classification of biopolymers.

3. Production of the Main Biopolymers from Bio-Based Sources

3.1. Cellulose Traditional Sources

Cellulose is constituted of anhydroglucose units linked by a β-(1,4) glycosidic bond.
The repeating unit of cellulose is the glucose dimer known as cellobiose. In the con-
densation process, glycosidic oxygen bridges the sugar rings which are formed and the
cellulose chains reach a degree of polymerization (DP) around 15,000 in native cellulose
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cotton and 10,000 glucose units in wood cellulose. Each monomer has three hydroxyl
groups that allow the creation of hydrogen bonds by influencing the crystalline packing
and, consequentially, the cellulosic physical characteristics. The van der Waals and inter-
molecular hydrogen interactions allow numerous cellulose chains to stack in parallel and
self-assemble into microfibrils, constituted of crystalline sections in which the cellulose
chains are organized in a highly ordered form, and amorphous regions, which are less
ordered than the former [37,38]. For such a reason, cellulose is a semi-crystalline substance
whose crystallinity is determined by its source, extraction technique and treatments. The
degree of crystallinity of wood-based and plant-based cellulose is typically 40–60% [39].

Cellulose is a nearly limitless polymeric raw material since it is the most abundant
component in most plants. The availability, renewability and biodegradability of this
material, as well as its low cost, are the major benefits, but it has two major drawbacks
when compared to synthetic polymers: high hygroscopicity, owing to hydroxyl groups,
and limited processing due to rapid disintegration [40]. Cellulose can be extracted from
several natural sources, such as wood (lignocellulosic biomass), agricultural scraps, cot-
ton, flax, hemp, sisal and especially vegetable byproducts [40]. Wood pulp is the most
widespread raw material for cellulose processing, especially for paper and cardboard
manufacture [31,41–43].

It is well known that cellulose, which is extracted from wood such as spruce, pine
and many other trees, is being used to produce regenerated fibers such as viscose, lyocell,
modal, cellulose acetate and cellulose triacetate. Cellulose esters and ethers are the principal
industrially used cellulose derivatives, with the former being used in molding, extrusion
and films, and the latter in a varied range of application fields (building materials, food,
personal care products, paints and pharmaceuticals). However, until solvent methods for
dissolving cellulose became available, the processability and application of this type of
cellulose in biodegradable plastic films were limited. In order to modify the mechanical
and chemical properties of cellulose, plasticization and blending with other polymers are
used [44]. There have been a number of recent developments in the field of polymeric
thermoplastic film and functional polymeric materials such as composite and composite
films [45]. Cellulose-based biocomposite systems use cellulose as a reinforcement and/or
matrix (host material) [45]. Cellulose fibers and derivatives are currently being used to make
biopolymeric materials such as fillers and polymer matrices in biopolymer composites.
Recent biocomposite research has enabled the replacement of petroleum-based polymers
(PE and PP) with naturally generated biopolymers, such as cellulose and starch, and glass
fibers with cellulose fibers.

Cellulose could also be used in wastewater treatment because it is naturally hy-
drophilic, it has been employed as an antifouling hydrophilic coating on membranes in
order to increase the flow of the membranes and also the adsorption capability of cellulose-
based functional materials is excellent for water treatment applications. It has been found
that cellulose has a high adsorption capacity for pollutants after being subjected to appropri-
ate chemical alteration on its surface, with the goal being the absorption of molecules with
basic groups, particularly those containing significant concentrations of nitrogen, sulfur
and oxygen [45]. In fact, as reported by Li et al. [46], cellulose, as well as other biopolymers
such as lignocellulose, chitosan, chitin and lignin, shows a good absorption capability of
heavy metal ions from aqueous solutions. Li et al. [46] collected the main studies related to
cellulose properties, in particular, the capability of a cellulose-based copolymer to adsorb
chromium (VI) and convert it in Cr (III) by means of the ultrasonication method [47]; the
capability of cellulose aerogels to encapsulate iron oxides [48] and the employment of car-
boxylated cellulose derivatives for absorbing Co2+, Cu2+ and Ni2+ in aqueous solutions [49].
Dassanayake et al. [50] reported the use of cellulose-based materials and derivative (chitin
and chitosan)-based materials in specific applications in which their absorption properties
are employed, such as the removal of organic dyes and heavy metals, oil and solvent
spillage cleanup and CO2 adsorption. Furthermore, cellulose-based functional materials
are widely employed in biomedical fields such as drug delivery systems [51–53]; in cancer
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therapy [54]; in bone regeneration [55,56] and in tissue engineering [57]. Demitri et al. [58],
in fact, developed an innovative method for producing cellulose-based (CMCNa) foams,
demonstrating an excellent biocompatibility profile with a good cell proliferation rate.
When cellulose is linked with conductive polymers, it can form nanocomposites with high
conductivity [59,60]. Shahbazi et al. [61] demonstrated that CMC modified by both photo
and chemical cross-linking can improve surface hydrophobicity, the water barrier and
mechanical properties of food packaging materials.

The applications of cellulose in the field of sensing material was also studied, including
employing cellulose as a membrane for inkjet printing [62]; as CNT–cellulose composites
on ammonia sensors [63]; as hybrid cellulose hydrogel used in release systems [64]; and
as active mesoporous cellulosic materials with potential applications in optics, tissue
engineering, chiral separation, functional membranes and biosensing [65]. Li et al. [46]
also reported the employment of cellulose nanocrystal (CNC)–polymer nanocomposites as
reinforcing material [66] or RGO–cellulose composites employed in storage energy filed as
supercapacitors [67]. Furthermore, in the field of solar cells, cellulose-based composites
were found to have a collocation, as studied by Bisconti et al. [68], that realized semi-
transparent perovskite–polymer composites by employing hydroxyethyl cellulose and
obtaining advantages in terms of ease of processing; improvement of visible transmittance;
and enhancement of thermal stability, by preserving the photovoltaic performances of
semi-transparent perovskite solar cells.

3.2. Lignin Traditional Sources

After cellulose, lignin is the second most predominant sustainable bioresource and
it is found in abundance in wood, which is the world’s primary supply. It is considered
as a waste product in a number of industrial processes [69–71]. Because lignin is found
in biomass combined with cellulose and hemicellulose, it serves as a restrictive issue in
the bioconversion of wood, which is now under investigation [72,73]. Lignin is a naturally
occurring component of wood and plant cell walls. Its polyphenolic chemical structure
has been studied for industrial applications. Various delignification chemical procedures
can extract lignin from wood, which has a structure and qualities unique to each plant
species. In recent years, however, the chemical industry has concentrated on using lignin
as a feasible renewable source for the production of innovative and ecological biomaterials.
Its organization is complicated and hard to describe, making it difficult to blend into
polymers, fibers and other materials [74]. Its hydrophilicity, polyanionic structure and
nontoxicity make it an ideal choice for modifying membrane bulk and surface properties.
Various lignin derivatives have been studied extensively for bulk modification of polymeric
membranes. A preliminary material, such as the wood from which the pulp is made, is
normally required for the extraction of lignin from several types of biomass. Lignin yield is
influenced by numerous factors, including extraction process, reaction time, medium and
temperature. The extraction of lignin from cellulosic pulp can be conducted via enzymatic,
chemical and physical techniques. Acid hydrolysis, the kraft process, the lignosulphonate
process and organo solvolysis are just a few of the chemical processes used to extract lignin.
Acid hydrolysis is a process in which the lignin in wood pulp is dissolved using a mixture
of argon and concentrated hydrochloric acid (HCl) [75]. The lignosulphonate procedure
includes heating wood with sodium sulfite (aqueous) in acidic conditions to extract lignin.
Functions include surfactants, additives, dispersants and flocculants [76].

Lignin is another cheap, renewable, biodegradable plastic preference, which improves
matrix polymer compatibility and UV stability. Functional groups in matrix and lignin
interact to create positive compatibility with both natural and manufactured polymers. The
reinforcing activity and thermal stability of lignin have resulted in a high modulus value.
Additionally, thermal insulation ratings are a bit higher than those of other materials [77].

Lignin has been extensively explored for its possible use as a sustainable alternative
to petroleum derivatives and chemicals. Its polyphenolic structure makes it suitable for
usage in phenolic monomers, polyurethane foams, polyolefins, adhesive resins, packaging
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materials, unsaturated polyester, epoxy resins and material filler. Lignin can be chemically
modified or incorporated into a matrix to provide it with new qualities. Banu et al. [78]
selected several pretreatment methods (mechanical, chemical, biological, physical and phys-
iochemical) able to extract lignin from diverse kinds of lignocellulosic biomass and reported
the influence on medium and short chains of PHA yield for producing packaging materials,
such as films, coatings, bags and bottles [78]. They also reported case studies concerning
an increase in the production of PHA using genetically modified and engineered bacteria
grown in lignin substrate. Furthermore, Banu et al. reported several synthesis processes
aimed at producing lignin nanoparticles and their application in biocide systems [79], drug
storage and delivery [80] and coatings [81].

Lignin conversion to high quality products is critical to a biorefinery’s economic suc-
cess. These studies have established catalytic pathways for the production of aromatic
chemical reagents and bio-based compounds, epoxy resins, carbon fibers, phenolic adhesive
resins, hydrogels, 3D-printed biocomposite and polyurethane foams [74]. To make polymer
matrix composites, the amorphous polyphenolic macromolecule Lignin is utilized as a
filler. The composite’s characteristics are enhanced by the inclusion of lignin. Antioxidant
properties of lignin make it a good stabilizer for polymers. Because char inhibits the com-
bustion and the heat release rate of polymeric materials, lignin can produce a significant
quantity of carbonize residue when heated at a high temperature in an inert atmosphere.
This property is fundamental to flame-retardant additives. Lignin can also influence the
structure of thermoplastic polymers by acting as a nucleating agent during the crystalliza-
tion process [82]. A potential alternative to inorganic fillers is represented by lignin-based
nanoparticles due to phenolic groups and their UV resistance and antioxidant properties.
Furthermore, it was demonstrated that lignin-based nanoparticles are able to improve the
mechanical and physical properties of the final nanocomposite. Banu et al. [78] reported the
main lignin nanoparticle synthesis processes. Thanks to the several reaction sites of lignin
(hydroxyl, carboxylic acid, phenolic clusters) it is possible to cross-link it with the polymeric
monomers (polyesters and polyurethanes; phenol–formaldehyde resins). For such a reason,
the development of different lignin-based biopolymers is possible. What has been studied,
in fact, is how a lignin presence minimizes the biodegradation of polyhydroxyalkanoates
(PHA), increasing the resistance towards the microbial activity [83]; how lignin enhances
the biodegradability of polyester, increasing the photoreactivity and the glass transition
temperature [84]; how lignin is blended to polylactic acid (PLA) in order to obtain higher
flame resistance [85]; and how lignin can substitute 30–50% of petroleum-derived polyols
for the synthesis process of polyurethane, etc. [86,87].

Figure 2 reports a schematic overview of the main bio-based polymers from traditional
wood sources.

3.3. Cellulose and Lignin Biopolymers from Wood Waste

One of the most promising challenges is the possibility of exploiting biomasses from
wood as biosources of hemicellulose, cellulose and lignin. Lignocellulosic biomass repre-
sents, in fact, the highest amount of unused global biomass [88] and it is mostly composed of
dry matter with the addition of oils, minerals and other components, which account for less
than 10% [89]. Biomasses from wood wastes can be obtained by using different raw materi-
als, such as forest and crop scraps, municipal solid waste, wood and paper wastes [89,90],
which influence the quantity of each constituent of the biomass. Lignocellulosic material
shows different amounts of each component, in terms of chemical composition, since they
are usually altered by the environment [91]. In particular, based on the amount of biomass,
woods can be classified into hardwoods and softwoods which contain, respectively, higher
(78.8%) and lower (70.3%) amounts of cellulose and emicellulose and, reversely, there is
lower lignin content in hardwoods (21.7%) than in softwoods (29.2%) [89]. Since the cellu-
lose, lignin and hemicellulose amount depends on the kind of wood biomass, a suitable
material should be chosen for the fermentation.
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Figure 2. Sources and purposes of biopolymers from traditional wood sources.

Plant biomass can, therefore, be used to produce high-performance functionalized
polymers. Large-scale lignocellulosic biomass production will provide plentiful renewable
feedstock for biomaterials with physical and chemical performances that are equal to or
higher than those of petroleum-based mixtures, including lignin, cellulose and hemicellu-
losic polysaccharides [92].

Agro-waste recycling by composting and fertilizer manufacturing boosts global carbon
emissions, according to data collected in Italy. Wastes from olives (OWC) and anaerobic
digester-based compost (ADC), respectively, yielded 64 and 67 kg of CO2 equivalent per
milligram. Furthermore, each milligram of compost produced by re-composting and
co-composting, ranging from 8 to 31 kg of CO2, was released [93].

Particular attention was given to agro-waste cellulose for producing biopolymers in a
critical review by Motaung et al. [94]. As discussed by the authors, even if several studies on
the chemical modification of cellulose fibers were well known, very few discuss agricultural
cellulose waste fibers. Sundarraj et al. [95] focused their study on the cellulose derived from
agro-industrial residues as effective reinforcement for the building construction material
industry. Lately, Urbina et al. [96] collected in their review the main case studies about
the production of bacteria cellulose by employing agro-wastes (residues of agricultural
products), focusing on the applications of this kind of biopolymer for environmental
applications, optoelectronic and conductive devices, food ingredients and packaging,
biomedicine and 3D-printing technology. El Achaby et al. [97] studied the employment of
red algae waste as a natural resource for producing superior cellulose nanocrystals and
their capability to act as strengthening filler.

The extraction of lignocellulose from waste materials represents a great environmental
advantage since it avoids the problem that agro-waste can become a source of contamination.

Lignin can also be derived from wood waste. In fact, as demonstrated by Zikeli
et al. [98], a lignin fraction was isolated from the wood wastes of a wood house producer
for the production of lignin nanoparticles and then used for wood surface treatment. The
developed coatings showed significant results after an artificial weathering test. Never-
theless, the extraction of lignin from wood waste is an open research question due to the
difficulty of processing and the consideration of lignin as a waste material, i.e., an undesir-
able component in the manufacture of ethanol and paper, as reported by Parvathy et al. [99].
Thanks to its high thermal stability, biodegradability, antioxidant property, cross-linked
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structure and UV absorption characteristics, lignin could be effectively employed in several
applications to produce valuable materials.

Figure 3 reports a flow production of bio-based polymers from wood waste.

Figure 3. Flow production of bio-based polymers from wood waste.

3.4. PHAs’ Traditional Sources

Microbial manufacturing techniques are used to produce polyhydroxyalkanoates
(PHAs). PHAs are a class of aliphatic polyester which are naturally obtained in a sugar-
based media by bacteria and operate as carbon and energy storage materials. They were
the first biodegradable polyesters used in the plastics industry. Aliphatic polyesters are the
easiest synthetic polymers to biodegrade [14].

Synthesis of PHAs requires the use of different organisms, especially plants and
bacteria, often employed for a large-scale production [100]. On the other hand, plants
allow the producing of only small amounts (<10% (w/w) of dry weight) of PHA, since
higher quantities of storage PHAs inside the plants lead to negative effects on the plants’
growth [101]. Therefore, synthesis of PHA is actually carried out by bacteria, which
naturally accumulate more than 90% w/w of PHAs in order to store carbon and energy
during the metabolism of nutrients [102]. In particular, the accumulation of PHAs only
occurs if bacteria grow with a reduction in oxygen, nitrogen and phosphorous, and an
increase in carbon sources [103].

Once the soluble nutrients and intermediates are converted into insoluble PHA poly-
mers, PHAs are stored in intracellular granules inside the cell. In this way, the osmotic state
of the cell is preserved, which in turn means a secure storage of the nutrients without any
losses through the cell membrane [104].

After the production, the PHA pellets are coated with a layer of proteins and phospho-
lipids. This layer, mainly composed of a particular class of proteins, the phasins, changes
both the size and the amount of PHA pellets [105].
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Among PHAs, PHB is the first and commonly used, obtained by Alcaligens Eu-
trophorus bacteria through the conversion of acetyl-CoA in the following three steps [106],
reported in Figure 4:

1. First, starting with sugar, two molecules of acetyl-CoA are combined with 3-ketothiolase
(PhaA) and acetoacetyl-CoA is obtained.

2. In the second step, acetoacetyl-CoA is reduced using Acetoacethyl-CoA reductase
(PhaB) to obtain 3-hydroxybutyryl-CoA.

3. In the third step, PHB is obtained after the conversion of 3-hydroxybutyryl-CoA using
PHB synthase (PhaC).

Figure 4. Synthesis pathway of PHB.

PHB is characterized by high hydrophobicity and can be produced at low temperatures.
However, PHB is thermally instable when heated close to the melting of the material. The
polymer exhibits essential thermoplasticity and degradability qualities in decomposition
and other settings including sea water and, as a result, it has gained a lot of industrial
attention [107–109]. PHB, a commercially accessible biopolymer, is one of the most attractive
members of the polyhydroxyalkanoates family for the packaging of food. PHB is a polymer
which should be modified using standard industrial polymer processing facilities. It also
has strong mechanical qualities, such as strength and stiffness, that are equivalent to or
better than some of the products (such as PP), as well as good barrier properties (similar
to PET). PHB degrades in decomposition situations and in other conditions, such as in
seawater [109]. Even though PHB is a good choice for green applications such as packaging,
it has significant flaws that prevent it from being widely used in the packaging industry.
Owing to room temperature crystallization and physiological ageing phenomena, PHB has
a relatively high instability which increases over time. PHB also has a small processing
range which makes it difficult to treat in some typical packaging applications, such as heat
treating [110]. Another major impediment to its application in the packaging industry is
its expensive cost, which continues to surpass EUR 5/kg. In this regard, the inclusion of a
long-lasting, low-cost or hard filler might help mitigate the raw price rise by (a) minimizing
the overall packaging cost and/or (b) decreasing the thicknesses required in standard
packaging [110].

3.5. PHA from Wood Wastes

A particular problem that limits the use of PHAs is related to its cost of production,
starting from the raw materials to the recovery process [111]. In particular, the price of
PHA raw materials is strongly attributable to the carbon contribution; therefore, many
efforts are currently made in order to replace traditional sources with derivatives of wood
scraps [112]. A potential way to replace traditional sources was studied by Kumar [113],
who used wood hydrolysates obtained using enzymatic hydrolysis of hemicellulose and

47



Polymers 2022, 14, 5519

cellulose fermentable sugars. To use substrates of wood hydrolysates, the appropriate
bacteria must be selected. In his study, Kumar [113] tested various colonies of different
morphologies of bacteria for the production of PHA, using biomass substrates obtained
from wood wastes. Results obtained allowed the production of PHA from paper paste and
tannery effluent water samples with both using gram-positive and gram-negative bacteria,
even if gram-negative bacteria were predominant.

PHA properties are mostly related to the length of the polymer chain. Long-chain
(PHAs with C ≥ 15), medium-chain (PHAs with 6 ≤ C ≤ 14) and short-chain (PHAs
with C ≤ 5) polymers are the three types of PHAs, considering the amount of carbons
in the monomer units [114]. Short-chain polymers cannot be used if a high strength is
required, because they are too brittle, high-crystalline and stiff. Medium chains have higher
elastic modulus and, therefore, show lower brittleness, higher elongation at break and
low-crystalline zones. On the other hand, these PHAs are less suited to high-temperature
applications [115,116]. Films, fibers [117,118], foams, food additives, medical implants [119],
medication delivery carriers, control release material, medical scaffolds for tissue regener-
ation [120], biofuels [121] and animal feeds all include PHA. PHA can be converted into
chiral hydroxyalkanoic acids (HAs). PHA is a renewable substance that should be approved
by the market [122]. The high manufacturing costs of PHA, which are at least three times
higher than those of traditional materials, e.g., polypropylene (PP), polyethylene (PE) and
related biopolymer polylactic acid, have contributed to their limited success [123]; therefore,
as explained in previous paragraphs, alternative sources derived from wastes are currently
under investigation, which allow for a strong decrease in the production costs.

PHAs showed a higher barrier and mechanical properties than PLA. Nevertheless,
they only account for 1.4 percent of the biopolymer industry, even if their manufacturing
is expected to double by 2023. PHA has comparable brittleness constraints to PLA, and
its fragility can be reduced by the addition of a specific plasticizer. Though PHA has
higher barrier properties than other biomaterials, the disadvantages in manufacturing
costs are higher and its recycling process is still under development [109,124]. While PET
recycling methods are well known and commonly employed [6], there are few studies of
the mechanical and chemical recycling of PHA due to the high production costs and low
yields of the recycling process [125]. PHAs can then be manufactured and processed for use
in many applications, including packaging, thermoplastic products, protective coatings,
nonwoven textiles, resins, sheets and activity enhancers, to name a few. PHAs, in contrast
to other biomaterials, have a lot of promise for applications such as packaging because of
their superior thermal–mechanical and protective qualities [109].

3.6. PLA’s Traditional Sources

PLA is obtained from lactic acid precursors, which are produced from renewable
sources such as sugar feedstock, straw maize, corn and food or agricultural waste products
via fermentation [31,126].

Nowadays, fermentation represents the most common way to produce lactic acid,
particularly if pure optical isomers are needed.

To obtain lactic acid, three main steps are required:

• In the first one, mono- and disaccharides are produced by the hydrolysis of carbohy-
drate sources.

• Then, lactic acid is attained by the fermentation of saccharides through lactic acid
bacteria (LAB).

• Finally, the purity of lactic acid is obtained using further purification processes.

The main sources of starch which can be used in the first step are as follows: corn
(maize), straw, tapioca (cassava), potatoes and other raw materials which, after hydrolysis,
are transformed into mono- and disaccharides (Figure 5). The hydrolysis of starch was first
carried out by using chemicals, but nowadays enzymatic methods are preferred. On the
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other hand, only few bacteria are suitable for fermentation, because maltose results in the
key product of enzymatic hydrolysis.

Figure 5. PLA from feedstocks to the final product.

Furthermore, sucrose-derived raw materials can be used for the fermentation of lactic
acid. Conversely, lactose has a limited use because of the low quantities which can be found
in readily available whey, and it also requires a high purification of whey [127,128].

Afterwards, to produce lactic acid, different families of bacteria (LAB) can be used (e.g.,
Lactobacillus, Streptococcus and Pediococcus), which are characterized by high productivity in
very narrow pH ranges [114] and allow the producing not only of lactic acid, but also of
other organic acids during fermentation. Therefore, in order to focalize the production to
lactic acid, decreasing as much as possible the number of other byproducts, the pH is kept
between 5.5 and 6.5, thanks to particular bases such as hydroxides or carbonates.

To select the right raw material for the fermentation, some parameters must be consid-
ered, such as the availability, the price and, above all, the purity, which influence the field
of application of PLA. Mono- and disaccharide traditionally employed mainly derive from
the conversion of different substrates and are:

− Glucose and glucose syrups deriving from the conversion of starch with enzymes
such as glucoamylases;

− Maltose, derived from the starch enzymatic conversion with amylases of malt;
− Sucrose, obtained as a byproduct or intermediate of cane sugar;
− Lactose, derived from mil whey, a natural substrate of several lactic acid bacteria.

3.7. PLA from Wood Wastes Sources

Lactic acid, traditionally used in several fields (chemical, cosmetic, food industries and
pharmaceutical), is a hydroxycarboxylic acid characterized by two optical isomers [129–131].

Recently, the use of optically pure lactic acid (l- or d-isomer) was studied as a building
block for the polylactic acid (PLA: PLLA and PDLA). As already mentioned, PLA is one
of the most eco-friendly biomaterials and can be used as a green alternative to traditional
fossil polymers [132,133]. Nevertheless, the traditional ways to produce PLA cause the
subtraction of important sources from the food chain; therefore, many efforts are currently
made to obtain PLA from scraps, thus producing a biopolymer of the third generation.

An innovative way to optimize PLA mechanical properties, using optically pure lactic
acid isomers, involves the mixture of pure PLLA and PDLA, thus obtaining Sc-PLA, a stable
stereo-complex with good mechanical properties, higher hydrolysis resistance compared to
the use of a single enantiomer [134], a melting point ~50 ◦C higher than the pure materials
and higher biodegradability [135].

The pure isomers can be obtained through microbial fermentation [136,137], although
there are many issues which hinder the scale-up of the production from laboratory to
industries, such as the high cost, the raw materials and the nutrient sources [136,138]. In
order to solve these problems, second-generation feedstocks, which involve lignocellulosic
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biomass from agro-industrial or forest sources, are nowadays studied as inexpensive
renewable sources for lactic acid production and the consequent microbial fermentation to
produce PLA isomers [139,140] (Figure 6).

Figure 6. Synthesis pathway of PLA.

Lignocellulosic feedstocks, although seemingly a promising way to replace traditional
sources for PLA production, are characterized by a complex structure; therefore, their
conversion in optically pure lactic acid is still a challenge [141]. Furthermore, all the
feedstocks must be pretreated in order to remove the lignin, thus allowing the enzymes to
access the cellulose. Furthermore, inhibitions of the enzymatic catalysis can occur due to
the pretreatment of the material; the inhibition mainly consists of the slowdown of both
cellulose hydrolysis of lignocellulosic biomass and of the microbial growth [142].

Another drawback which occurs with the use of lignocellulosic scraps is that they
are composed of a heterogeneous mixture of sugars, which cannot be easily used at the
same time.

The main bacteria often used to produce lactic acid are lactic acid bacteria (LAB).
Nevertheless, their use is still not widespread due to many factors, such as the requirement
of specific nutrients, the low resistance to acid and the difficulties with co-utilizing glu-
cose and xylose [143]. Recent improvements in bacterial D-lactic acid involve a genetic
modification [144,145]. Some of the recent advanced processes, aiming to increase D-lactic
production, include fed-batch fermentation, continuous fermentation with cell recycling
and integrated membrane fermentation [146].

The industrial and commercial employment of lignocellulose to produce lactic acid is
still an issue. In fact, various processing steps are necessary to convert the lignocellulosic
biomass to monomeric sugars that are then fermented to obtain lactic acid. The conven-
tional processes used to produce lactic acid from wood biomass involve four main steps:
First, the lignocellulosic raw material needs to be pretreated, to break the structure of the
biomass; after pretreatment, enzymatic hydrolysis occurs, thus obtaining fermentative
sugars through hydrolytic enzymes. The third step consists of fermentation, which allows
the metabolization of sugars to lactic acid, usually via LAB. Finally, in the fourth step,
the lactic acid is collected and purified. It is worth highlighting the important role of the
pretreatment of lignocellulosic biomass, since the native lignocellulose has a low enzymatic
susceptibility due to the association of cellulose and hemicellulose with lignin [147,148];
therefore, the efficiency of the pretreatment plays a key role for the subsequent saccharifica-
tion via hydrolytic enzymes. Finally, if the pretreatment is too strong, toxic materials can
be released with a consequent inhibition of the microbial metabolism and growth [149].
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4. Main Properties of Bio-Based Polymers and Biocomposites

Generally, the most investigated features for newly developed biofilms and biocompos-
ites are morphological, thermal, mechanical, rheological, water absorption and antibacterial
properties [40,150–153]. Their characterization involves the use of specific analytical tech-
niques, some of which are discussed in this section and shown in Figure 7. Specifically,
microscopy (Scanning Probe Microscopy SPM, Scanning Electron Microscopy SEM and
Transmission Electron Microscopy TEM) is utilized for the measurement of morphology
and porosity, the picometer is useful for density measurement, X-ray Diffraction (XRD)
allows one to determine crystallinity, spectroscopy (UV-Visible and Fourier Transform
Infrared Spectroscopy FTIR) is employed for molecular chemical characterization, thermal
analysis (Thermogravimetric Analysis TGA, Differential Scanning Calorimetry DSC and
Dynamic Mechanical Analysis DMA) is employed for the measurement of thermal prop-
erties and the study of thermomechanical degradation, water and oxygen adsorption is
considered for the evaluation of barrier properties and Tensile and Flexural Testing, the
Charpy impact test and Shore Hardness are utilized for the measurements of mechanical
properties, etc. [40,150–155]. Usually, the environmental impact and biodegradability of
biopolymers and biocomposites are evaluated according to American Society for Testing
and Materials (ASTM) standards [153].

Figure 7. Some of the characterization methods commonly used to study the main properties of
biopolymers and biocomposites.

The mechanical qualities of biopolymers include strength [15], ductility [156], deforma-
bility [157], stress [158] and durability [159]. Mechanical properties are usually detected
using a dynamometer and by choosing the geometry, the load cell and the test speed
according to the appropriate standard test method. Six replicates for each measurement
are usually performed, in order to obtain statistically relevant results. Durability tests are
carried out on a climate chamber, following the ageing procedure described in the standard
test method. The degradation in the flexural modulus, in the strength of the composites
and in the interlaminar strength are evaluated after the ageing.

The intrinsic qualities of a polymer are determined by its structure and/or chemical
composition [160]. Density is a fundamental feature of polymers, varying between classes
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and constituents [160] and often measured using a pycnometer. In comparison to petroleum-
derived polymers, most biodegradable polymers have higher densities.

Though crystallinity isn’t considered a self-reflective feature, it affects many other qual-
ities. High-crystalline biopolymers are more resistant to dissolution than low-crystalline
biopolymers. A single biopolymer’s crystallization degree affects its melting and glass
transition temperatures [160], as well as affects solubility; with greater compactness of the
structure, there is a lower chance of dissolution [160]. In order to evaluate the crystallinity
of the material, both X-Ray diffraction and Differential Scanning Calorimetry are used.

Scientific studies show that the tensile strength, and thus the crystallinity and solubility
of biopolymers, can be increased by inserting different kinds of fillers into the polymer
matrix, obtaining biocomposites [161]. For example, both PLA and polyolefin-based
composites containing wood fillers have similar mechanical properties [161]. Generally, the
addition of wood filler to the polymer matrix has different effects on tensile strength. In fact,
the measured values arise from the wood species used as fillers and the amount added, the
composites’ processing methods and the quality of the PLA [161–163]; an additional cause
of the reduced mechanical properties of the polymer composites with wood filler is also
due to the poor adhesion at the interface between the filler and polymer matrix [154]. This
phenomenon is especially evident from high-magnification images obtained using scanning
electron microscopy (SEM) on both biofilms and biocomposites and/or biofilaments for
3D printing. For example, some authors report that the transparent films produced have
pores and cracks that facilitate the passage of water vapor and gases [150]. Alternatively,
other works highlight in SEM images of composites in general, or composite filaments for
3D printing, an irregular, rough, outer surface with several points of discontinuity due to
the addition of wood filler, which is often non-homogeneously distributed in the polymer
matrix, with the formation of particle aggregates [154,164]. Furthermore, the presence of
voids and poor interfacial adhesion between layers (observable in composite sections and
often on 3D prints as defects between layers) are attributed to the different polarity between
the biopolymer (which has a non-polar surface) and the wood fillers (which have a polar
surface) [154,164]. Instead, SEM results often indicate correct dispersion of the filler in
the polymer matrix and an improved hydrophobic nature compared to the neat polymer
film [151]. Overall, the results depend on the physical and mechanical properties of the
polymers and fillers, concentration of the parts, filler geometry, polarity, compatibility,
addition of plasticizers and type [151,152,154,165,166]. However, most studies show that,
overall, the stiffness of polymeric composites with wood fillers increases, as does the
crystallinity compared to pure polymer, and scientific research has focused on improving
structural properties, such as through the use of plasticizers [161]. XRD and DSC analyses
are useful in order to evaluate the effect of the addition of a plasticizer to different kinds of
biopolymers. As reported by Greco et al. [155], the mechanical properties of PLA can be
tailored by the addition of different green plasticizers. The plasticization of PLA can be
carried out via the extrusion of the polymer with a specific amount of different bio-based
plasticizers (e.g., neat cardanol, epoxidized cardanol acetate (ECA) and poly(ethylene
glycol) (PEG 400)). Results evidenced the plasticization effectiveness of the different
additives in terms of the reduction in glass transition temperature: compared to neat PLA,
which showed a Tg of 60 ◦C, the addition of PEG 400, cardanol and epoxidized cardanol
involved a decrease in the Tg to 17.5 ◦C, 16.9 ◦C and 22.3 ◦C, respectively. On the other
hand, the addition of the plasticizer can influence the degree of crystallinity of the polymer:
faster crystallization and an increase in the degree of crystallinity was found for PLA
plasticized by PEG, compared to PLA plasticized by cardanol derivatives. Furthermore,
mechanical properties were influenced after plasticization, which involves a decrease in the
stiffness of the polymer. In particular, as reported in Table 3, different results were obtained
if the plasticized polymer was amorphous or semicrystalline; neat amorphous PLA had
a Young modulus of 1740 MPa. When PLA was plasticized with cardanol derivatives
and an amorphous structure was detected after plasticization, a good efficiency occurred;
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however, the thicker crystals formed during crystallization of PLA with PEG and cardanol
derivatives led to a high increase in the stiffness of the material.

Table 3. Young’s modulus (MPa) in relation to the added plasticizer and the initial polymer structure.

Plasticizer

Young’s Modulus Amorphous
Plasticized PLA

(MPa)

Semicrystalline
Plasticized PLA

(MPa)

PEG 400 581 962

Cardanol 691 1156

Epoxidized cardanol 353 961

Xie et al. [167] studied the influence of plasticizing agents (glycerol and tributyl citrate,
TBC) on the stability and water absorption of samples based on poplar wood flour and
PLA for 3D printing. Two different weight concentrations were tested for each plasticizer
agent, 2% and 4% wt. Good compatibility between filler and polymer, good interfacial
adhesion and good mechanical properties were obtained using TBC at 4% wt. [167]. In
contrast, Zhang et al. [168] developed high-yield esterified lignocellulose nanofibers (LC-
NFs) from lignocellulose (LCs) by swelling with a deep eutectic solvent lactic acid/choline
chloride (LA/ChCl DES) (100 ◦C for 3 h), followed by mechanical colloidal grinding. LC-
NFs/PLA composites were obtained via direct mixing, and the morphological, structural
and mechanical properties were studied. The authors showed a significant improvement
in compatibility at the LCNF/PLA interface highlighting the potential of natural wood-
derived nanofibers for making bio-based composites [168]. However, there is an impact
of plasticizers on tensile strength up to a threshold value, because the tensile strength
decreases with an increase in the amount of plasticizer, particularly in the case of films
produced from starch [169]. Mechanical properties are lower for wood–PHA polymers,
and even more so for starch. Young’s modulus, tensile strength and stiffness decrease
for wood–PHA composites, while strain at break is higher [161,170]. Scientific interest in
PHA polymers with wood is growing due precisely to their sustainability and interesting
and modular mechanical properties [161,170]. For example, Mehrpouya et al. [171], in
their work focused on 3D printing, report some examples where the combination of PHAs
and natural wood-derived additives (i.e., fibers, lignin, fibrillated nanocellulose, cellulose
nanocrystals, etc.) makes remarkable improvements to the strength and microstructural
features of pure PHAs. Wu et al. [172] achieved 20% higher parameters of tensile strength
at break (7%) and Young’s modulus (65 MPa) than pure PHAs by developing a wood–PHA
composite (PHA-g-MA/TPF) with polyhydroxyalkanoate engaged with maleic anhydride
(PHA-g-MA) and palm fiber treated with coupling agents (TPF) [172]. In addition, the use
of wood–PHA composites also offers the possibility of reducing costs compared to pure
PHA, while still using a sustainable material [170,172].

Thermoplastic starch (TPS) is the least-used material for the development of wood
plastic composites (WPCs), compared to materials such as PLA and PHAs; it has poor me-
chanical and water barrier properties, and difficult processability [31,161]. Yet, wood filling
to the polymer-based specimen results in improvements in tensile strength at break, elastic
modulus and elongation at break, and these changes are even more pronounced than with
other biodegradable polyesters, due to greater compatibility between the two materials
(starch and wood) due to the hydrogen bonding of OH groups [161,173]. Zeng et al. [174]
investigated the consequences of three additives (plasticizer, cross-linking agent and blow-
ing agent) on the mechanical properties of a foamed composite made of starch, wood fibers
and polyvinyl alcohol (PVA), using a predictive model. The work shows how using the
appropriate amount of plasticizer (glycerin/NaOH) can reduce the crystallinity of starch
and increase the compatibility between the different components and the tensile strength
of the ultimate material (maximum range of 5.91–6.12 MPa) [174].

Dorigato et al. [175] improved the final mechanical properties of fully biodegrad-
able composites laminated with starch and beech wood by impregnating them with
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poly(ethylene glycol) (PEG) and consolidating via hot pressing [175]. Alternatively, Harus-
sani et al. [169] analyzed various quantities of two plasticizers (sorbitol and glycerol) in
different concentrations by weight (30%, 45% and 60%) on cornstarch-based composites,
obtaining better mechanical performance with the use of 30% sorbitol: increased tensile
strength (13.61 MPa) by 46% and unchanged elastic modulus [169].

Unlike PLA and PHAs, research on starch-based bio-based composites has focused
more on understanding the increase in mechanical performance due to different types of
wood fillers, and not on increasing the adhesion of the interface and material compatibilities
through the use of plasticizing agents [161,174]. For example, Curvelo et al. [176] measured
a 100% increase in tensile strength and 50% increase in elastic modulus, compared to
pure thermoplastic starch, after the addition of Eucalyptus urograndis pulp fibers to the
composite in 16% wt. concentration [176].

Until today, the use of polymeric degradable matrices for the production of composites
has also sometimes been reduced due to their poor moisture and gas barrier properties and
limited stability [161]. Barrier, rheological and thermal properties are in fact also of great
importance, and are closely related to the structural and mechanical properties already
mentioned. For example, the glass transition temperature (Tg) of different pure materials
exhibits great differences (i.e., Starch 31–98 ◦C, PLA 45–60 ◦C, PHA −4–8 ◦C) [161], and
the addition of wood fillers makes different changes to this and to the viscosity and
processability of wood–bioplastic composites [154,169].

Polymer barrier qualities are strongly linked to their capability to allow the interchange
molecules that have small size. The form, orientation and crystalline nature of the diffusing
molecule, as well as the degree of polymerization and polymer chains, influence the barrier
qualities. No material is totally resistant to ambient gasses, water vapor or to other generic
natural compounds. In terms of ability of the biopolymer to permeate water or oxygen
molecules, generically it is possible to identify three classes: permeable to both water
vapor and oxygen; low ability to permeate water vapor but high barrier against oxygen; or
contrastingly, less permeable to oxygen but very permeable to water vapor [161]. Among
all bioplastics, starch-based composites usually exhibit higher hydrophobicity and low
water resistance [31,161,174]. For this reason, several scientific studies have also been
conducted to improve the barrier features of starch-based materials by modifying the
structural properties through natural fillers of different origins. Curvelo et al. [176], in their
starch-based composites developed by the addition of wood pulp (Eucalyptus urograndis
at 16% wt.), also measured a significant improvement in water absorption properties. The
new composites were conditioned by maintaining relative humidity values of 43 and 100%,
and a temperature of 25 ◦C, and the water absorption values were found to be almost
halved, unlike the values of neat starch [176]. Miranda et al. [177] studied changes in the
structural and absorption properties of flexible thermoplastic films of corn starch, following
the addition of cellulose nanocrystals (CNC) as reinforcement, and measured a significant
improvement in the stability and barrier properties of pure starch [173]. Alternatively,
Chen et al. [178] investigated the addition of nanoscale cellulose particles of different types
(bamboo, cotton linter and sisal) to starch samples, using different content (0–10 wt%),
and obtained better water vapor barrier properties with the use of bamboo nanocellulose,
among others [178].

PLA and PHA-based composites, on the other hand, have higher intrinsic water resis-
tance properties than starch [161]; however, the water barrier properties of biocomposites,
to which a wood filler is added, decrease as the percentage content of wood particles/fibers
increases and improvements are needed [178]. Da Silva et al. [178] studied the reaction of
Struktol used as an adjuvant on the final features of wood–PHB biocomposites, showing
a slight improvement in water absorption properties only for the sample containing 20%
of wood filler [178]. Wu et al. [172] showed lower water absorption of the developed
wood–PHA composite (PHA-g-MA/TPF) with polyhydroxyalkanoate grafted with maleic
anhydride (PHA-g-MA) and palm fiber treated with coupling agents (TPF), compared to the
corresponding PHA/PF composite [172]. In addition, Song et al. [179] focused their work
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on increasing the water vapor barrier characteristics of PLA films by using nano-cellulose
fibers (NCFs) modified by adding hydrophobic molecules onto the NCFs to increase the
compatibility between NCFs and PLA during mixing. Paper water vapor transmission rate
(WVTR) tests were conducted following different operating parameters and with different
weight coatings showed that the coating of NCF/PLA innovative samples reduced the
WVTR (up to 34 g/m2/d) [179].

Some important properties of the main types of bio-based wood composites are
reported in Table 4.

Table 4. Some features of the main types of bio-based wood composites.

Bio-based
Polymers

Density
(g/cm3)

Tensile
Strength

(MPa)

Young’s
Modulus

(GPa)

Elongation
at Break

(%)
Tg (◦C)

Tm
(◦C)

Ref.

Wood–starch 1.29–1.41 14–36 0.7–4.8 1.1–2.9 −33–−26 83.1–130.3 [161,169,176,177,180–184]
Wood–PLA 1.26–1.41 30–71 1.2–8.9 1.0–3.1 52.0–60.8 143.4–169.0 [12,154,161–163,181,185–189]
Wood–PHA 1.23 13–65 0.4–6.1 0.5–7 −2.2–−6.0 56.8–158.7 [161,170,172,190,191]

5. Market Scenarios and Applications of Biopolymers and Biocomposites

The global bioplastics market is growing significantly due to an increased focus of
manufacturers and users on the use of sustainable products, social and economic factors and
the more restrictive legislation implemented in recent years [192]. For example, the United
Kingdom (UK) introduced a new tax from April 2022 on plastic packaging (called “Plastic
Packaging Tax, PPT”), locally produced or imported, containing less than 30% reused plastic
by weight, to increase the use of biopolymers, recycling and sustainable development.
Aside from this, the tax in Italy has been postponed to the year 2023 [193]. Overall,
estimates report a likely increase in bioplastics production from the current USD 9.2 billion
to USD billion by the year 2026 [194]. Among different geographic areas, Asia is the
largest production center (producing 46% compared to total bio-based polymers produced
worldwide), followed by Europe (26%) and North (17%) and South America (10%) [27,194].
Europe is the geographic area where research activities on bioplastic development are most
concentrated, and biopolymers are especially used in food packaging (60%) followed by
other industries such as agriculture (13%), consumer goods (9%), coatings and adhesives
(9%), textiles (5%), automotive (1%) and all others (3%) [27,192]. Several elements influence
the market scenarios of bio-based polymers, and consequently also the application areas:
the availability of raw materials and renewable sources, the ease of scalability and the
production process, the biodegradability features (i.e., durability, degradation conditions
and end-of-life treatment) and costs [27]. By cost it is not only meant that which is associated
with the recovery of the raw material, but also that of its processing which must be
suitable for market demands so that users prefer biopolymers to traditional polymers of
petrochemical origin, which usually possess good mechanical and structural properties
and often low costs [192,195]. Cost becomes a significant factor, especially in areas known
for the development of single-use plastics for food packaging or low performance. Usually,
bioplastics are more expensive than petroleum-based plastics. In addition, bioplastics also
often have a higher density, causing further cost increases. However, there are exceptions
when prices are compared at the product level; redesign and specific material properties can
result in raw material savings, for example, due to the higher stiffness of PLA compared to
PS, rigid PLA products can be reduced in thickness or the use of additive techniques, which
involve adding natural or recycled fillers to the polymer matrix, can further reduce the
initial cost of the biopolymer [12,154,196,197]. For example, in the European market, Nylon
6 (virgin polymer, PA6) costs around EUR 2.5–4.0/kg, while low-density polyethylene
(LDPE) costs EUR 1.1–2.7/kg and PET costs around EUR 1.60–5.0/kg [193,198]. The price
of petroleum-derived plastics is likely to rise further, due to rising raw material and energy
costs in recent months. However, the cost per EUR of bioplastics has decreased significantly
in recent years; for example, PLA, which had a cost of EUR 7/kg in the 1990s has dropped to
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about EUR 1.6–2.5/kg in 2022 [198]. Rising oil prices have thus made the cost of bio-based
plastics similar to that of thermoplastics of synthetic derivation; moreover, recent progress
in the development of biopolymers has caused an increase in demand in different industrial
sectors, such as food [110,199–201], pharmaceutical and medical [45,202–205], personal
care [206,207], cosmetics [206,208] and textile and fashion [12,209,210] (Figure 8).

Figure 8. Main application of biopolymers and biocomposites.

5.1. Biopolymers in Food Industry

Generally, several applications of biopolymers sintered and extracted from animals,
plants or marine organisms are known in the literature in the food field. Among these, ex-
tracts from plant species, such as cellulose, lignin, polyphenols and essential oils have been
extensively used for different aims [211]. For example, they are used for the fabrication of
edible films and coatings [212]; these constitute a thin layer of soluble bioactive compounds
that is applied to the surface of foods or between layers for different purposes such as
extending food shelf life, improving quality or acting as a barrier for oxygen, water and
solutes [153,213]. Specifically, these compounds are extracted using conventional or innova-
tive methods for the development of edible films and coatings [214]. Improved mechanical
and barrier properties of these films have been achieved through the use of composites
(derived by combining multiple biopolymers and layers or by adding fibers and fillers to
the biopolymer, such as laponite, montmorillonite, sepiolite, palygorskite, etc.) or biopoly-
mer nanocomposites (i.e., by the addition of nano SiO2-x, nano ZnO, nano oxide and nano
TiO2, etc., to the polymer) [214]. Typically, these biopolymer-based coatings, in addition to
being biodegradable and nontoxic, may have a natural microbial action; others can serve
as a carrier for antioxidant or antimicrobial biopolymers [215]. In fact, better antibacterial,
antifungal or antioxidant properties of edible films have been achieved by incorporating
active compounds (i.e., antimicrobials, antioxidants, dyes, flavors and nutraceuticals) into
filmogenic solutions [216]. For example, organic acids and essential oils (EOs), which have
intrinsic antimicrobial and antioxidant properties, have been added to biopolymers derived
from cellulose and derivates [217], i.e., thyme, clove, rosemary, oregano, cinnamon and
tea oils [211]. Polyphenols (i.e., phenolic acids, flavonoids and proanthocyanidins) are
other important active compounds added to polymeric edible films for their antioxidant,
aromatic and antimicrobial properties [211]. Scientific studies have shown that nanoma-
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terials can also be used to control the release of bioactive agents incorporated into edible
packaging, improving its durability [212]. Several reviews have been written in recent
years highlighting the progress made by research in the development of new biopolymer-
based edible films/coatings [212,214,216]. For example, Das et al. [214] emphasized in their
work the use of no thermal techniques (such as cold plasma, ultrasound, UV irradiation,
high-pressure homogenization) and the addition of nanomaterials (nanoparticles of silver,
zinc oxide, titanium dioxide, montmorillonite) to improve the structural (color, thickness,
intermolecular bonds, particle size), water and oxygen barrier properties and mechanical
features of edible films. Kumar et al. [212] reported the different natural materials used
for either pure or composites and, for each, reported the preparation techniques of edible
films/coatings and the antimicrobial, antioxidant, physical and sensory properties, also
highlighting any critical issues, recent applications and commercial products. In the last
few years, the growth of concern for the environment has led to a preference for the use of
agricultural and industrial scraps for the development of edible films/coatings that provide
a feasible alternative to the use of plastics or bio-based materials of natural origin or from
biomass, in favor of sustainable development and the circular economy [212,216,218,219].

Biopolymers are mainly used in food packaging [110,153,220]. The causes mainly
can be attributed to the problems that have emerged from the disposal of traditional
petroleum-derived materials and the mandatory regulations now existing and increasingly
developed in recent years in food packaging, as well as the significant increase in the cost
of petroleum products, due to various reasons [213]. Food packaging is supposed to extend
the conservation life of all sorts of foods by storing and protecting them from oxidative and
microbiological degradation. Next-generation food packaging must have certain durability
and good mechanical and barrier properties, as well as aesthetic functions related to market-
ing [219]. Among the natural polymers most commonly used for food packaging, cellulose
and derivates are usually treated, processed, melted and dried. Chitosan, for example,
is an antibacterial biopolymer. The encapsulation of chitosan has an important place in
obtaining food and packaging with a long shelf life, as demonstrated in a recent study by
Baysal et al. [221]. Other biopolymers used for food packaging are PLA, PHA, PBAT or
blends of biopolymers, such as a starch-based blend with PLA, PHB, PHAs, PVAs, PCL,
PVOH, etc. [149]. Torres-Giner et al. [222], after a classification of polymers used extensively
in food packaging (divided into petroleum materials, and into non-biodegradable and
biodegradable products), focused the paper on materials such as PLA, PHAs, PBAT, PBS,
bio-based PET, cellulose and derivatives of different origins. Similarly, as for edible films,
for food packaging the best mechanical, physical and antimicrobial barrier properties have
been achieved through the use of multilayers [223] and by adding active ingredients (usu-
ally in the form of a sachet or covering on the packaging material embedded in the surface
of the material itself) [211] or even nanometer fillers to biopolymers (nanofillers) [224]. In
the former case, traditional multilayer packaging comprising polymeric layers (i.e., PE, PET,
HDPE, PP, EVO, EVOH, PA, etc.) and inorganic layers (i.e., Al, SiOx, etc.) [223] is being
replaced by biocompostable packaging called “active” packaging, which has a reduced en-
vironmental impact. Wang et al. [200] report several advanced examples of biodegradable
active multilayer packaging composed of sandwich-like substances. These are based on
polymer matrices of different natures (among them, methylcellulose has often been used)
and active components, such as polyphenols, potassium sorbate, lysozymes, etc. [200].
The authors in the paper examine different production techniques, focusing on a math-
ematical pattern for release control of the active component of the packaging [200]. In
the second case, nanofillers (classified into nanoplatelets, nanofibers and nanoparticles),
having nanometric structures and antibacterial properties, are added to biodegradable
and environmentally friendly polymers in so-called “smart” packaging (which allows the
freshness of the food to be checked in real time), which has recently been added to “active”
packaging (in which the added substances protect the food from UV rays, oxygen and mi-
crobes interacting directly with the food) on the market. The addition of nanofillers to green
polymers produces a number of benefits, such as reduced risk of spreading pathogens,
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improved food quality, reduced material waste and sustainability [224,225]. Among these,
the most widely used nanofillers are antibacterial nanoparticles (such as Ag, ZnO, Cu/CuO,
TiO2, Fe2O3, Fe3O4 and MgO), mesoporous particles, graphene and carbon dots, added
in green polymers [224,225]. However, recent research highlights the importance of prior
evaluation of the safety of metal oxide nanoparticle additives (through migration testing),
and biocompatibility with polymers to minimize the risk of toxicity [225].

The scientific literature has developed several studies on natural fiber-based biopoly-
mers too. Different lignocellulosic fibers, such as wheat straw, linen fibers, jute, coconut,
kenaf and olive pomace, have been investigated for their usefulness as fillers [110]. Even
if there is an increasing awareness of environmentally friendly packaging, it is necessary
to use bio-based and sustainable packaging solutions. Next-generation packaging (often
called 4G) combines all these properties with environmental friendliness, through the use
of innovative materials [226]. The commercial and technological potential of industrial
by-products for the production of next-generation (active and smart) food packaging to sup-
port zero waste activities has been known for some years now. For example, Bhat et al. [227]
used lignin derived from oil palm black liquor scrap added to sago palm (Metroxylon sagu)
films for the development of food packaging. After extraction and solubilization in DMSO,
the lignin was added in several percentages (from 1 to 5% v/w) to the starting solution
to form the packaging films. The authors in their work demonstrated an increase in the
mechanical properties, resistance to thermal sealing, water vapor permeability, solubility
and thermal stability of the films obtained using lignin produced from waste [227]. Sánchez-
Safont et al. [110] tested the use of local lignocellulosic scraps (rice husk, almond shell and
sea grass) as additives for the development of PHB/fiber composites for use in food pack-
aging. Improved mechanical and permeability properties of the composites were obtained,
as well as improved thermoforming ability of the films. Tumwesigye et al. [228] used bitter
cassava waste to develop a low-cost food packaging film, turning environmental waste
into a sustainable resource. Specifically, two different transparent films were produced
and tested by the authors, from intact and decorticated bitter cassava; among these, the
former were shown to have the best mechanical qualities and structural and higher thermal
stability, while leading to a higher yield with a 16% reduction in waste [228].

5.2. Biopolymers in Pharmacology and Medicine

Biopolymers and their composites are also used in the pharmacological and medical
fields due to their biodegradability, cost-effectiveness, wide availability, processability
and especially biocompatibility with human organs and tissues [153,205,229]. For all of
these qualities, they are used, for example, as materials for transporting pharmaceutical
molecules and substances (such as enzymes, antibiotics and antineoplastic drugs, etc.), in
ocular, dental, nasal and other systems [153,229,230]. Biopolymers from different sources
and that have pharmaceutically active ingredients (capable of influencing the drug delivery
process), are used for the production of Drug Delivery Systems (DDS), usually in the form
of microcapsules, microspheres, nanospheres, hydrogels, nanogels and liposomes [153,229].
In this area, polysaccharides have been exploited for years mainly for their properties that
can form linkages with proteins and lipids. Among the polysaccharides, cellulose (together
with starch) is the most widely used in pharmacology and medicine, in general [203,231].
The use of cellulose (and its derivatives) for the development of DDS has expanded due to
its exceptional properties, such as its ability to absorb and retain water, its biocompostability
and its structural characteristics that allow the loading of specific molecules [203]; in
addition, the possibility of producing nanocellulose from wood pulp, along with the use
of advanced technologies (such as 3D printing), has opened up an opportunity for the
development of innovative materials for pharmacological applications in recent years [231].
For example, Yu et al. [231] used ethylcellulose and hydroxypropyl methylcellulose for
the development of a drug delivery device, prepared automatically using 3D printing,
that was capable of providing a linear release profile of acetaminophen. Specifically,
hydrophobic ethyl cellulose delays the initial rapid release of the drug, while hydroxypropyl
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methylcellulose swells into a gel after contact with the dissolution medium, releasing the
drug for an extended period [231]. Biopolymers are also used in the medical field for the
production of hydrogels and nanogels, materials suitable for wound healing [203,232,233].
Several hydrogels and biopolymer-based formulations have emerged from the addition
of therapeutic and bioactive agents such as antimicrobials, growth factors, antioxidants,
antiseptics, etc., that facilitate the skin healing process [203,232,233]. Wound-healing
materials use hydrocolloids such as foam, gel or spray [153,203,232]. Many researchers
have invented several methods for the development of cellulose, hemicellulose and lignin
from agricultural wastes, such as from sugar beet, cashew nuts, sago waste, waste from
the cotton ginning industry, etc., using a variety of techniques [234,235]. Among them,
Cui et al. [236] tested aqueous-based hydrogels from cellulose derived from industrial
durian rind waste, fortified with glycerol to obtain organohydrogels, which proved to be
suitable for antimicrobial wound dressing, even under extreme thermal conditions (for
example, −30 ◦C). In their work, Amores-Monge et al. [237] investigated the opportunity
to build a high-profit market that focuses on the production of products (i.e., cellulose,
hemicellulose, lignin and enzymes) with biomedical applications from waste obtained from
pineapple (Bromeliaceae family); among them, the proteolytic enzyme bromelain was found
to have an essential application in skin reconstitution [237].

Properties such as biocompatibility, biodegradation and noncytotoxicity also make
biopolymers excellent candidates for use in implantable medical materials and
scaffolds [153,238,239]. Implantable medical devices are predominantly used to simu-
late and replace a human structure that has been damaged, or to support normal body
function or control trunk posture [239,240]; scaffolds, on the other hand, are used to fa-
cilitate hard and soft tissue regeneration in tissue engineering [153,238,241,242]. Bones,
heart, eyes, ears, knees, hips, etc. constitute the anatomical parts that are undergoing
integration and replacement with polymeric medical implants the most [153]. Teeth, bones
and the cartilage of humans, in contrast, are the human parts most concerned with the
application of scaffolds [243,244]. Today, traditional materials such as metals and ceramics
have been almost completely replaced by biopolymers, due to the immunological rejection
by the body that they can cause; biopolymers, on the other hand, exhibit biocompatibility,
good degradability, renewability, anti-toxicity and antibacteriality throughout their life
cycle [202,238,239]. For the fabrication of medical devices, the materials usually used are
polylactic acid (PLA), polyglycolic acid (PGA), poly(lactic-co-glycolic acid) (PGLA) and
polycaprolactone (PCL) [153,243], also known as nanocomposites (nanotubes, nanoparticles
and nanofibers) [12]. These polymers have also been combined to produce implants. For
example, copolymers of PLA and PGA have often been used in place of their respective
homopolymers in orthopedic applications (e.g., for the creation of plates or screws for the
treatment of fractures and the filling of bone defects) [153]. Alternatively, PLA and PET have
been combined to produce prostheses for vascular surgery [153]. The development of Addi-
tive Manufacturing (AM) techniques has also affected the biomedical and tissue engineering
fields: 3D printing of tissues, organs and body parts using biopolymer nanocomposites
has been made possible by the spread of some easy and low-cost 3D-printing techniques,
which also have the advantage of printing complex geometries [12,202,240]. For exam-
ple, S. Bartlett [245] reports on the 3D printing of a bioresorbable tracheal splint that was
successfully implanted in the patient and was produced by combining TC images of the
airway with the 3D printer. Gross et al. [246] report that 3D printing has also been used for
the reproduction of anatomic parts needed for the preliminary study of surgical procedures,
for example, to create a calcified aorta with 3D printing for the study of plaque removal
surgery, to optimize the removal of bony outgrowths on a shoulder and for the study of
drug delivery into the lungs of a premature infant [246]. The fabrication of scaffolds for
bone tissue regeneration requires good biomimetic and bioactive properties; therefore,
micro- or nanoparticles, comparable to the natural mineral components of bone, are often
added to traditional polymers, such as tricalcium phosphate (TP), hydroxyapatite (HA),
calcium phosphate cements (CPC), monetite or brushite [246]. For example, in their work,
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Corcione et al. (2017, 2018, 2019) [242,243,247] explored the possibility of using FFF printing
to develop an osteogenic bone graft based on hydroxyapatite (HA) and polylactic acid
(PLA). PLA, PGA, PCL, etc. have also been used together with other biopolymers, such as
hyaluronic acid, cellulose, collagen, gelatin, elastin and fibroin, for the synthesis of tissues
such as adipose, ligaments, blood vessels, liver, cartilage, pancreas, spinal cord and bone
regeneration [153,244]. For example, collagen was often mixed with PLA, PGA, PCL, etc.,
to improve wettability and interaction with biological substrates [248,249].

5.3. Biopolymers in Personal Care and Cosmetics

Biopolymers are also used for the production of personal care products and cosmet-
ics [207,250]. The first group includes sanitary napkins, panty liners, feminine hygiene
pads, baby diapers and adult incontinence items, which are aimed at improving peoples’
lifestyles [239]. These are products that possess multiple layers, each with specific func-
tions, and are composed of different types of synthetic or natural raw materials [239].
So-called “Superabsorbent polymers” (SAPs) constitute the main absorbent component of
the layered structure of a personal care product (such as diapers or sanitary napkins for
babies and adults). SAPs are a group of cross-linked hydrophilic polymers that are suitable
for absorbing aqueous solutions, such as blood and urine, in a short time while keeping
the skin dry and limiting infection or irritation [239]. For example, the most well-known
SAPs used in personal care are polysaccharide SAPs (such as cellulose, hemicelluloses,
bamboo, etc.), in addition to protein SAPs [250]. The demand for hygiene and personal care
products will increase in years to come; conversely, environmental concerns over the use
of products that are not fully biodegradable are growing, and there is an increasing need
to instigate research activities aimed at producing non-toxic and eco-friendly products.
Vivicot (Sanicot s.r.l., Prato, Italy) was the first line of compostable pads marketed in Italy
(2011), made of pure organic cotton and certified by Certiquality [251]. Subsequently,
the company Intimaluna (Borgo San Giovanni, Lodi, Italy) marketed fully compostable
“Ecoluna line” feminine hygiene pads made of mater-bi and 100 percent organic cotton,
menstrual cups and other washable feminine products [252]. Also in this area, scientific
research is focusing on the recycling of raw materials for the production of new materials.
For example, Lacoste et al. [253] produced a bio-based superabsorbent (bio-SAP) polymer
for nappies from recycled cellulose. The authors demonstrated that they can recover and
reuse waste packaging cellulose through a chlorine-free process, which transforms it into
carboxymethylcellulose (CMC) that is cross-linked with citric acid afterwards [249]. In
recent years, biopolymers have also been used in cosmetics due to their low cost, durabil-
ity, versatility and biodegradability, and especially after the discovery of the presence of
microplastics in aquatic ecosystems released from facial masks and scrubs, mascaras and
lipsticks, shampoo, etc. [254].

Cellulose and derivates, polyhydroxyalkanoates, etc., are used in cosmetics for dif-
ferent purposes: for nanoparticle preparation or fragrance delivery, hair care, skin care
and make-up [207]. Generally, biopolymers such as collagen, keratin and chitin are mostly
used in this sector. For example, the major application of collagen hydrogels in cosmetics
is to act as fillers for wrinkles and correctors of other skin defects [206]. Chitosan, on the
other hand, is used more for hair care, and is included in shampoos, hair dyes, styling
lotions, hair sprays and gels, or it is included in oral hygiene products, for the purpose
of preventing tooth and gum disease [206]. Keratin, on the other hand, is mainly used
for hair conditioning [206]. However, these substances are often used in combination
with other polymers or biopolymers (such as cellulose and hydroxyethyl cellulose) or
collagen hydrogel can be cross-linked with starch dialdehyde, tannic acid, squaric acid,
PEG and other substances [206]. Examples of cosmetic actives derived from fish, meat,
dairy and agro-industrial waste exist in the literature; products obtained from waste are
a viable alternative to the usual plant extracts commonly used in cosmetic formulations,
as they are effective, inexpensive and biosustainable [208,255]. In the area of industrial-
waste-derived bipolymers, Meyabadi et al. [256] studied the reuse of waste cotton fibers
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and their conversion to cellulose powder for various applications, including cosmetics.
The authors showed that spherical cellulose nanoparticles (less than 100 nm), produced
through enzymatic hydrolysis followed by ultrasonic treatment, do not undergo significant
changes in structure and major properties, providing a viable sustainable alternative [256].
In their work, Bongao et al. [257] highlighted the potential of micro- and nanocellulose
extracted using conventional methods and synthesized from Pili pulp waste to replace the
mineral ingredients used in cosmetics. Innovative research in the field of green chemistry
and sustainable production now involves many companies. For example, the company
Anomera (Montreal, Canada) has been awarded a 1.7 million grant to carry out in its
research labs research into the replacement of environmentally harmful plastic microbeads
with biodegradable, environmentally friendly, high-performance ingredients for cosmetics
and skin care, made with cellulose derived from wood waste from the paper industry [258].

5.4. Biopolymers in Textile and Fashion

Biodegradable polymers also support the textile and fashion industry, by reducing raw
material processing energy, materials and costs of sourcing, production and disposal [209].
In fact, the textile industry is one of the world’s most contaminating sectors, after petroleum;
the greatest environmental damage comes from the production, processing and dyeing of
the textiles [210]. This sector therefore needs alternative raw materials more than others;
biopolymers are a responsible choice. Bio-based textiles, which must contain at least
20% renewable carbon, include natural materials and natural, synthetic or regenerated
fibers [209,210]. Natural biopolymers are produced from polysaccharides (i.e., cellulose,
lignin, etc.), as well as proteins and lipids of plant or animal origin [30]. In fact, natural fibers
also come from plant sources (i.e., hemp, wool, cotton, etc.) [30,209,210]. Of these, cotton
(together with silk and wool) is the most widely used in clothing production, as it meets
aesthetic and wearability standards [30]. Synthetic and regenerated fibers used in textiles
come from bacterial activities (such as polyhydroxyalkanoates, PHA) and from the synthesis
of natural raw materials (e.g., polylactides, polyglycols, polycaprolactones, etc.) [30]. In
recent years, the need for sustainable production has shifted the textile industry’s attention
not only to materials such as organic cotton (grown without the use of pesticides, fertilizers
or other chemical products), but also to the production of synthetic biodegradable textile
fibers, referred to as “biodegradable nonwovens.” Among them, the biopolymers that find
the most applications used in fiber spinning in the modern biodegradable textile industry
are in fact polylactic acid (PLA), butyric acid (PHB), valeric acid (PHV), caprolactone
(PCL), etc. [12,209].

Other examples of biodegradable nonwovens include those made of natural cellulosic
fiber, cotton (cotton/cellulose or biodegradable cotton/co-polyester), the biodegradable
nonwovens mentioned above and laminates (composites in which a layer includes a
nonwoven fabric) [30]. In fact, composite materials derived from the addition of natural
source fibers (such as hemp, flax, cellulose acetate, jute, pineapple, kenaf and many others)
to synthetic biopolymers are often used [30]. For example, Gabryś et al. [259] transformed
viscous, commercial, nonwoven fabrics by adding PLA (in addition to potassium nitrate,
KNO3) to impart fertilizing properties to fabrics used in modern agricultural mulching.
Many technologies are being developed to manufacture biosynthetic fibers from biomass
and waste materials derived from agriculture, forestry and even food [30,201,209,260,261].
Several examples of biodegradable synthetic fibers are already commercially available,
such as the biodegradable PLA thermoplastic Ingeo (company NatureWorks LLC, Blair,
NE, USA) or Modal biofilters and Tencel/Lyocell products produced from beech and
eucalyptus wood pulp (Lenzing Aktiengesellschaft, Lenzing, Austria) [209]. Commercial
biodegradable products are often enriched with innovative antimicrobial agents to produce
workwear, home wear, sportswear, etc. [209]. Early instances of biosynthetics using novel
feedstocks such as algae, fungi, enzymes and bacteria are also available [30]. For example,
the use of bacterial cellulose (produced by microorganisms) is growing in the textile sector,
compared to the traditional use of plant cellulose, because it is sustainable, is biodegradable,
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does not pollute and can also be dyed, resulting in an attractive textile surface that meets
current market research [210]. In addition, Patti et al. [30] report on several bio-based
and sustainable textiles produced by large known companies from microbes, algae and
bacteria for the production of jackets, shoes and other garments. The search for new
biodegradable materials and the continuing evolution of traditional textile production
methods, which usually involve the use of chemicals, have also led to the emergence
of 3D-printing techniques [12]. Additive Manufacturing (AM) techniques enable the
development of innovative and sustainable models for the textile industry and are being
employed recently by major brands to shift the production of shoes, clothing, jewelry and
other accessories to environmentally friendly and green materials [12,30]. Companies using
3D-printing techniques and biopolymers such as PLA and softened PLA (along with other
materials such as, e.g., Ninjaflex, BendLay, TPE [262,263]), have resulted in nonwoven
fabrics with improved morphological and structural properties compared to traditional
polymers. For example, Loh et al. [264] developed and studied three different polymer
composites for the textile world morphologically and mechanically, using a different
combination of PLA, nylon and polyesters, and direct extrusion of the materials.

Table 5 reports the main properties and applications of bio-based polymers
and biocomposites.

Table 5. Main properties and applications of some bio-based polymers and biocomposites.

Bio-Based Polymers
and Biocomposites

Properties Applications Source Ref.

Starch-based

Low toxicity,
biocompatibility and

equivalent mechanical and
degrading qualities.

Packaging applications,
wound-healing materials,

drug delivery system,
agricultural foils, textiles,

automobiles and
transportation,

construction and building
materials, etc.

Plants [215,261,265–267]

Cellulose-based

Microbial characteristics,
exceptionally crystalline,

chemically and
thermally stable.

Packaging applications,
edible films and coatings,

hydrogels for personal care
products, medical device,
biosensors, drug delivery

system, electronic and
energy devices, cosmetics,
textiles and nonwovens etc.

Plants [45,250,256,259]

Lignin-based

Biodegradability,
hydrophilicity, low-cost,
nontoxicity, thermal and

mechanical stability

Food packaging,
applications in biocide

systems, adhesive resins
and foams, filling

materials, construction and
building materials,

biomedical applications

Plants [154,205,227,231,268]

PLA-based

Higher mechanical
strength, degradation in

nature either through
reduction or by M,

excellent barrier and
permeability properties.

Packaging applications, 3D
printing, biomedical

applications, scaffolds and
medical implants, textiles

and nonwoven fabrics,
agricultural

applications, etc.

Fermentation/
conventional

chemistry followed
by polymerization

[12,226,238,264,269]
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Table 5. Cont.

Bio-Based Polymers
and Biocomposites

Properties Applications Source Ref.

PHA-based

Biocompatible,
biodegradable,

considerable elastomeric
with excellent elongation

at break.

Food packaging and
coatings, scaffolds and

medical implants, textile
industry, etc.

Bacterial
fermentation [205,207,270,271]

6. Conclusions

During the last decade, the production of bioplastics has mainly increased with the
intention of decreasing the harmful effects of synthetic polymers on the environment. This
study summarizes the current developments in the definition, classification, production,
properties and applications of bio-based materials, particularly focusing on wood-waste
derivates. The third-generation feedstock, obtained from food scraps, algae biomass and
industrial or municipal waste, is the most promising category. It represents an innova-
tive solution to the questions related to the consumption of sources from the food chain,
according to the circular economy approach. Among the numerous varieties of organic
wastes, agro-industrial and forestry wastes, which are generated in massive quantities each
year, represent an unjustifiable environmental and economic scenario. The production of
the main classes of biopolymers, starting from wood scraps, was reported in this work.
Although lab-scale experiments showed promising ways to produce biopolymers from
lignocellulosic wastes, the industrial production is still not sufficiently profitable, due to
the high cost of the processes. Nevertheless, thanks to the relevant benefits obtained by
the use of wood scraps, several studies regarding the development of genetically modified
bacteria for the hydrolytic fermentation are under development, in order to overcome all
the issues related to the high cost of the production processes.

Finally, in this work it was reported that wood waste can be used not only as a
source for the production of third-generation biopolymers, but it can also be employed
as a reinforcement for bio-based matrices, thus obtaining biocomposites with improved
mechanical performances, as well as enhanced antibacterial, gas barrier and migration
properties. Therefore, following both a descriptive and an analytical methodology, the
main properties of bio-based polymers and biocomposites were discussed in this review
and a comparison of thermal and mechanical properties of polymer matrices and wood
biocomposites was reported.
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Abstract: Leather is often used to make comfortable shoes due to its soft and breathable nature.
However, its innate ability to retain moisture, oxygen and nutrients renders it a suitable medium for
the adsorption, growth, and survival of potentially pathogenic microorganisms. Consequently, the
intimate contact between the foot skin and the leather lining surface in shoes, which are subject to
prolonged periods of sweating, may result in the transmission of pathogenic microorganisms and
cause discomfort for the wearer. To address such issues, we modified pig leather with silver nanopar-
ticles (AgPBL) that were bio-synthesized from Piper betle L. leaf extract as an antimicrobial agent
via the padding method. The evidence of AgPBL embedded into the leather matrix, leather surface
morphology and element profile of AgPBL-modified leather samples (pLeAg) was investigated using
colorimetry, SEM, EDX, AAS and FTIR analyses. The colorimetric data confirmed that the pLeAg
samples changed to a more brown color with higher wet pickup and AgPBL concentration, owing
to the higher quantity of AgPBL uptake onto the leather surfaces. The antibacterial and antifungal
activities of the pLeAg samples were both qualitatively and quantitatively evaluated using AATCC
TM90, AATCC TM30 and ISO 16187:2013 test methods, approving a good synergistic antimicrobial
efficiency of the modified leather against Escherichia coli and Staphylococcus aureus bacteria, a yeast
Candida albicans and a mold Aspergillus niger. Additionally, the antimicrobial treatments of pig leather
did not negatively impact its physico-mechanical properties, including tear strength, abrasion resis-
tance, flex resistance, water vapour permeability and absorption, water absorption and desorption.
These findings affirmed that the AgPBL-modified leather met all the requirements of upper lining
according to the standard ISO 20882:2007 for making hygienic shoes.

Keywords: silver nanoparticles; green synthesis; Piper betle L. leaf; pig lining leather; antibacterial
activity; antifungal activity

1. Introduction

Leather is a natural material obtained through the tanning process of a hide of an ani-
mal, bird or reptile. Leather has been extensively employed for making various items, such
as footwear, clothing, bags, wallets and other accessories. Owing to its softness, breathabil-
ity and high moisture-absorbing properties, leather provides comfort to the wearer [1–4].
However, due to its good moisture absorption, sweat-containing proteins may serve as a
nutrient source that supports the growth of bacteria and fungi on leather goods, particu-
larly within shoes where the foot skin is in close contact with the lining surface [5–8]. In
addition, the collagen fiber network within the leather structure provides suitable condi-
tions of moisture, temperature and oxygen for microorganism growth. Moreover, leather
footwear products are commonly not washed during use, leading to the accumulation
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and proliferation of microorganisms, resulting in unpleasant odors, discoloration, reduced
mechanical strength and skin diseases in wearers [9–11]. The hot and humid climate in
Vietnam provides proper conditions for bacterial and fungal growth on leather goods
during storage, transportation and use. Hence, the antimicrobial characteristics of leather
footwear products are concerns among both consumers and enterprises.

To overcome such issues, antimicrobial finishing of leather footwear products using
various antimicrobial agents and treatment methods is often employed [2,3,8–11]. Many
antibacterial and antifungal agents have been investigated for their effectiveness in leather
treatment, including silver nanoparticles, zinc oxide nanoparticles, polymer compounds
containing quaternary ammonium, chitosan and its derivatives [12–16]. These agents work
through contact mechanisms and cell membrane disruption of microorganisms [17–19].
Although some chemical antimicrobial agents are used in the tanning process, their main
function is to prevent the biodegradation of the leather rather than providing antimicrobial
properties [2,12]. Furthermore, the use of some antibacterial and antifungal agents has
been limited due to health and environmental concerns [20,21]. Therefore, developing
high-performance antimicrobial agents that are effective against broad-spectrum bacterial
and mold strains and environmentally friendly for leather material is imperative [20–22].

Thus, the appropriate selection of antimicrobial agents and treatment methods is
important for creating durable antimicrobial leather materials that effectively prevent
undesirable microbial growth while minimizing negative impacts on the material properties
and the environment. To address these concerns, bio-synthesized silver nanoparticles
(AgNPs) treated on leather have attracted significant attention from scientists due to their
broad antimicrobial activity and durability to microorganisms [17,21,23,24]. The synthesis
of green AgNPs involves the utilization of bio-reductants derived from natural resources
such as plants, algae and microorganisms. Incorporating AgNPs into the collagen fiber
matrix of leather enhances the material’s long-lasting antimicrobial effects and exhibits
low toxicity towards mammalian cells, making them suitable for producing high-quality
leather goods [2,3].

Recently, we reported on a green approach to fabricating silver nanoparticles using
Piper betle L. leaf extract (PBL) as bio-reductants to reduce Ag+ ions into silver metal, which
adheres fully to the principles of green chemistry [25]. The spherical shape and narrow
size distribution of the obtained silver nanoparticles (AgPBL) showed good synergistic
antibacterial activity against three common bacterial strains, including Escherichia coli,
Pseudomonas aeruginosa and Staphylococcus aureus. In this work, we further evaluated the
antifungal activity of AgPBL against one mold strain (Aspergillus niger) and one yeast strain
(Candida albicans). We then investigated a simple approach to apply AgPBL onto tanned pig
leather utilized for shoe lining (Le) by a padding method. The padding method was selected
to apply antimicrobial treatment to the pig leather because it is suitable for use during the
wet finishing stage of leather production. The presence and distribution of AgPBL on the
pig leather surface were evaluated using various analytical techniques, namely colorimetry,
scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDX), atomic
absorption spectroscopy (AAS) and Fourier-transform infrared spectroscopy (FTIR). The
antibacterial and antifungal efficacy of the modified leather was assessed qualitatively and
quantitatively using established protocols for antimicrobial testing of textile and leather
materials in accordance with AATCC TM90, AATCC TM30 and ISO 16187:2013 against
two bacterial strains (Escherichia coli and Staphylococcus aureus) and two fungal strains
(Aspergillus niger and Candida albicans). To the best of our knowledge, there is no report
available on the antibacterial and antifungal treatment of pig leather using bio-synthesized
AgPBL for shoe lining application.

2. Materials and Methods

2.1. Materials

Analytical grade silver nitrate (Ag(NO)3 99.99%, Aladdin Biochemical Technology
Co., Ltd., Shanghai, China) and Piper betle L. leaves (PBL, Hai Duong Province, Vietnam)
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were used for the preparation of the silver nanoparticles (AgPBL) under optimal conditions
according to our published research [25]. The samples of pristine pig leather (Le) in the
wet-blue tanning form were obtained from Hung Thai Brothers Tannery Co., Ltd., Ho Chi
Minh, Vietnam. The leather was then split in our laboratory using a DS818-420L leather
splitter (Wenzhou Dashun Machinery Manufacture Co., Ltd., Zhejiang, China) to obtain
a uniform thickness of 1 ± 0.1 mm, which is proper for use as shoe lining material. The
pig lining leather was further cut into small pieces (100 × 100 mm) and dried in a Mesdan
M250-RH conditioning chamber (Brescia, Italy) at 65% RH and 25 ◦C for 24 h before being
stored in a plastic bag for further study. In all experiments, double distilled water from
an EYELA Still Ace SA-2100E (Tokyo Rikakikai Co., Ltd., Tokyo, Japan) was employed
as the solvent. The dedicated medium (SCDLP), Luria-Bertani (LB) agar and Sabouraud
dextrose agar (SDA) were supplied by Oxoid (Thermo Fisher Scientific Inc., Waltham, MA,
USA). All microbial strains, including two bacterial strains Escherichia coli (E. coli, ATCC
25922) and Staphylococcus aureus (S. aureus, ATCC 29213, ATCC, Manassas, VA, USA), a
mold strain Aspergillus niger (A. niger, ATCC 16404) and a yeast strain Candida albicans
(C. albicans, ATCC 10231) were provided from the School of Biotechnology—International
University, NTT Hi-Tech Institute—Nguyen Tat Thanh University, Institute of Tropical
Biology—Vietnamese Academy of Science and Technology.

2.2. Synthesis and Application of AgPBL to Pig Lining Leather

We have previously described the bio-synthesis of the silver nanoparticles using Piper
betle L. leaf extract as bio-reductants [25]. Briefly, dried PBL leaves were boiled with double
distilled water at a ratio of 1:40 for 15 min. The mixture was then filtered through Whatman
No. 1 filter paper. Subsequently, the resulting PBL filtrate underwent centrifugation at
10,000 rpm for 20 min to eliminate any insoluble residues. Prior to the nanosilver synthesis,
the PBL supernatant was further diluted 20 times with double distilled water. For the
AgPBL synthesis, 1 mL of 10 mM AgNO3 solution was reduced with 10 mL of the diluted
PBL extract and allowed to stand for 4 h at room temperature in the dark to avoid any
unnecessary photochemical reactions. The mixtures containing silver nanoparticles were
purified by centrifugation at 16,000 rpm, 5 ◦C for 30 min, followed by washing with double
distilled water in a UT-106H Ultrasonic Cleaner (Sharp Corporation, Osaka, Japan). The
purification process was repeated twice to remove residual reagents, and the AgPBL was
collected and re-dispersed in double distilled water to achieve various concentrations for
further investigation.

In the next step, the pig lining leather samples were treated with the bio-synthesized
AgPBL solutions using the padding method. The leather samples were dipped in AgPBL
solutions with various concentrations (160, 80, 40 and 20 μg/mL) for 30 min at a liquor-to-
leather ratio of 5:1 (w/w). The wet pickups were set at 70%, 80% and 90%, and the padded
samples were then dried at 105 ± 3 ◦C for 3 min using SDL mini-drier 398 laboratory thermo-
fixation (SDL Atlas China, Shenzhen, China). The dipping–padding–drying processes of the
leather samples were repeated two times. All processed leather samples were conditioned
at 65% RH and 25 ◦C in a Mesdan M250-RH (Mesdan SpA, Brescia, Italy) conditioning
chamber for 24 h before storage in plastic bags for microbiological analysis. The processes
of synthesizing AgPBL and applying it onto pig lining leather are depicted in Figure 1.
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Figure 1. Schematic illustration of the processes of AgPBL synthesis and its application onto pig
lining leather, namely pLeAg.

2.3. Analytical Methods
2.3.1. Characterization of the AgPBL

The UV-vis absorption spectrum of the AgPBL was acquired employing a UV-1800
spectrophotometer (Shimadzu, Kyoto, Japan) with a quartz cuvette in the range of
300–700 nm and with a resolution of 1 nm.

The diameters of AgPBL nanoparticles were recorded by transmission electron mi-
croscopy (JEOL JEM-1400, JEOL, Tokyo, Japan). A suspension of AgPBL in double distilled
water was sonicated for 2 min and dropped onto a Cu-grid for TEM analysis.

2.3.2. Characterization of the Modified Pig Leather

The morphology and chemical content of the control and AgPBL-modified leather
samples after platinum sputtering were inspected using SM-6510LV JEOL (JEOL, Tokyo,
Japan) scanning electron microscope (SEM) coupled to Oxford EDS Microanalysis System
(Oxford Instruments NanoAnalysis, High Wycombe, UK).

A PinAAcle 900T atomic absorption spectrometer (AAS, PerkinElmer, Waltham, MA, USA)
was employed to record silver content in the AgPBL-modified leather sample.

A Nicolet 6700 spectrometer (Thermo Scientific, Waltham, MA, USA) was utilized to record
the FTIR spectra of the control and modified leather samples within the 4000–500 cm−1 range.

Ci4200 spectrophotometer (X-rite, Grandville, MI, USA) was employed to report both
colorimetric data (L*, a* and b*) and color differences (ΔE*) of the leather samples before and
after treatment with the AgPBL solutions. In the CIELab color space, L* is lightness from
brightest white (100) to darkest black (0); a* is the color ratio from red (+) to green (−) and
b* is the color ratio from yellow (+) to blue (−). The total color difference was determined
using Equation (1):

ΔE =

√
ΔL∗2 + Δa∗2 + Δb∗2 (1)

where ΔL*, Δa* and Δb* represent the colorimetric differences in L*, a* and b* values,
respectively, of the blank and modified leather samples.

2.3.3. Physico-Mechanical Characterization

The AgPBL-modified leather was evaluated for its physico-mechanical properties,
which are essential requirements for shoe lining materials, in accordance with the stan-
dard ISO 20882:2007 [26]. These properties include tear strength (ISO 17696), abrasion
resistance (ISO 17704), flex resistance (ISO 17694), lining water vapour permeability and
absorption (ISO 17699), and lining water absorption and desorption (ISO 22649). The
physico-mechanical tests were carried out at the Institute of Footwear Research, Vietnam.
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2.4. Antibacterial and Antifungal Activities
2.4.1. Bio-Synthesized Silver Nanoparticles (AgPBL)

The antifungal activities of the AgPBL against yeast C. albicans and mold A. niger were
studied by well diffusion method and disk diffusion method, respectively, following the
Clinical Laboratory Standard Institute guidelines [27]. For the anti-yeast test, a suspension of
C. albicans strain (0.1 mL, 106 CFU/mL) was spread uniformly on plates containing Sabouraud
dextrose agar (SDA). Next, five 6 mm diameter holes were made using a sterile cork borer.
Then, 60 μL of AgPBL solutions at various concentrations (100, 50 and 25 μg/mL), a standard
antibiotic (Streptomycin, 80 μg/mL) as positive control and double distilled water as negative
control were poured into their respective wells. The zone of inhibition (ZOI) produced by
C. albicans was recorded after 24 h of incubation at 37 ◦C.

For the anti-mold test of A. niger, the disk diffusion method was performed using
sterile 6 mm paper discs loaded with AgPBL solutions (100, 50 and 25 μg/mL) and double
distilled water as the negative control. Aliquots of 0.1 mL of A. niger strain (approximately
106 CFU/mL) were spread on SDA agar plates, followed by the placement of the prepared
paper discs on their surface. The zone of inhibition against A. niger was measured after
7 and 14 days of growth at 28 ◦C. The results were expressed as the mean± standard
deviation (SD) of three independent tests.

The zone of inhibition (ZOI) was calculated based on Equation (2):

W = (T − D)/2 (2)

where
W is the width of clear zone of inhibition, mm;
T is the total diameter of the test specimen and clear zone, mm;
D is the diameter of the test specimen, mm.

2.4.2. The Modified Pig Leather

The antibacterial and antifungal activities of the control and AgPBL-modified leather
samples against E. coli, S. aureus, C. albicans and A. niger were investigated qualitatively and
quantitatively using established protocols for testing the antimicrobial activity of textile
and leather materials, including AATCC TM90, AATCC TM30 and ISO 16187:2013 test
methods [28–30].

For qualitative tests (AATCC TM90 and AATCC TM30), the disk diffusion method
was used to determine the zone of inhibition. A volume of 0.1 mL of each organism strain
(approximately 106 CFU/mL) was spread on Luria-Bertani (LB) agar plates for bacteria
and SDA agar plates for fungi. Next, the control and AgPBL-modified leather samples
were positioned on the surface of agar plates, which were subsequently incubated at 37 ◦C
for 24 h for bacteria and C. albicans, and at 28 ◦C for 7 and 14 days for A. niger. Zones of
inhibition around and on the leather samples were visually examined.

For quantitative tests (ISO 16187:2013), the static challenge protocol was performed to
determine the percentage reduction of bacteria. Six control samples (pristine leather, Le)
and six modified leather samples (pLeAg) at each AgPBL concentration were prepared
with dimensions of 25 × 25 × 1 mm and placed in individual sterile glass flasks. To each
flask, 1 mL of bacterial suspension with a concentration of 5.0 × 105 CFU/mL was added.
At the initial time (zero contact time), three control samples and three modified leather
samples were collected and washed out with 20 mL of dedicated medium (SCDLP). The
remaining six flasks were incubated for 24 h at 37 ◦C (24 h contact time) and then washed
out with 20 mL of the SCDLP medium. All flasks were tightly capped and shaken in
an incubator shaker at 120 rpm and 37 ◦C for 30 s. A series of ten-fold dilutions of the
bacterial sample solutions were made using NaCl 0.85% aqueous solution, and 100 μL of
each diluted bacterial solution was spread over LB agar plates. After incubating the plates
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at 37 ◦C for 24 h, the surviving bacteria were enumerated by counting their colonies. The
bacterial reduction percentage was measured using Equation (3):

R = (Ct − Tt) × 100%/Ct (3)

where
R is the bacterial reduction percentage, %;
Ct and Tt are the average number of colonies of three control samples and three test

samples after 24 h, respectively, CFU/mL.

3. Results and Discussion

3.1. Synthesis and Antimicrobial Activity of AgPBL

In previous research, we optimized the conditions for the bio-synthesis of silver
nanoparticles from PBL leaf extract and evaluated their antibacterial activities against three
bacterial strains, including E. coli, P. aeruginosa and S. aureus [25]. In the current work,
we re-fabricated AgPBL under the optimized conditions and characterized its properties
using UV-vis, TEM and antifungal activity analyses. The UV-Vis spectrum in Figure 2a
indicated a maximum absorption peak at 442 nm due to the surface plasmon resonance
(SPR) of spherical silver nanoparticles [21,22,25]. The TEM image in Figure 2b confirmed
well-dispersed, spherical-shaped nanoparticles with a fairly uniform size of about 20 nm.
The well-dispersion of AgPBL was attributed to the bio-constituents in the PBL extract,
which effectively prevented nanoparticle agglomeration and stabilized them.

 
Figure 2. (a) UV-vis spectrum and (b) TEM micrographs of AgPBL with different magnification
×30 k and ×200 k (inset).

To assess the antifungal activity of the AgPBL, one mold strain (A. niger) and one yeast
strain (C. albicans) were exposed to various AgPBL concentrations (100, 50 and 25 μg/mL) via
the plate diffusion method. As shown in Figure 3a–d, the double distilled water (a negative
control) exhibited no antifungal activity in terms of inhibition zone, while the AgPBL and the
Streptomycin (Strep) obviously revealed ZOI. It was evident that AgPBL showed promising
antifungal activity against both tested fungi. A comparison of the ZOI size for each fungal strain
indicated a tendency for decreased antifungal action with decreasing AgPBL concentration,
although this tendency was not proportional to the change in AgPBL concentration. For
instance, reducing the AgPBL concentration by 50% and 75% resulted in a ZOI reduction for
C. albicans of 29.9% and 42.5%, respectively. The results observed from Figure 3c,d after 7 and
14 days of the antifungal tests against A. niger revealed clearly that mold spores could not
grow on the AgPBL-impregnated paper disks at any concentration. However, the paper disk
impregnated with 25 μg/mL AgPBL solution did not exhibit a clear inhibition zone, indicating
that the antifungal activity of AgPBL against C. albicans was better than against A. niger. The
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antifungal properties exhibited by bio-synthesized AgNPs were consistent with the findings of
previous studies [31,32].

 

Figure 3. Antifungal activities of the AgPBL: (a) Well diffusion method displaying the anti-C. albicans
action of AgPBL11 (AgPBL 100 μg/mL), AgPBL12 (AgPBL 50 μg/mL), AgPBL14 (AgPBL 25 μg/mL),
Streptomycin (80 μg/mL, positive control) and H2O (negative control); (b) Mean zone of inhibition
of AgPBL against C. albicans (±SD, n = 3); Disk diffusion method displaying the anti-A. niger action
of AgPBL after (c) 7 days and (d) 14 days of incubation.

3.2. Coloration and Characteristics of the AgPBL-Modified Pig Leather

The presence of AgPBL on pig lining leather was visually observed through the color
change of the sample during the treatment of the leather with bio-synthesized AgPBL solu-
tions using the padding method. Indeed, the color of the leather was changed significantly
from bright yellow to light brownish color. To illustrate the effect of the wet pickup and
AgPBL concentration on the coloration of the leather surface, the colorimetric data (L*, a*,
b*) and color differences (ΔE*) of the leather samples were evaluated, as shown in Table 1.
The color of the blank leather was bright yellow with relatively high L*, a* and b* values of
62.42, 9.77 and 23.86, respectively. To compare with the blank leather, the AgPBL-modified
leather samples showed smaller L*, a* and b* values, indicating a browning effect of the
AgPBL on the leather samples. The ΔE* of the modified samples increased with higher wet
pickup and AgPBL concentration, owing to the higher quantity of AgPBL uptake onto the
leather surfaces.

To get visual evidence of the AgPBL embedded onto the leather, leather surface mor-
phologies and element profile of the blank and modified leather samples were investigated.
As shown in Figure 4, the blank and modified leather revealed a distinctive hierarchically
suprafibrillar structure of the collagen fiber strands. The micrographs of modified leather
samples (Figure 4) revealed the occurrence of nanoparticles loosely attached to the leather
surface. In dark-field SEM images, nano metals usually appear as bright spots due to their
strong light scattering [22,33]. However, the silver nanoparticles employed in this work
were about 20 nm in size and could impregnate deeply into the collagen fiber strands of the
leather matrix. As a result, they could be challenging to detect in SEM images, which only
provide information on the surface morphology of the sample. Therefore, EDX analytical
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technique was performed to validate the presence of nanosilver on the leather sample
after treatment.

Table 1. Colorimetric data, color differences and images of the AgPBL-modified leather samples in
comparison with the blank pig leather.

Sample Wet Pickup (%) AgPBL (μg/mL) L* a* b* ΔE* Real Images

Le - - 62.42 9.77 23.86 0

pLeAg11 70

160

57.94 9.13 21.38 2.33

pLeAg12 80 57.97 9.75 21.12 2.41

pLeAg13 90 57.01 9.27 21.38 2.66

pLeAg12

80

160 57.97 9.75 21.12 2.41

pLeAg22 80 59.85 9.29 22.27 1.39

pLeAg32 40 59.94 9.79 23.07 1.15

pLeAg42 20 60.01 9.54 23.74 1.04

The EDX spectrum of the blank leather in Figure 4 revealed no Ag signal, but the
occurrence of a Cr signal confirming that the pig leather was chrome-tanned leather. In
contrast, the EDX spectra of the AgPBL-modified leather sample via the padding treatment
(pLeAg) clearly showed a strong signal of elemental silver at 3 keV which authenticated
the existence of AgPBL on the leather surface [9,12]. The EDX spectra of those modified
samples confirmed again that the bright points in the SEM images were AgPBL.

To evaluate the amount of AgPBL adhered to the pig leather after padding treatment,
the AAS analysis was performed, and the result was presented in Table 2. The data indicates
that the total silver content in the padded sample was around 380 mg/kg, whereas the
blank leather sample did not contain any silver.

Table 2. Total silver content of the leather samples.

Sample Wet Pickup (%) AgPBL (μg/mL)
Total Silver Content

(mg/kg)

Le - - 0

pLeAg12 80 160 379.0 ± 4.6

In order to determine the possible interaction between AgPBL and the functional groups
of collagen proteins on the modified leather, the FTIR analyses of Le and pLeAg samples were
carried out, and the spectra were given in Figure 5. The characteristic peaks corresponding
to the functional groups of the collagen proteins in the Le sample at 3304.5, 2921.1, 2852.3,
1633.5, 1547.8, 1236.6 and 1030.9 cm−1 were assigned to –NH, –CH3, =CH2, –C=O, –NH,
–C=O (in amide III) and C–N (in amine) groups, respectively [10,13,34]. Compared to the
blank leather, the pLeAg spectrum exhibited similarity in their characteristic peaks, except
for the stronger peak intensities, suggesting the chemical structure of the leather was mostly
unchanged. The collagen proteins of leather contain polar groups on the side chains of their
constituent amino acid residues, and as such, the amide and carboxylate functional groups
of these residues have a tendency to bind with metal atoms [10,12]. Thus, AgPBL could be
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absorbed onto the leather surface through the electrostatic interaction of Ag+ ions with the
negative charge of RCOO− or lone-pair electrons of N atoms of amino acids. In addition, the
formation of hydrogen bonding between the amide and carboxylate groups of the collagen
proteins with the appropriate functional groups of the organic layer existing on the AgPBL
surface also contributes to these binding interactions. The shifted peaks of the functional
groups in the modified leather samples could be attributed to the interaction of heavy silver
atoms with the amino and amide groups of collagen protein molecules, resulting in an increase
in peak intensity [12]. The results of coloration, SEM, EDX, AAS and FTIR measurements for
both blank and modified leather samples were consistent with each other, providing strong
evidence for the incorporation of AgPBL into the leather matrix.

Figure 4. The SEM micrographs at different magnifications of ×500, ×3000 and ×5000, and EDX
spectra of the blank leather (Le) and the AgPBL-modified leather sample (pLeAg).

Figure 5. The FTIR spectra of the Le and pLeAg samples.
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3.3. Antibacterial and Antifungal Efficacy of the AgPBL-Modified Pig Leather

Leather is a naturally hydrophilic material that offers a potential medium for the
growth of microorganisms such as bacteria, yeasts and molds. The utilization of silver
nanoparticles on the lining of leather could avoid the risk of infection and extend the
lifetime of leather products by inhibiting microorganism growth. In this research, we
investigated the antibacterial and antifungal efficacy of AgPBL-modified leather against
E. coli, S. aureus, C. albicans and A. niger. Both qualitative (the disk diffusion method) and
quantitative (the static challenge protocol of dynamic contact method) tests were employed
to determine the antimicrobial activities of the modified leather.

3.3.1. Antibacterial Efficacy

The AgPBL-modified leather samples obtained via the padding method were eval-
uated for their antibacterial activities against a gram-negative bacterium E. coli and a
gram-positive bacterium S. aureus. The effect of the wet pickup and AgPBL concentration
on the antibacterial efficacy of the modified leather was examined, and results were shown
in Figure 6 and Table 3.

Table 3. The ZOI of AgPBL-modified leather samples against E. coli and S. aureus (±SD, n = 3).

Sample Wet Pickup (%) AgPBL (μg/mL) E. coli S. aureus

Vis - - 0 0

Strep - - 21.10 ± 1.10 29.00 ± 0.73

pLeAg11 70

160

8.40 ± 0.37 9.60 ± 0.33

pLeAg12 80 8.70 ± 0.21 10.20 ± 0.24

pLeAg13 90 8.20 ± 0.22 9.10 ± 0.36

Strep’ - - 23.30 ± 0.92 24.00 ± 1.02

pLeAg12

80

160 11.40 ± 1.10 8.40 ± 0.33

pLeAg22 80 11.20 ± 0.24 7.30 ± 0.22

pLeAg32 40 10.50 ± 1.00 2.10 ± 0.08

pLeAg42 20 8.40 ± 0.37 -

A quick survey across Figure 6 evidences that all the AgPBL-modified leather samples
and the Strep-treated leather exhibited obviously ZOI against E. coli and S. aureus, whereas
the pristine leather (Le) showed no activity at all. These findings demonstrate the antibacte-
rial efficacy of the AgPBL-modified leather in this work. As shown in Figure 6, the ZOI of
the modified leather samples did not change significantly with varying wet pickups. The
pLeAg12 sample with a wet pickup of 80% exhibited the highest ZOI of 8.7 ± 0.21 and
10.2 ± 0.24 mm against E. coli and S. aureus, respectively. Accordingly, the wet pickup of
80% was selected for further evaluation of the antibacterial activity.

Table 3 presents the results of the antibacterial tests of the padded leather samples,
which showed that higher AgPBL concentrations led to larger inhibition zones. However,
the relationship between AgPBL concentration and inhibition zone was not proportional. In-
deed, as compared to the pLeAg12 sample, when the AgPBL concentrations were decreased
by 50% and 75%, the ZOI of pLeAg22 and pLeAg32 samples against E. coli decreased by
0.9% and 42.0%, respectively. Additionally, there was a slight difference in the inhibition
zone between leather samples treated with AgPBL concentrations of 160 and 80 μg/mL.
Moreover, the antibacterial results in terms of inhibition zone clearly demonstrated that
the AgPBL-modified leather samples exhibited higher effectiveness against gram-negative
bacteria than gram-positive bacteria, which is in line with previous findings regarding the
bactericidal properties of bio-synthesized silver nanoparticles [25,35].
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Figure 6. The photographs showing zone of inhibition of the Le, pLeAg and Streptomycin
(80 μg/mL) treated leather samples against E. coli and S. aureus, with change in the wet pickup
and AgPBL concentration.

The leather samples treated with various AgPBL concentrations at the wet pickup of
80% were subjected to the quantitative test to determine the bacterial reduction percentage.
This test was performed at 0 h and 24 h contact times between the sample and the test
bacteria inoculate. As shown in Figure 7a, the Petri dishes for 24 h contact time revealed
that both tested bacteria grew well on the Petri dishes of blank leather, indicating that Le
did not possess bacterial inhibition. Based on the agar’s turbidity, the pLeAg12 samples
showed the highest antibacterial activity, while the pLeAg42 samples exhibited the lowest.

By counting the number of colonies of tested bacteria on agar dishes, the bacterial
reduction percentage of the treated leather samples with different concentrations of AgPBL
was plotted in Figure 7b. The results showed that the pLeAg12 samples treated with 160
μg/mL AgPBL exhibited the highest antibacterial efficiency against both E. coli and S.
aureus after 0 h contact time, with bacterial reduction percentages of 47.02% and 68.43%,
respectively. Moreover, both achieved a 100% antibacterial rate after a 24 h contact time.

The antibacterial activity of pLeAg22 samples treated with 80 μg/mL AgPBL de-
creased significantly against E. coli after both 0 h and 24 h contact time. In comparison to
pLeAg12 samples, the bactericidal rates of pLeAg22 samples against E. coli and S. aureus
decreased by 24.8% and 1.88%, respectively, after 24 h contact time. Similarly, pLeAg42
samples treated with 20 μg/mL AgPBL exhibited a sharp decrease in antibacterial activity
against both tested bacteria. Compared to the pLeAg12 samples, the bactericidal rates of
the pLeAg42 samples against E. coli and S. aureus after 24 h contact time declined by 84.93%
and 31.13%, respectively. Despite the lack of a zone of inhibition in the AgPBL-modified
leather sample at a low concentration (20 μg/mL AgPBL) observed by the qualitative
antibacterial method, the sample still possessed a weak antibacterial ability.

Based on the obtained antibacterial results, the quantitative antibacterial efficiency
of the modified leather samples is strongly influenced by the initial AgPBL concentration
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in the treated solutions. The antibacterial efficiency also depends on the tested bacteria
and is not proportional to the change in AgPBL concentration. The findings are consistent
with the qualitative antibacterial evaluation of the modified leather samples. The suitable
concentration of AgPBL for pig lining leather treatment was 160 μg/mL to achieve 100%
antibacterial efficiency after 24 h contact time.

 

 

    

Figure 7. (a) The photographs of bacterial growth in the nutrient agar plates and (b) The bacterial
reduction percentage (%R) of the Le and AgPBL-modified leather samples against E. coli and S. aureus.

3.3.2. Antifungal Efficacy

The AgPBL-modified leather samples were evaluated for their antifungal activities
against one yeast strain (C. albicans) and one mold strain (A. niger) according to AATCC TM30.
Figure 8 depicted that the blank leather revealed no antifungal activity, whereas both AgPBL-
modified leather samples and the Strep-treated leather exhibited considerable antifungal
efficiency against the tested fungi. Figure 8a,b confirmed that a decrease in the treated
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AgPBL concentration resulted in a reduction of antifungal efficacy against the C. albicans
strain, as evidenced by a decrease in the ZOI value by 20.6% and 19.6% when the treated
AgPBL concentration was reduced by 50% and 75%, respectively. As shown in Figure 8c,
the antifungal tests against A. niger after 7 and 14 days revealed that the pLeAg12 sample
padded with 160 μg/mL AgPBL solution did not show any mold spore germination or growth.
However, the pLeAg22 sample padded with 80 μg/mL AgPBL solution exhibited mold spore
growth on its surface after 7 days, which was obviously seen after 14 days of incubation.
These findings confirm once again the strong dependence of the antimicrobial effectiveness
of the AgPBL-modified samples on the AgPBL concentration in the antimicrobial-treated
solution. Consequently, pig leather treated with 160 μg/mL solution at a wet pickup of 80%
was selected for further evaluation of its physico-mechanical properties.

 

Figure 8. (a) Antifungal activities of the Le, pLeAg and Strep-treated leather samples against
C. albicans with change in the AgPBL concentration; (b) Mean zone of inhibition against
C. albicans (±SD, n = 3); (c) Antifungal activities of the Le, pLeAg12 and pLeAg22 samples against
A. niger after 7 and 14 days of incubation.

3.4. The Physico-Mechanical Properties of the AgPBL-Modified Pig Leather

The blank leather and AgPBL-modified leather samples were subjected to various
tests following standard specifications to evaluate their physico-mechanical properties.
The experimental data were compared with the requirements of the shoe lining material
according to the standard ISO 20882:2007. As presented in Table 4, the mechanical prop-
erties of the AgPBL-modified leather including tear strength, abrasion resistance and flex
resistance were nearly identical to those of pristine leather. This is because the antimicrobial
treatment process used in this research did not alter the chemical structure of pig leather,
and nanosilver adheres to the leather matrix solely through physical bonds. The mechanical
data of the modified samples met all the standard requirements for shoe lining, and the
tear strength was even over 200% of the standard requirement.
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Similarly, the antimicrobial treatment of leather with AgPBL did not affect its water
absorption and water desorption. The water absorption of the leather samples before and
after treatment was around 90% of the standard requirements for the lining. However,
this lining layer is typically combined with a porous layer in the shoe upper structure,
resulting in an enhancement of its water absorption capacity. The water desorption of the
leather samples was excellent, reaching over 160% of the standard requirement. The water
vapour permeability and water vapour absorption of the leather samples were very good,
exceeding 150% of the standard requirements for upper lining material. Pore expansion
on the modified leather surface after the padding process led to an increase in its water
vapour permeability. The leather material swells when it absorbs water and then shrinks
during the drying process. However, the collagen fiber strands’ shrinkage is greater than
that of the pores, leading to pore expansion.

Table 4. The physico-mechanical properties of the pristine leather and AgPBL-modified pig leather.

No Properties Unit Le pLeAg
ISO 20882:2007
Requirements

1

Tear strength
(ISO 17696) N 32 32.5

lining ≥ 15 N
Compare to the pristine
leather (Le) % 100.0 101.6

Compare to ISO
20882:2007 % 213.3 216.7

2 Abrasion resistance
(ISO 17704) cycles

Without hole through the
thickness of the material
component

25,600 cycles dry
12,800 cycles wet

3 Flex resistance
(ISO 17694) cycles 15,000 cycles dry without visible

damage
Dry 15,000 cycles without visible
damage

4

Lining water vapour
permeability
(ISO 17699)

mg/cm2.h 3.13 3.62
WVP of lining ≥ 2.0 mg/cm2.h

Compare to the pristine
leather (Le) % 100.0 115.7

Compare to ISO
20882:2007 % 156.0 181.0

5

Lining water vapour
absorption
(ISO 17699)

mg/cm2 21.0 20.8
WVA of lining ≥ 8.0 mg/cm2

Compare to the pristine
leather (Le) % 100.0 99.0

Compare to ISO
20882:2007 % 263.0 260.0

6

Lining water
absorption
(ISO 22649)

mg/cm2 54.1 53.9
absorption ≥ 70 mg/cm2

Compare to the pristine
leather (Le) % 100.0 99.6

Compare to ISO
20882:2007 % 90.1 89.3

7

Lining water
desorption
(ISO 22649)

% 97.1 97.2
desorption ≥ 60 %

Compare to the pristine
leather (Le) % 100.0 100.1

Compare to ISO
20882:2007 % 161.8 162
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In general, the antimicrobial treatments of pig leather did not negatively impact its
physico-mechanical properties. The AgPBL-modified leather met all the requirements
according to the standard ISO 20882:2007 for making shoe linings. The padding method
is suitable for tanneries, which is carried out at the wet finishing stage (dyeing, oiling,
etc.) in a rotary drum, then padded and transferred to the drying finishing stage in a
drying chamber.

4. Conclusions

This research provided a simple approach for the fabrication of highly effective antimi-
crobial pig leather modified with bio-synthesized silver nanoparticles as an antimicrobial
agent via the dipping–padding–drying processes. The effect of the wet pickup and AgPBL
concentration on the coloration, antimicrobial activity and physico-mechanical properties
of the modified leather were investigated according to standard methods. The experiment
data validated that the higher wet pickup and AgPBL concentration led to a browner color
and enhanced antimicrobial efficacy of the AgPBL-modified leather against both bacteria
(E. coli and S. aureus) and fungi (a yeast C. albicans and a mold A. niger). These observed
results could be attributed to the increased uptake of AgPBL into the leather matrix, which
was verified through SEM, EDX, AAS, and FTIR analyses. However, the antimicrobial
treatment of pig leather using the padding method did not have any adverse effect on
its physico-mechanical properties, and it met the ISO 20882:2007 standard’s requirements
for the upper lining. Therefore, based on the efficient antimicrobial and suitable physico-
mechanical properties, the AgPBL-modified pig leather meets the criteria for making upper
lining in hygienic shoe production.
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Abstract: Biopolymer-like collagen has great industrial potential in terms of its excellent properties,
such as strong biocompatibility, high degradability, and low antigenicity. Collagen derived from
fish by-products is preferable as it is safer (free from transmittable diseases) and acceptable to most
religious beliefs. This study aimed to characterize the unicornfish (Naso reticulatus Randall, 2001)
bone collagens prepared with different type of acids, i.e., acetic acid, lactic acid, and citric acid.
A higher yield (Y) (p < 0.05) was obtained in the citric-acid-soluble collagen (CASC) (Y = 1.36%),
followed by the lactic-acid-soluble collagen (LASC) (Y = 1.08%) and acetic-acid-soluble collagen
(AASC) (Y = 0.40%). All extracted collagens were classified as type I due to the presence of 2-alpha
chains (α1 and α2). Their prominent absorption spectra were located at the wavelengths of 229.83 nm
to 231.17 nm. This is similar to wavelengths reported for other fish collagens. The X-ray diffraction
(XRD) and infrared (IR) data demonstrated that the triple-helical structure of type I collagens was
still preserved after the acid-extraction process. In terms of thermal stability, all samples had similar
maximum transition temperatures (Tmax = 33.34–33.51 ◦C). A higher relative solubility (RS) of the
unicornfish bone collagens was observed at low salt concentration (0–10 g/L) (RS > 80%) and at
acidic condition (pH 1.0 to pH 3.0) (RS > 75%). The extracted collagen samples had an irregular and
dense flake structure with random coiled filaments. Overall, bones of unicornfish may be used as a
substitute source of collagen.

Keywords: collagen biopolymer; unicornfish bone; acid extraction; characterization

1. Introduction

Biopolymer collagen, a fibrillar protein, is one of the main structural components in
the connective tissues of mammals and makes up almost 30% of total protein composi-
tion [1]. It is characterized by the unique right-handed triple-helical structure, composed
of three left-handed polyproline-like helices, each with a (Gly–Xa–Ya) repeating sequence
where Xa and Ya are often proline and hydroxyproline [2]. At least 29 types (I–XXIX)
of collagens with different structures of polypeptides, amino acid motifs, and molecular
characteristics have been studied [3]. Type I collagen has been intensively explored by
researchers because of its special traits (i.e., strong biocompatibility, high biodegradability,
and lack of antigenicity) [4]. Collagen has great potential in various industrial sectors such
as medical, pharmaceutical, nutraceutical, and cosmetic. It has been approved for use in
tissue engineering due to its ability to stimulate cellular migration, tissue matrix interaction,
and tissue regeneration [5,6]. It is also applicable in developing drug-delivery systems and
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in treating hypertension, obesity, and diabetes [7]. In addition, it is an important cosmetic
ingredient that serves as a natural humectant and moisturizer, preventing aging of the
skin [8]. In food manufacturing, collagen is often used as a colloidal stabilizer, emulsifier,
and foaming agent [9]. Collagens are mostly derived from the skins and bones of land
vertebrates, especially bovine and porcine vertebrates. However, use of these animals raises
consumer apprehension due to reported infectious diseases such as bovine spongiform
encephalopathy, transmissible spongiform encephalopathy, and foot-and-mouth disease.
Another constraint is associated with religious belief. For instance, Muslims and Jews are
prohibited to consume or use porcine-derivative products, while cows and beef derivatives
are forbidden in Hinduism [10]. To deal with these issues, alternative sources of collagen
are necessary.

Over the last decade, fish collagen has gained considerable attention amongst scientists.
This is evidenced by the large number of publications related to the extraction of fish
collagens. Sources of the collagens include tiger grouper (Epinephelus fuscoguttatus) skin [11],
bigeye tuna (Thunnus obesus) skin, bone, and scale [12], lizardfish (Saurida tumbil) skin,
bone, and scale [13–15], grass carp (Ctenopharyngodon idellus) skin, bone, and scale [16],
golden pompano (Trachinotus blochii) skin and bone [17], Spanish mackerel (Scomberomorous
niphonius) skin and bone [18], sturgeon (Huso huso) skin [19], puffer fish (Lagocephalus
inermis) skin [20], red stingray (Dasytis akajei) skin [21], Siberian sturgeon (Acipenser baerii)
cartilage [22], leather jacket (Odonus niger) bone [23], tilapia (Oreochromis mossambicus)
bone [24], grey mullet (Mugil cephalus) scale [25], and yellow tuna (thunnus albacore) swim
bladders [26]. Fish collagens are mostly categorized as type I and their physicochemical
properties, including thermal stability, solubility, and triple-helical structures, have also
been evaluated. Interestingly, few studies have demonstrated that modification of the
extraction process could increase the thermostability of fish collagen [27].

Unicornfish (Naso reticulatus Randall, 2001) belongs to the family Acanthuridae. It
has a convex head with slight angularity before its eye, no horn on the forehead, and an
emarginated caudal fin. This fish mainly lives in tandem with coral reefs, feeds on algae,
and has tight skin-like jacket [28]. It is popularly served grilled in restaurants. By-products
from N. reticulatus are usually discarded after processing, resulting in loss of a valuable
biological resource. Therefore, converting the by-products into high-end product such as
collagen is highly beneficial. Moreover, there is little information regarding extraction of
collagen from this fish. Hence, this work aimed to compare the extractability of collagen
from unicornfish bone using different acids (i.e., acetic acid, lactic acid, and citric acid), and
determine the physicochemical and structural properties of the collagens.

2. Results and Discussion

2.1. Yield and Hydroxyproline Content of Acid-Soluble Collagens

Table 1 shows the yields (%) of acid-soluble collagens derived from unicornfish bone.
The highest yield (Y) was recorded in CASC (Y = 1.36%) (p < 0.05) compared to AASC
(Y = 0.40%) and LASC (Y = 1.08%) suggesting that citric acid may be the most effective
acid for extracting collagen from fish bones. This finding was in agreement with the
previous report on collagen from lizardfish (S. tumbil) bone [13]. The results in the present
study were also comparable to those for other acid-soluble fish bone collagens such as
bigeye tuna (T. obesus) (Y = 0.1%) [12], tilapia (O. niloticus) (Y = 0.5%) [24], grass carp
(C. idellus) (Y = 0.7%) [16], carp (C. carpio) (Y = 1.06%) [25], and golden pompano (T. blochii)
(Y = 1.25%) [17]. Logically different fish species, acids, and extraction procedures might
influence the collagen yields [14,15]. There was no significant difference in hydroxyproline
(Hyp) content (p > 0.05) between AASC and LASC. However, the Hyp content in CASC
was significantly lower (p < 0.05). The Hyp contents recorded in the present study were
lower than those for bigeye tuna (T. obesus) (82–87 mg/g) [12], cobia (Rachycentron canadum)
(84–99 mg/g) [29], and marine eel (Evencheslys macrura) (94–98 mg/g) [30] bone collagens.
These differences could be attributed to several factors including type of species, size, age,
structure, and composition of fish tissue, as well as the extraction process [31]. Collagen

94



Polymers 2023, 15, 1054

with high Hyp content could help to improve the structural stability of its molecules.
Kittiphattanabawon et al. [32] stated that Hyp is a prominent component of amino acids
and plays an essential role in stabilizing the triple-helical structure of collagen.

Table 1. Yield, Hyp composition, and color parameters of the acid soluble unicornfish (N. reticulatus)
bone collagen.

Sample
Yield
(%)

Hyp
(mg/g)

Color Parameters
L* a* b* WI

AASC 0.40 ± 0.15 c 81.41 ± 0.11 a 81.44 ± 5.25 a −0.19 ± 0.10 b 0.79 ± 1.27 c 81.37 ± 5.21 a

LASC 1.08 ± 0.12 b 81.32 ± 0.02 a 82.55 ± 2.45 a 0.40 ± 0.38 a 6.51 ± 2.59 a 81.28 ± 3.09 a

CASC 1.36 ± 0.21 a 80.17 ± 0.10 b 79.35 ± 0.92 a 0.04 ± 0.18 b 3.26 ± 2.29 b 78.97 ± 0.99 a

AASC: acetic acid soluble unicornfish (N. reticulatus) bone collagen; LASC: lactic acid soluble unicornfish bone colla-
gen; CASC: citric acid soluble unicornfish bone collagen. L* = lightness; a* = redness: green to red; b* = yellowness:
blue to yellow; and WI = whiteness index. Different lowercase superscripts in the same column indicate significant
difference (p < 0.05).

2.2. Color Attributes

Color attributes of the AASC, LASC, and CASC are presented in Table 1. Sadowska
et al. [33] pointed out that a lighter-color collagen is more preferable for developing new
products in food, nutraceutical, or medical applications because it does not alter the
original color of a product. There were no significant differences (p > 0.05) in the lightness
(L*) and whiteness (WI) values of all extracted collagens in the present study. However,
significantly higher L* values ranging from 79.25 to 82.55 was noted in the unicornfish bone
collagens compared to lizardfish (S. tumbil) (72.76) [15] and barramundi (Lates calcalifer)
(44.76–65.41) skin collagens [34]. Addition of hydrogen peroxide (H2O2) could increase the
lightness of acid extracted collagens, as reported in lizardfish (S. tumbil) bone (88.54) [13]
and snakehead fish (Channa argus) skin (89.49) [35] collagens so there is potential for further
experimentation with different H2O2 concentrations. Moreover, the a* and b* values of
LASC were significantly higher (p < 0.05) than those of AASC and CASC.

2.3. SDS-PAGE Profile

An SDS-PAGE image of the unicornfish bone collagens is presented in Figure 1. The
electrophoretic pattern of each sample was almost similar, with two alpha (α1 and α2),
one beta (β), and one gamma (γ) chains. The molecular weight (MW) of each alpha chain
was estimated as 138.0 kDa and 118.3 kDa, respectively. Benjakul et al. [36] suggested
that type I collagen was characterized by the presence of two alpha chains (α1 and α2).
Based on this, unicornfish bone collagens were also categorized as type I. All acid-soluble
collagens assessed in this study were comparable to previous literature on type I collagen
fish collagen from seabass (L. calcarifer) (α1 = 118 kDa and α2 = 105 kDa) [37], loach
(M. anguillicaudatus) (α1 = 127 kDa and α2 = 115 kDa) [38], golden pompano (T. blochii)
(α1 = 120 kDa and α2 = 100 kDa) [17], and Nile tilapia (O. niloticus) (α1 = 125 kDa and
α2 = 114 kDa) [39]. Other electrophoretic chains found in all extracted collagens (i.e.,
β = 278.1 kDa and γ = 383.0 kDa), indicate dimer and trimer bands as observed in our
previous findings on lizardfish (S. tumbil) fish collagens [13–15]. Further analysis with
addition of β-ME (reducing) and without β-ME (non-reducing), showed no differences
in electrophoretic patterns of AASC, LASC, or CASC, and absence of disulfide bonds, as
mentioned in previous literature [13–15].
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Figure 1. SDS-PAGE image of acid soluble unicornfish bone collagen. M: protein marker; A1 and A2:
acetic acid soluble collagen (AASC); B1 and B2: lactic acid soluble collagen (LASC); C1 and C2: citric
acid soluble collagen (CASC).

2.4. UV Absorption Spectra

Figure 2 presents the UV absorption spectra of the AASC, LASC, and CASC. In
general, a prominent spectrum of fish collagen was located at the wavelengths of 210 nm
to 240 nm [40]. All acid-soluble collagens from the bone of unicornfish were within the
maximum spectral ranges proposed by previous works, with no significant differences
(p > 0.05) among the samples. The highest peak observed in this study was in accordance
with other fish collagens, such as Siberian sturgeon (A. baerii) [22], red drum (Sciaenops
ocellatus) [41], lizardfish (S. tumbil) [13], and puffer fish (L. inermis) [20]. The spectra
observed were associated with the functional groups of carboxyl (-COOH), carbonyl (C=O),
and amides (CONH2), which belong to the polypeptide chains of fish collagen, as proposed
by Jaziri et al. [13]. Other low absorption peaks (300 nm to 250 nm) were also observed
in all extracted collagens and were likely related to the aromatic amino acids, such as
phenylalanine, tryptophan, and tyrosine. It is therefore assumed that collagens extracted
from the bone of unicornfish contain low composition of aromatic amino acids.

 

Figure 2. UV absorption spectra of acid soluble unicornfish (N. reticulatus) bone collagen. AASC:
acetic acid soluble collagen; LASC: lactic acid- soluble collagen; CASC: citric acid soluble collagen.

2.5. Attenuated Total Reflection–Fourier Transform Infrared Spectroscopy (ATR–FTIR)

FTIR spectra of AASC, LASC, and CASC are shown in Figure 3. Five significant
peaks (Amides: A, B, I, II, and III) were clearly identified in all samples. As described in
Table 2, Amide A represents the N-H stretching vibrations with hydrogen bonds which
represents the protein molecules and is usually located at 3200–3440 cm–1 region [42], as
observed in the present study. For Amide B, it described an asymmetric stretching of
CH2 vibrations [21], and the higher wavenumber region of Amide B was observed in the
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LASC and CASC samples. Meanwhile, Amide I is often related to the secondary structure
of proteins, with wavenumbers ranging from 1600 to 1700 cm–1 [43] and represents the
stretching vibration of the backbone carbonyl group (C=O) in polypeptides. The strong
bands of Amide I in all acid-soluble collagens in the present study were in accordance
with other literature [23]. On the other hand, Amides II and III have been widely used
for the identification of triple-helical structure of collagen [44]. Amide II, typically located
at the wavenumbers from 1500 cm–1 to 1600 cm–1 [45], which correspond to the N–H
bending vibrations combined with the C–N stretching vibrations. The CASC showed
lower wavenumbers compared to the AASC and LASC, indicating more H bonds in the
CASC. Meanwhile, Amide III reflected the peak combination between C–N stretching and
N–H remodeling, resulting in amide linkages which generally occur between 1200 cm–1

and 1350 cm–1 [41]. Similar peaks were also noted in other fish collagens, such as Nile
tilapia (O. niloticus) [39], lizardfish (S. tumbil) [13–15], purple spotted bigeye snapper
(P. tayenus) [46], sturgeon fish (H. huso) [19], barramundi (L. calcarifer) [37], and loach (M.
anguilllicaudatus) [38].

 

Figure 3. IR spectra of acid soluble unicornfish (N. reticulatus) bone collagen. AASC: acetic acid
soluble collagen; LASC: lactic acid soluble collagen; CASC: citric acid soluble collagen.

Table 2. The peak area and the description for the acid soluble unicornfish (N. reticulatus) bone collagen.

Peak Location Peak Annotation
AASC LASC CASC

3308.10 cm−1 3278.28 cm−1 3278.28 cm−1 Amide A, N-H stretching coupled with H bond
2920.44 cm−1 2924.17 cm−1 2924.17 cm−1 Amide B, CH2 asymmetric stretching
1638.21 cm−1 1638.21 cm−1 1617.71 cm−1 Amide I, C=O stretching/H bond coupled with COO-
1543.16 cm−1 1545.02 cm−1 1541.29 cm−1 Amide II, N-H bend coupled with C-N stretching
1237.51 cm−1 1237.51 cm−1 1235.64 cm−1 Amide III, N-H bend coupled with C-H stretching

AASC: acetic acid soluble unicornfish (N. reticulatus) bone collagen; LASC: lactic acid soluble unicornfish bone
collagen; CASC: citric acid soluble unicornfish bone collagen.

In terms of stability of the triple-helical structures, Benjakul et al. [36] suggested that
the triple-helical structure was preserved if the difference in wavenumber between Amides
I and II (Δv = vI−vII) was less than 100 cm−1 [47]. Based on this guideline, our results
confirmed that the triple-helical structure of all extracted collagens from unicornfish bone
were maintained because Δv of the AASC, LASC, and CASC were 95.05 cm–1, 93.19 cm–1,
and 76.42 cm–1, respectively. Another approach is through the ratio of the Amide III and
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1450 cm−1 band (AIII/A1450), as proposed by Doyle et al. [48]. After validation, the triple-
helical structures of extracted collagens did not change during the extraction process as
described from their absorption ratio values (~1.0), suggesting that the use of acetic, citric,
and lactic acids during the extraction process could solubilize collagens without damaging
the structures.

2.6. Evaluation of X-ray Diffraction (XRD)

Table 3 presents the diffraction data of the AASC, LASC, and CASC. Generally, two
significant peaks were observed. The first peak was sharp, and second peak was broader.
The obtained diffraction data were comparable to the triple-helical structure of calf-skin
collagen (standard) [15]. Similar diffraction motifs were also noted in tilapia (O. niloticus)
skin [49], carp fish (C. carpio) scale [24], golden pompano (T. blochii) skin and bone [27]
and lizardfish (S. tumbil) skin, scale, and bone [13–15] collagens. In order to predict the
minimum value of repeated spacings d (Å), the Bragg formula by Zhang et al. [25]. was
used with d(Å) = λ/2sin θ (where λ is the X-ray wavelength of 1.54 Å and θ is the Bragg
diffraction angle). As shown in Table 3, the first peak (d = 1.13–1.14 nm) reflects the distance
between the molecular chains of triple-helical structure found in fish collagen, with higher
d values being detected in the AASC and LASC samples. Meanwhile, the d value of AASC,
LASC, and CASC samples in the second highest peak ranged from 0.33 nm to 0.34 nm,
with the lowest observed in the CASC. This peak denotes the distance between skeletons of
fish-collagen structure. The diameter (d) of a collagen molecule with a single left-handed
helix chain and a triple-helical structure was consistent with the diameter of collagen
from the barracuda skin prepared by solubilizing with different acids [13]. Overall, our
extracted collagens showed no denaturation in the triple-helical structures and were in
their native conformations.

Table 3. XRD and DSC analyses of the acid soluble unicornfish (N. reticulatus) bone collagen.

Sample
XRD Evaluation DSC Data

1st Peak (Sharp Peak) 2nd Peak (Broad Peak)
2θ d Value (nm) 2θ d Value (nm) Tmax (◦C) ΔH (mJ/g)

AASC 7.22 1.13 21.33 0.34 33.51 3.9
LASC 7.24 1.13 21.74 0.33 33.39 7.7
CASC 6.66 1.14 20.11 0.33 33.34 5.7

AASC: acetic acid soluble unicornfish (N. reticulatus) bone collagen; LASC: lactic acid soluble unicornfish bone
collagen; CASC: citric acid soluble unicornfish bone collagen.

2.7. Thermostability of Acid-Soluble Collagen

Thermostability, as determined by Tmax value of the AASC, LASC, and CASC, is listed
in Table 3. A higher thermostability was demonstrated in the AASC (Tmax = 33.51 ◦C),
followed by LASC (Tmax = 33.39 ◦C) and CASC (Tmax = 33.34 ◦C. According to Benjakul
et al. [36], thermostability of collagen was related to the presence of amino acids (pro-
line and hydroxyproline), particularly at pyrrolidine rings that are governed by the H
bonding via the hydroxyl group of Hyp. In addition, Hyp served as stabilizer of the
triple-helical structure through H bonding in coil-coiled alpha chains [50]. Our Tmax results
(around 33 ◦C) were comparable to other fish bone collagens, such as purple-spotted bigeye
(P. tayenus) (30.80–31.48 ◦C) [32], Siberian sturgeon (A. baerii) skin (28.30 ◦C) [22], grass carp
(C. idellus) (36 ◦C) [16], and golden pompano (T. blochii) skin (38.23 ◦C) [17]. Interestingly,
fish from tropical waters showed higher thermostability compared to temperate fish such as
Spanish mackerel (S. niphonius) (18.02 ◦C) [18]. The delta H value (ΔH) was defined as the
area located under the thermogram peaks, which reflects the energy required to uncouple
the alpha chains of collagen and convert them into random coils. The ΔH of the AASC
sample was lower than of the LASC and CASC samples, indicating a lower energy used in
AASC. The differences in the Tmax and ΔH values of fish collagen were likely influenced by
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many factors, such as the composition of amino acids, extraction process, fish species, and
other factors, particularly water temperature and habitat [32].

2.8. Microstructure Profile

The AASC, LASC, and CASC were scanned under a scanning electron microscope
(SEM), and the morphological structures were appraised. As illustrated in Figure 4, the
extracted collagens of unicornfish bones showed fibril-forming structures, multi-layered
forms, and irregular sheet-like films linked by random-coiled filaments. In addition, the
wrinkled and porous structures were also clearly visible at magnification of 500×, indicating
the samples were dehydrated during the lyophilization process, as documented by Schuetz
et al. [51]. According to Lim et al. [7], fish collagen with fibrillary, interconnectivity, and
sheet-like film structures could be a potential source of biomaterials for nutraceutical,
pharmaceutical, and biomedical products to be used in wound dressing, skin and bone
tissue formation, cell migration, and coating material. The microstructure profiles of
Lizardfish (S. tumbil) skin, bone, and scale [13–15], miiuy croaker (M. miiuy) scale [52], black
ruff (Centrolophus niger) skin [53], and marine eel (E. macrura) skin [30] collagens were in
agreement with this recent work.

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

A 

B 

Figure 4. Cont.
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C 

Figure 4. SEM image (magnification 500×) of the acid-soluble unicornfish (N. reticulatus) bone
collagen. (A) acetic acid soluble collagen (AASC); (B) lactic acid soluble collagen (LASC); and
(C) citric acid soluble collagen (CASC).

2.9. Solubility Studies

Solubility of the AASC, LASC, and CASC samples was evaluated at different sodium
chloride (NaCl) concentrations and various pH conditions. Higher solubility (more than
80% of relative solubility (RS)) was observed in all extracted collagens when treated with
low NaCl concentration (0–10%). RS of >85% was recorded in the LASC sample (Figure 5A).
This might have been due to the effect of the dialysis process in LASC that completely
removed the remaining salt after being salted out during the precipitation process. As a
result, no salt was detected in the lyophilized collagen. However, at high concentrations of
NaCl (30 g/L to 60 g/L), the RS decreased sharply to less than 40% in all extracted collagens.
Chen et al. [41] suggested that at high salt concentration, the hydrophobic–hydrophobic
interactions in the polypeptide chain were escalated. The competition for water with salt
ions was also increased, resulting in protein precipitation. These results were in accordance
with collagens isolated from the skin and bone of Spanish mackerel (S. niphonius) [18], the
skin of lizardfish (S. tumbil) [13], the skin and bone of golden pompano (T. blochii) [17], and
the cartilage of Siberian sturgeon (A. baerii) [22].

In the context of pH, the solubility was increased in acidic acid conditions, especially
at pH 1.0 and pH 5.0 (Figure 5B). The highest RS value (>90%) was noted in all extracted
collagens treated at pH 3.0. In contrast, the solubility decreased at pH 7.0 and alkaline
(pH 9.0) conditions. The increase in the hydrophobic–hydrophobic interactions among the
collagen molecules might have resulted in the total net charge becoming zero, particularly
at the isoelectric point which commonly occurs at slightly acidic and neutral conditions [54].
However, at pH 11.0, the RS were slightly increased to around 25–60%. This could be due
to the effect of electrostatic repulsion between collagen molecules and hydration of charged
residues at pH values above the isoelectric point (pI) [22]. Chuaychan et al. [22] stated
that differences in the solubility of collagen treated with various pH were related to the
difference in the molecular properties and conformations of collagen. Our findings were
equivalent to those for the collagens extracted from the skin and bone of Spanish mackerel
(S. niphonius) [18], skin of lizardfish (S. tumbil) [13], skin and bone of golden pompano
(T. blochii) [17], and cartilage of Siberian sturgeon (A. baerii) [22].
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Figure 5. Relative solubility (RS) of acid soluble collagens from the unicornfish (N. reticulatus) bone
at (A) different NaCl concentrations and (B) various pH levels. AASC: acetic acid soluble collagen;
LASC: lactic acid soluble collagen; CASC: citric acid soluble collagen.

3. Conclusions

Unicornfish (N. reticulatus) bone collagens extracted with the aid of various organic-
acid solutions (i.e., acetic, lactic, and citric acids) were evaluated. The highest collagen
yield (p < 0.05) was recorded for the citric-acid-soluble collagen (CASC) compared to
that of acetic-acid-soluble collagen (AASC) and lactic-acid-soluble collagen (LASC). The
triple-helical structures of type I extracted collagens were still maintained, indicating no
denaturation of all samples during the acid-extraction process as confirmed by FTIR and
XRD analysis. Although LASC had a lower collagen yield than CASC, other characteristics
(i.e., thermostability, hydroxyproline content, color attributes, and solubility) were found to
be preferable in the LASC sample. Thus, lactic-acid-soluble collagen (LASC) could be used
as an alternative collagen for further research.
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4. Materials and Method

4.1. Materials

Fifteen kilograms of fresh unicornfish (N. reticulatus) were obtained from a local sup-
plier in Kota Kinabalu, Sabah, Malaysia. Samples were placed in an ice-cooled insulating
box (ratio of fish to ice was 1:2 (w/w)) to maintain their freshness during transportation.
Upon arrival, fish were subjected to species identification and weight (521.58 ± 32.27 g)
and length (30.52 ± 4.28 cm) measurement. The prepared samples were separated auto-
matically using a mechanical deboner machine (SFD-8 type, Taiwan). The fish bones were
subsequently cut into small portions (1.0 × 1.0 cm2) with a stainless-steel knife (Brisscoes,
Malaysia), and washed with running tap water. The washed samples were packed in
a polyethylene bag and then stored in a freezer (−20 ◦C) for further analyses. Sodium
dodecyl sulphate (SDS), acrylamide powder, Coomassie Blue R-250, N,N,N′,N′-tetramethyl
ethylene diamine (TEMED), and Folin–Ciocalteu’s phenol reagent acetic acid (glacial) were
purchased from Merck (Darmstadt, Germany). Precision Plus Protein Dual Color standards
(markers) was purchased from Bio-Rad Laboratories (Hercules, CA, USA). Bovine serum
albumin (BSA) and Lowry reagent were supplied from Sigma Chemical Co., (St. Louis,
MO, USA). Citric acid and lactic acid solution were supplied from Systerm (Selangor Darul
Ehsan, Malaysia) and Bendosen (Selangor, Malaysia), respectively. Other chemicals used in
this research were of analytical grade.

4.2. Preparation of Acid-Soluble Collagen

Extraction of unicornfish bone collagens with different acid solutions was carried out
according to Jaziri et al. [13] with slight modification. All steps were strictly performed
in a chiller (4 ◦C), and the extraction process is depicted in Figure 6. A total of 100 g
fish bones was soaked in ten volumes of 0.1 M sodium hydroxide solution for 6 h (the
solution was changed every 3 h) with continuous stirring. The pretreated samples were
washed with distilled water to achieve neutral condition (pH 7.0). This step aimed to
remove non-collagenous protein and pigmentation. Next, the neutralized samples were
demineralized by dissolving in ten volumes of 0.5 M ethylenediaminetetraacetic acid
disodium salt solution (pH 7.4) for 24 h with continuous stirring, and the solution was
changed every 12 h. The demineralized samples were then washed with cold distilled
water for 30 min and the distilled water was replaced every 10 min. After the pre-treatment
step, the fish-bone samples were subjected to extraction by adding 15 volumes of 0.5 M
organic-acid solutions (i.e., acetic acid, lactic acid, and citric acid) for 72 h. The extracted
samples were then filtered through two layers of cheesecloth, and the filtrates were salted-
out by dissolving in 2.5 M sodium chloride, followed by 0.05 M Tris (hydroxymethyl)
aminomethane hydrochloride at a neutral pH (7.0). After that, the precipitates were
centrifuged (Eppendorf Centrifuge 5810R, Hamburg, Germany) at 15,000× g for 15 min.
The pellets were subsequently dissolved in acid solution (based on each acid used during
extraction) at a ratio of 1:1 (w/v). The solutions were prepared for dialysis by transferring
into a cellulose-membrane tubing (average flat width 43 mm, 1.7 in.) (Sigma-Aldrich,
St. Louis, MO, USA) and then put in 15 volumes of 0.1 M acid solution for 24 h, followed
by a distilled water for 48 h (the distilled water was changed every 24 h). The dialyzed
samples were dried using a freeze-dryer machine (Labconco, Kansas City, MO, USA). After
freeze drying, all dried samples were stored at a −20 ◦C. The dried collagens were labeled
acetic-acid-soluble bone collagen (AASC), lactic-acid-soluble bone collagen (LASC), and
citric-acid-soluble bone collagen (CASC).
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Figure 6. The procedure of acid-soluble unicornfish (N. reticulatus) bone collagen. AASC: acetic-acid-
collagen; LASC: lactic-acid-soluble collagen; CASC: citric-acid-soluble collagen.

4.3. Analyses
4.3.1. Yield and Hydroxyproline (Hyp) Measurement

The yields of collagens (AASC, LASC, and CASC) were measured according to the
formula developed by Jongjareonrak et al. [54], as noted below:

Yield (%) =
Weight of dried collagen

Initial weight of unicornfish bone
× 100 (1)

The Hyp content (mg/g) of extracted collagens was determined using an established
procedure [55]. The lyophilized collagens were subjected to hydrolysis by adding a strong
acid solution (6 M of HCl) at high temperature (110 ◦C) for 24 h. Afterwards, the hy-
drolysates were filtered through a Whatman filter paper No. 4 (Sigma-Aldrich, St. Louis,
MO, USA). The filtrates were subsequently adjusted with 2.5 M NaOH solution to achieve
pH of 6.5–7.0. Approximately 0.2 mL of hydrolysates was transferred into prepared test
tubes and 0.4 mL isopropyl alcohol added. Subsequently, 0.2 mL of oxidant solution was
added to the solutions and they were allowed to stand at room temperature for 5 min. After
that, a total of 2.3 mL Ehrlich’s reagent solution was dropped in and mixed thoroughly.
The mixtures were then heated in a water bath (Memmert, Schwabach, Germany) at 60 ◦C
for 25 min. After heating, the treated samples were cooled for 10 min at room tempera-
ture. The cooled samples were further diluted with an isopropyl alcohol (up to 10 mL).
Absorbance against distilled water was determined at a wavelength of 558 nm using a
spectrophotometer (Agilent Cary 60, Santa Clara, CA, USA). Hyp standard solution (10 to
70 ppm) was also prepared in this current study.

4.3.2. Color Attributes

Color attributes of AASC, LASC, and CASC samples were determined as described by
Ismail et al. [56] using a colorimeter (ColorFlex CX2379, HunterLab, Reston, VA, USA). The
attributes examined were L* (lightness), a* (redness: green to red), and b* (yellowness: blue
to yellow). The whiteness index (WI) of the extracted collagens was calculated using the
following formula [57].

WI = 100 −
[
(100 − L∗)2 +

(
a∗2

)
+

(
b∗2

)]0.5
(2)

4.3.3. Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis (SDS-PAGE)

SDS-PAGE analysis of unicornfish bone collagens was conducted using a Mini-PROTEAN
electrophoresis system (Bio-Rad Laboratories, Hercules, CA, USA). We used the established
method from Laemmli [58] with minor amendments. Each dried collagen (around 2.5 mg)
was dissolved in SDS solution (5%) and mixed thoroughly. The mixture was treated with
high thermal condition (85 ◦C) using a water bath (Memmert, Schwabach, Germany) for
1 h. After heating, the mixtures were prepared by centrifuging at 8500× g for 5 min to
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remove undissolved matter. Around 15 μL of supernatants was transferred into a mini
centrifuge tube and subsequently, 15 μL sample buffer in the presence and absence of 10%
β-mercaptoethanol (β-ME) was added. After that, the mixtures were reheated at the same
temperature for 5 min and then loaded into polyacrylamide gel composed of 4% stacking
gel and 7.5% resolving gel. The acrylamide gel was electrophoresed with a constant voltage
of 120 volts for 90 min. When electrophoresis ended, the gel was immersed in the staining
solution containing 0.1% (v/v) Coomassie Blue R-250, 30% (v/v) methanol and 10% (v/v)
acetic acid for approximately 30 min. Next, the stained acrylamide gel was destained
with 10% (v/v) acetic acid and 30% (v/v) methanol solutions. The electrophoretic bands
of AASC, LASC, and CASC were compared to the protein marker (Precision Plus Protein
Dual Color Standards).

4.3.4. Ultraviolet–Visible Absorption Spectra

Ultraviolet–visible (UV–vis) absorption spectra of all extracted collagens were deter-
mined using a UV–vis spectrophotometer (Agilent Cary 60, Santa Clara, CA, USA). A total
of 5 mg of lyophilized collagens was dissolved with acetic acid solution (0.5 M), and well
mixed. Next, the mixtures were centrifuged at 8500× g for 15 min to separate solubilized
and insolubilized matters. The solubilized samples were then placed into a quartz cell (its
optical path length was of 10 mm). The spectral wavelengths used in the present study
were arranged from 400 nm to 200 nm with a baseline of acetic acid solution [14].

4.3.5. Attenuated Total Reflectance–Fourier Transform Infrared Spectroscopy (ATR–FTIR)

ATR—FTIR data of the AASC, LASC, and CASC were obtained from FTIR spectrome-
ter (Agilent Cary 630, Santa Clara, CA, USA) as described from our previous study [15]. A
total of 10 mg dried fish bone collagens was placed onto the crystal cell of FTIR spectrometer.
Spectral data were prepared with a resolution of 2 cm–1 throughout a wavenumber range
of 4000–1000 cm–1 for 32 scans against a background spectrum found from clean empty
cells at ambient temperature. The obtained data were then analyzed using a software of
Agilent Microlab.

4.3.6. X-ray Diffraction (XRD) Data

Dried samples (AASC, LASC, and CASC) were scanned using a XRD instrument
(Rigaku Smart Lab®, Tokyo, Japan), with copper Kα applied as an x-ray source. The tube
voltage and current were set up at 40 kV and 50 mA, respectively. The scanning range in
all acid-soluble collagens was prepared by adjusting from 10◦ to 40◦ (2θ) with a speed of
0.06◦ per second. The obtained data were recorded and analyzed by comparing to another
previous research. XRD was carried out using the method of Chen et al. [21].

4.3.7. Differential Scanning Calorimetry (DSC)

A DSC machine (Perkin-Elmer, Model DSC7, Norwalk, CA, USA) was used to obtain
the thermostability value of the extracted collagens from the unicornfish bones. First, the
prepared samples were hydrated by adding deionized water at a ratio of 1:40 (w/v) for 48 h
in a chiller. The hydrates were then weighed from 5 mg to 10 mg into an aluminum pan
(Perkin-Elmer, Norwalk, CA, USA), and tightly sealed. The DSC instrument was previously
calibrated using an indium as a standard, and the sealed samples were subsequently
scanned, ranging from 20 ◦C to 50 ◦C at a rate of 1 ◦C per minute. An empty pan was used as
a reference. Thermostability in all samples was determined using the maximum transition
temperature (Tmax), which was collected from the endothermic peak of thermogram, and
the total denaturation enthalpy (ΔH) was recorded from the area of thermogram [59].

4.3.8. Scanning Electron Microscopy (SEM)

Morphological evaluation of the AASC, LASC, and CASC samples was carried out
using a scanning electron microscopy (Carl Zeiss, model MA 10, Germany). Prior to
scanning, all acid-extracted collagens were sputter-coated with the gold for 5 min using a
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coater device (JEOL JFC-1200, Tokyo Rikakikai Co., Ltd., Tokyo, Japan). Next, all coated
samples were imaged with a magnification (500×) [52].

4.3.9. Solubility Study

Solubility of acid-soluble collagen was assessed at different sodium chloride (NaCl)
concentrations and pH conditions. The procedure used was as described by Matmaroh
et al. [59]. For solubility in NaCl, different NaCl concentrations (0–60 g/L) were used.
Approximately 5 mL of solubilized collagens was prepared and transferred into 5 mL
of different NaCl concentrations. The mixtures were then stirred continuously using a
magnetic stirrer (ST0707V2, Selangor, Malaysia) for 30 min in a chiller. The mixtures
were centrifuged (8500× g) for 10 min after being dissolved. For pH treatment, the dried
collagens were added to 0.5 M of acetic acid solution. Afterwards, the dissolved samples
were adjusted with different pH, from pH 1.0 to pH 11.0. The 2.5 N HCl and 2.5 N
NaOH solutions were used for pH adjustment. The pH-adjusted samples were stirred
for 2 h and subsequently centrifuged at 8500× g for 10 min. To determine percentage of
relative solubility (% RS), all solubilized collagens (treated by different NaCl or pH) were
subjected to protein measurement using the method of Lowry et al. [60], with bovine serum
albumin (BSA) used as a standard. The RS (%) of all samples was measured using the
following equation:

Relative solubility (%) =
Current concentration of protein at current NaCl or pH

The highest concentration of protein
× 100 (3)

4.4. Statistical Analysis

Experiment in this study was carried out in triplicate, and collected data are presented
as means with standard deviation. One-way ANOVA was applied, and Duncan’s multiple
range test was used to compare means with a significant effect signed in p < 0.05 under a
SPSS Statistics version 28.0 (IBM Corp., Armonk, NY, USA).
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Abstract: Polylactic acid (PLA) is a biodegradable polyester polymer that is produced from renewable
resources, such as corn or other carbohydrate sources. However, its poor toughness limits its
commercialization. PLA composites can meet the growing performance needs of various fields,
but limited research has focused on their sustainable applications in sports. This paper reviews the
latest research on PLA and its composites by describing the characteristics, production, degradation
process, and the latest modification methods of PLA. Then, it discusses the inherent advantages of
PLA composites and expounds on different biodegradable materials and their relationship with the
properties of PLA composites. Finally, the importance and application prospects of PLA composites in
the field of sports are emphasized. Although PLA composites mixed with natural biomass materials
have not been mass produced, they are expected to be sustainable materials used in various industries
because of their simple process, nontoxicity, biodegradability, and low cost.

Keywords: PLA; biocomposites; biodegradation; sports equipment manufacturing

1. Introduction

The continuous advancement of science and technology has increased the global
demand for natural resources, leading to frequent problems, such as material shortages
and environmental pollution. Rapidly depleting oil reserves, greenhouse gas emissions,
and the large-scale use of oil-based products have resulted in a lack of biodegradable
products, prompting researchers to explore biodegradable, renewable, and recyclable
materials. Polylactic acid (PLA) is a biodegradable bio-based aliphatic polyester that can
be extracted from 100% renewable resources, such as corn, potatoes, and sugarcane [1].
Compared with traditional petroleum-based composite materials, PLA has a low density,
low cost, good plasticity, and rigidity. PLA possesses excellent workability, making it an
ideal choice for 3D printing sports equipment. 3D printing can be used to adjust the density
and structure of a material according to specific requirements, allowing for personalized
customization and innovative designs based on individual measurements and particular
needs. This can achieve an ideal combination of lightweight and high strength to ensure
that PLA sports equipment does not impose excessive burdens on athletes, enhances
athletic performance, and protects different individuals. Although PLA possesses many
characteristics suitable for the fabrication of sports equipment, more research is needed.
Figure 1 compares the characteristics of bioplastics and petro plastics, showing that PLA
occupies a crucial position in the biopolymer market and plays a vital role in various
fields, such as in automotive, aerospace, construction, defense, food packaging, and sports
equipment applications [2–5].
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Figure 1. Properties of bioplastics and petro plastics (adapted from Refs. [6,7]).

PLA is an extracted thermoplastic that is suitable for manufacturing composite materi-
als using various methods, such as injection molding, extrusion molding, and compression
molding [8]. Increases in the annual supply of PLA (Figure 2) and competitive petroleum
costs are key factors driving researchers to develop new PLA-based biocomposites. PLA
can biodegrade and bioaccumulate, which helps reduce production and waste disposal
costs. PLA can also be treated by landfilling, incineration, or pyrolysis. More than 50%
(2.8 kg CO2/kg PLA) of the released CO2 in the PLA life cycle is released during its conver-
sion. By optimizing the conversion process of PLA, there is tremendous potential for PLA
to become a low-carbon material [9].

 

Figure 2. Global production capacity of PLA (adapted from Ref. [10]).

This report discusses the latest developments in the research and development of
PLA and its composites. It first outlines the basic structure, characteristics, production,
degradation process, and latest modification methods of PLA, and it discusses the inherent
advantages of selecting PLA composite materials and focuses on the relationship between
different biodegradable materials and their performance in the final PLA composite ma-
terials. Then, it introduces the application prospects of PLA composite materials in the
field of sports. Finally, it discusses the challenges faced by PLA composite materials and
competing materials.

2. Overview of PLA

PLA is an entirely biodegradable polymer hailed as one of the most promising bio-
based polymers because of its biocompatibility, biodegradability, high mechanical strength,
nontoxicity, nonirritation, and processability. PLA can be synthesized by low-energy
processes, and it is independent of petroleum resources. Microorganisms can decompose
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waste PLA into H2O and CO2. After photosynthesis, CO2 and water are converted back
into substances such as starch, which can be used as raw materials to resynthesize PLA,
thereby realizing a carbon cycle process [11] that does not pollute the environment.

2.1. PLA Structure

Lactic acid molecules contain a chiral asymmetric α-carbon atom and exhibit optical
activity that can be divided into two configurations: left-handed (L) and right-handed
(D). The dehydration of two lactic acid molecules forms three optical isomers of lactide:
L-lactide, D-lactide, and meso-lactide. L-lactide is cheaper because it is naturally occurring.
The content of D-lactic acid changes the crystallization behavior of PLA, including different
crystallization rates, multiple crystal types, different scales, and layer thicknesses. The
crystal morphology is closely related to the mechanical properties of the polymer: the larger
the PLA crystal, the more defects in the interior and on the surface of the crystal, and the
poorer the mechanical properties of the resulting material [12]. Like L-lactide, meso-lactide
is a cyclic diester with two chiral carbon atoms that are not optically active. PLA synthesized
via lactide ring-opening polymerization (ROP) has three different stereo configurations:
left-handed polylactic acid (PLLA), right-handed polylactic acid (PDLA), and racemic
polylactic acid (PDLLA) [13]. Figure 3 shows the three stereo configurations of PLA. The
properties and applications of these PLA stereo configurations depend on the molecular
weight, molecular weight distribution, crystal structure, and melt rheological behavior.

Figure 3. Three-dimensional configuration of PLA (adapted from Ref. [13]).

2.2. Properties of PLA

PLA is a member of the family of aliphatic polyesters and has the essential char-
acteristics of universal polymer materials. PLA has a tensile strength similar to that of
polyethylene terephthalate (PET), approximately 54 MPa, while its tensile modulus is
3.4 GPa, which is slightly higher than that of PET [14,15]. The mechanical properties of PLA
are greatly affected by its molecular weight (Mw). When the molecular weight doubles
from 50 kDa to 100 kDa, the PLA’s tensile strength and elastic modulus also double [16].
The mechanical properties of PLA depend on its semicrystalline structure, amorphous
structure, and crystallinity. Semicrystalline PLA shows greater mechanical properties than
amorphous PLA. Upon increasing the PLA crystallinity and decreasing the molecular chain
mobility, the elongation at the break of the material decreases, while the tensile strength
and modulus increase. Table 1 shows the properties of PLA and its different stereo con-
figurations. In addition, the stereochemical structure of lactic acid-based polymers can be
controlled by copolymerizing L-lactide, D-lactide, D, L-lactide, and meso-lactide to slow
the crystallization rate, which significantly impacts the mechanical properties [17,18].

The environmental degradation process of PLA occurs in two steps: hydrolysis and
microbial degradation. PLA first undergoes the hydrolytic cleavage of ester bonds, degrad-
ing into PLA oligomers (OLAs) [19]. The hydrolysis of PLA can be catalyzed by acid or
alkali and is also affected by temperature and humidity [20,21]. As hydrolysis proceeds,
the number of –COOH groups in the system gradually increases, which plays a catalytic
role in the cleavage of PLA ester bonds [22]. This makes the degradation of PLA a self-
catalytic process. When the molecular weight of PLA decreases to below 10,000 g/mol,
microorganisms can participate in the degradation process of PLA and eventually degrade
it into H2O and CO2.
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Table 1. Properties of PLA and PLA stereo configurations.

Polymer
Density
(g/cm3)

Glass Transition
Temperature (◦C)

Melting
Point (◦C)

Molecular
Weight (g/mol)

Tensile Strength
(MPa)

Solubility Refs.

PLA 1.25 54–56 120–170 66,000 21–60 Trimethylsilyl [23–25]

PLLA 1.290 55–80 173–178 <350,000 15.5–150
Chloroform,

furan, dioxane,
and dioxole

[25–29]

PDLA 1.248 40–50 120–150 21,000–67,000 15.5–150 PLLA solvents,
plus acetone

[26–28,
30,31]

PDLLA 1.25 43–53 230–240 <350,000 27.6–50

Tetrahydrofuran,
ethyl acetate,

dimethyl
sulfoxide, and

dimethyl
formamide

[25–29]

2.3. PLA Production

Figure 4 shows the synthetic route of PLA. Researchers extract starch from renewable
natural resources, such as corn and potatoes, and ferment it to produce PLA. Traditional
lactic acid fermentation uses starchy raw materials, and some countries have developed
the use of agricultural and sideline products as raw materials for this process. The two
main methods for synthesizing PLA are direct condensation and lactide ROP [32].

Figure 4. PLA synthetic pathways (adapted from Ref. [32]).

2.3.1. Direct Polycondensation

In the late 1980s, the advancement of direct condensation technology significantly
increased the global production of PLA and greatly reduced its costs. Direct condensation
involves preparing PLA by dehydrating and condensing lactic acid molecules. The disad-
vantage of this method is that the reaction system is in a dynamic equilibrium between
condensation and depolymerization, and the high viscosity of the system makes it difficult
to remove the water by-product. The unremoved water causes the depolymerization reac-
tion to proceed, even under vacuum conditions, making it difficult to extract water and
increasing the molecular weight of the PLA. Under a high temperature (>200 ◦C), the PLA
will undergo depolymerization, discoloration, and racemization accompanied by a series
of side reactions, such as ester exchange, which may form differently sized cyclic products.
This results in reduced product properties and poor mechanical properties, which limit their
industrial applications. However, the use of direct condensation to produce PLA is a short
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and inexpensive method. Chen et al. used a combination of direct condensation and melt
polymerization using tetra butyl titanate as a catalyst. They used different vacuum periods,
esterification, and condensation reactions. The results showed that this method reduced the
system’s viscosity, thus helping to remove water and increase the molecular weight [33].

2.3.2. Ring-Opening Polymerization (ROP)

In the early 1990s, Cargill Inc. applied for a patent for a solvent-free process and
new distillation technology based on ROP to convert lactic acid into high-molecular-
weight polymers. This made PLA the second-highest volume bioplastic after starch-based
materials. By utilizing specific microbial strains, natural agricultural materials can undergo
fermentation to produce lactic acid (LA), which is a precursor for PLA [34,35]. The mature
ROP process can make high-molecular-weight and chemically controllable PLA samples
with good mechanical properties by controlling lactide’s purity and reaction conditions.
This is currently the most common method for the industrial production of high-molecular-
weight PLA. The technical difficulties of ROP production lie in the synthesis and purification
of lactide. Lactide ROP, first, generates oligomers via the dehydration–condensation of
lactic acid, and then oligomers are cracked into lactide using initiators, and the lactide,
finally, undergoes ROP to generate PLA. Only high-purity lactide can be used to synthesize
high-molecular-weight PLA with the desirable physical properties. Depending on the
initiator used, lactide ROP can be divided into anionic, cationic, or coordination ROP.
Among them, cationic ROP uses a smaller amount of catalyst, while anionic ROP has high
reactivity and a fast speed [36].

2.4. Modified PLA

According to Refs. [37–39], the low flexibility, elongation, impact resistance, and heat
distortion temperature of PLA results in problems such as low crystallinity, long injection
molding cycle, high moisture sensitivity, and low hydrolysis resistance. Researchers
have used different modification techniques to improve the performance of PLA, such as
copolymers and blending with nanocomposites or other polymers.

2.4.1. Copolymers

PLA is a thermoplastic polymer whose processing temperature is generally between
170 and 230 ◦C. In recent years, researchers have produced self-reinforcing PLA through
techniques such as melt extrusion, stretching, and injection molding without the need for
additives, which retain the biocompatibility and biodegradability of PLA. This method
can also solve the trade-off between the toughness and strength and compatibility of
blends. In addition, Cao et al. [40] designed a new modification process. After isothermal
crystallization, blow molding was carried out below the melting point of crystalline PLA.
A crystal network was formed through stretching and blow-molding to prepare a self-
reinforcing PLA film. The elongation at the break of this film increased by approximately
67.50% and 104.83% in the transverse and longitudinal directions, respectively, and the
tensile strength increased by approximately 45.4 MPa and 78.0 MPa in the transverse and
longitudinal directions. This overcame the trade-off between the toughness and strength.

2.4.2. Blending with Nanocomposites

Chrissafis et al. [41] added 2.5% oxidized multiwalled carbon nanotubes into PLA
and found that the thermal stability of the modified PLA material was greater than that
of pure PLA, and the thermal conductivity increased by about 60%. The hexagonal mesh
structure and stable chemical bonds of oxidized multiwalled carbon nanotubes made
them highly durable, with a decomposition temperature above 1000 ◦C. Since oxidized
multiwalled carbon nanotubes disperse the heat absorbed by PLA, the modified PLA’s
thermal conductivity and thermal stability were enhanced. In addition, oxidized multi-
walled carbon nanotubes acted as heterogeneous nucleating agents in the PLA matrix. The
growth of PLA crystals around the oxidized multiwalled carbon nanotubes shortened the
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induction process of PLA nucleation, accelerated the PLA crystallization, and reduced the
spherulite size. Seligra et al. [42] grafted modified carbon nanotubes onto PLA, which sig-
nificantly increased the conductivity of the modified PLA material to 4000 s/m. The added
carbon nanotubes formed an electron-conducting network that lowered the percolation
threshold, thereby transforming PLA into a conductive polymer. A small amount of car-
bon nanotubes was sufficient to increase the conductivity without affecting the material’s
mechanical properties.

2.4.3. Blending with Other Polymers

Researchers can improve the mechanical properties of polymers by changing the struc-
ture and composition of copolymers. Adjusting the ratio of lactic acid and other monomers
in the copolymer system can produce copolymers with the desired mechanical strength to
improve the mechanical properties of PLA. By utilizing the hydroxyl and carboxyl groups
on the lactic acid segment, different monomers, such as caprolactone (CL), ethylene oxide
(EO), ethylene glycol (EG), and trimethylene carbonate (TMC), can be used to synthesize
PLA copolymers with improved mechanical properties, especially toughness. Li et al. [43]
prepared alternating and random polyurethane copolymers using PLA and polyethylene
glycol (PEG). The alternating polyurethane copolymer had a more controllable structure
than the random polyurethane copolymer and, therefore, showed higher crystallinity and
mechanical properties. Huang et al. [44] developed an electrochemically controlled switch-
able copolymer system and used it to quickly synthesize multisegment copolymers of PLA
and polycarbonate propylene (PPC) without adding external oxidants or reducing agents.
In this way, they exploited the complementary advantages of PPC (toughness) and PLA
(mechanical strength).

2.5. PLA Degradation

PLA is a biopolymer that can also undergo biodegradation under certain conditions
without producing environmental pollution [45,46]. Polymer degradation can be divided
into heterogeneous and homogeneous degradation, also known as surface and intramolec-
ular polymer degradation, which can occur through three different chemical reactions:
(a) main-chain cleavage, (b) side-chain cleavage, and (c) cross-link cleavage. PLA degra-
dation mainly occurs through ester bond cleavage, which splits long polymer chains into
shorter oligomers, dimers, or even monomers. Specifically, the ester bonds of PLA are
cleaved via chemical hydrolysis, and under the action of salicylic acid, they are split into
carboxylic acids and alcohols. These shorter units are small enough to pass through the cell
walls of microorganisms, where they serve as substrates for their biochemical processes
and are degraded by microbial enzymes. PLA can be composted to produce CO2 and H2O,
requiring temperatures near the Tg (60 ◦C) of the polymer and a high relative humidity [47].
The CO2 emissions are offset by the initial absorption during PLA production. Under such
conditions, the degradation time can be as short as 30 days.

Piedmont and Gironi [48] studied the hydrolytic degradation kinetics of PLA at
concentrations of 5–50 wt% between temperatures of 140 ◦C and 180 ◦C. The results showed
that the reaction kinetics did not depend on the concentration of PLA, and the collected
data indicated two different reaction mechanisms. The first mechanism was related to a
biphasic reaction (Ea = 53.2 kJ mol−1), and the second mechanism was associated with a self-
catalytic effect of increasing carboxylic acid groups during the depolymerization process
(Ea = 36.9 kJ mol−1). This effect was previously noted in PLA hydrolysis and lowered
the solution pH. The group’s further work modeled the hydrolysis of PLA at higher
temperatures (170–200 ◦C). The kinetic model described the batch erosion of PLA and
subsequent hydrolysis of oligomers, and the model accurately predicted the conversion and
concentration of oligomers. Under these conditions, PLA could be completely transformed
within 90 min.
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3. PLA Composite Materials

Although PLA has excellent mechanical properties, renewability, biodegradability,
and low costs [49], Figure 5 shows PLA composite degradation process, it is also brittle and
has low heat resistance [50]. Researchers have explored various reinforcement materials
to develop PLA composite materials to overcome these drawbacks [51], such as cellulose,
lignin, silk, PBAT, and PHA. Table 2 compares the mechanical properties of different PLA
composite materials.

Table 2. Comparison of the mechanical properties of different PLA composites.

Reinforcement
Addition of
Fiber (wt.%)

Best Combination
(wt.%)

Tensile Strength
(MPa)

Tensile Modulus
(GPa)

Ref.

Cellulose 30 - 62.3 4.1 [52]
Wood flour 20–40 30 63.3 5.3 [53]

Silk 1–7 5 62.08 2.54 [54]
PBAT 20 - 66.1 1.078 [55]
PHA 20 - 25.4 1.2 [56]

Figure 5. PLA composite degradation process (adapted from Refs. [46,47,57]).

3.1. Natural Fibers

Natural fibers can be divided into plant and animal fibers according to their sources [58].
Generally, combining natural fibers with PLA significantly improves the tensile strength,
flexural strength, elastic modulus, heat distortion temperature, and other properties of PLA
composites. This also enhances their impact resistance and dimensional stability [59,60]
while reducing costs. Therefore, natural fibers are an ideal choice for preparing PLA
composite materials.

3.1.1. Cellulose Nanocrystals

Cellulose nanocrystals (CNCs) are rod-shaped nanoparticles extracted from cellu-
lose through acid hydrolysis. A wide range of sources, including bleached wood pulp,
cotton, and hemp fibers, can be used to produce CNCs [61,62]. Because of their high
specific surface area, high reactivity, high strength, and low density, CNCs are an attractive
reinforcement material.

Since Favier et al. [63] first attempted to use cellulose whiskers to reinforce polymers in
1995, nano cellulose products have been commercialized, which has prompted researchers
to develop PLA/CNCs composite materials. Most studies have shown that CNCs can
be well dispersed in PLA and act as a heterogeneous nucleating agent that affects the
crystallization of PLA [64]. During isothermal or nonisothermal bulk crystallization, the
presence of CNCs reduces the activation energy of PLA crystallization and increases
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the crystallization rate of PLA. Kamal et al. [65] prepared CNCs/PLA composites by melt
blending and found that CNCs acted as a heterogeneous nucleating agent that promoted the
formation of PLA crystals, increased the crystallization rate, and improved the crystallinity.
Karkhanis et al. [66] used CNCs to prepare packaging film with PLA composites. Compared
with a PLA film, the water vapor permeability of the composite film decreased by 40%. The
oxygen permeability decreased by 75%, thus significantly improving the barrier properties
of the thin film. The presence of numerous hydroxyl groups on the surface of CNCs
controlled the degradation performance of the material and enhanced the hydrophilicity of
PLA composites. Shuai et al. [67] introduced CNCs into a laser-sintered PLA scaffold and
found that CNCs, as a heterogeneous nucleating agent, caused the ordered arrangement of
PLLA chains by forming hydrogen bonds between the surface hydroxyl groups of CNCs
and PLLA, thereby increasing the crystallization rate and crystallinity. In addition, since the
mechanical strength of polymers is closely related to their crystallinity, the addition of 3 wt%
CNCs to the PLA scaffold increased its compressive strength, compressive modulus, tensile
strength, tensile modulus, and Vickers hardness by 191%, 351%, 34%, 83.5%, and 56%,
respectively. Adding hydrophilic CNCs also improved the hydrophilicity and degradation
performance of PLLA.

3.1.2. Lignin

Lignin is the most abundant aromatic biomass in nature, accounting for 20–30% of the
weight of wood [57,68]. Most natural lignin (approximately 98%) is currently unused as a
value-added product and is discarded as industrial waste because its chemical structure
in its raw form is fragile and lacks resistance to heat, chemicals, external loads, and other
factors. When lignin is mixed with organic polymers, acetylation reactions reduce the
strength of the hydrogen bonds in lignin molecules, thereby reducing the size of the struc-
tural domains when polymerized lignin is mixed with organic polymers [69]. Interactions
between the hydroxyl groups of lignin and the carboxyl groups of PLA underpin the
production of PLA/lignin composite materials [70].

Spiridon et al. [71] obtained PLA/lignin biocomposites by melt blending, and a
study of the impact of their physicochemical parameters showed that adding different
concentrations of lignin increased the Young’s modulus and tensile strength of the ma-
terial. PLA/lignin biocomposites showed excellent mechanical resistance, remained sta-
ble during a 30-day degradation process, and maintained their dimensional stability in
fluid environments. In addition, lignin did not cause cytotoxicity, demonstrating that
PLA/lignin biocomposites have good biocompatibility. Tanase-Opedal et al. [72] studied
the 3D printing of PLA/lignin biocomposites. Because of the antioxidant activity of lignin,
PLA/lignin biocomposites showed incredibly high antioxidant activity, good extrudability,
and excellent flowability, making them a promising renewable substitute for traditional 3D
printing materials.

3.1.3. Silk Fiber

Silk fiber is a natural animal protein fiber with a higher crystallinity, toughness, and
tensile strength than plant fibers [73]. In addition to having good mechanical properties
and biocompatibility, silk fiber is also easier to process. However, its softness may limit
its applications in fields that require high hardness and rigidity. Therefore, it is necessary
to optimize the properties of silk fiber for specific applications, including by mixing it
with other materials such as PLA to produce tough and rigid materials [74] with improved
mechanical properties. Silk/PLA composites may also show greater biocompatibility,
making them suitable for various sports medicine and bioengineering applications.

Zhao et al. [75] prepared silk/PLA biocomposites by melt blending and found that
adding silk fiber improved the dimensional stability. The presence of silk fiber also en-
hanced the enzymatic degradation of the PLA matrix, thereby controlling its susceptibility
to hydrolysis. Cheung et al. [76] studied the mechanical properties and thermal behavior
of silk/PLA biocomposites and found that their tensile performance was superior to that of
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pure PLA. Therefore, adding silk fiber improved the thermal and physical properties of the
composite, making it suitable for use in medical scaffolds.

3.2. PHA

As a new bio-based polymer material, PHA has diverse structures, various sources,
and biodegradability, biocompatibility, optical activity, piezoelectricity, and gas barrier
properties. They can be naturally biodegraded into CO2 and H2O and are nontoxic to the
soil and air [77,78]. Currently, over 150 different PHA monomers have been discovered
and produced by other bacteria and growth conditions of which PHB, PHBV, PHBHHx,
and P34HB are the four main types. The discovery of these different PHA monomers has
dramatically increased the development of PHA into commercial plastic products [79,80].

Zembouai et al. [81] studied PHBV/PLA blends with different mass ratios and found
that PHBV acted as a nucleating agent for PLA, thus improving the crystallization of PLA,
and the tensile strength and elongation at the break of PHBV/PLA blends were higher
than those of pure PHBV. ePHA is a PHA belonging to the polyhydroxy fatty acid family
with the same chemical structure, biodegradability, and renewability. Takagi et al. [82]
prepared PLA/PHA blends with different compositions by mixing PLA with PHA and
functionalized ePHA containing 30% epoxy groups in the side chains. They found that
the Charpy impact strength of the PLA/PHA and PLA/ePHA blends increased with the
PHA or ePHA content and was higher than that of pure PLA. Functionalizing ePHA with
epoxy side groups enhanced the compatibility of the mix, thereby increasing the tensile
strength and Charpy impact strength of the PLA/ePHA mixture. The blending of PHA
and PLA improved the properties of PHA and also guaranteed the degradability of the
composite material.

3.3. PBAT

PBAT is a biodegradable material produced on large scales and widely used in pack-
aging materials and biomedical fields. PBAT has good processability and can toughen and
modify other polyesters [83], but commercially available PBAT/PLA blends often exhibit
macroscale phase separation and show two glass transition temperatures (Tg), indicating
the poor compatibility of unmodified PBAT/PLA blends. In experimental studies, the
preparation of PBAT/PLA blends usually involves melt blending. At high temperatures
and sufficient time, ester exchange reactions occur between the two polyesters, thereby im-
proving their compatibility [84]. By increasing the PBAT content within a specific range, the
mechanical properties of PLA/PBAT composites, such as impact strength and elongation
at break, can be improved [85].

Arruda et al. [86] prepared PLA/PBAT blends using an epoxy-functionalized chain
extender and investigated the effect of 0.3% and 0.6% chain extenders on the mechanical
properties, thermal properties, and microstructure of PLA/PBAT blends with ratios of
40/60 and 60/40. In the blend containing 40% PLA and no chain extender, the microstruc-
ture was significantly affected by the chain extender. PLA exhibited a fibrous dispersed
phase, appearing elongated in the film stretching direction. In the mixture containing 60%
PLA and no chain extender, PBAT displayed a large, belt-like structure in the middle of
the film, with an overall skin-core design. The chain extender increased the crystalliza-
tion temperature of PLA in both blends with different ratios and reduced the crystallinity
of PBAT.

3.4. Methods for Manufacturing PLA-Based Composites
3.4.1. Microcellular Injection Molding

Microcellular injection molding was first proposed in the 1980s by Nam et al. [87]. The
formation of pores in microcellular foams proceeds via four main stages: construction of a
polymer/supercritical fluid homogeneous system, bubble nucleation, bubble expansion,
and cooling and solidification [88–91]. Microcellular foam injection molding can be used
to produce microcellular foam products with micropores, with millions of pores per unit
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volume. Compared with nonfoamed substrates, microcellular foam materials exhibit at
least a four-fold higher fracture toughness and impact resistance [92].

3.4.2. Extrusion Molding

Extrusion molding can be divided into continuous and intermittent types based on
the different pressures used during extrusion. Continuous extrusion applies pressure with
the rotation of a screw to uniformly plasticize the material inside the barrel. The material
undergoes mixing and heating through the action of the screw during the extrusion process,
resulting in good material uniformity [93]. Intermittent extrusion applies pressure to the
material through a plunger. While this provides a higher pressure than screw extruders,
its ability to generate significant shear action is limited, and its operation is discontinuous,
which limits its application range [94].

3.4.3. Compression Molding

Compression molding is a standard processing method for PLA. During compression
molding, PLA particles are placed in a heated mold, and pressure is applied to liquefy and
flow the material at high temperatures [95]. As the material cools, it resolidifies and shapes
the mold. The final product’s body, size, and performance can be controlled by adjusting
the temperature, pressure, and holding time. Compared with other molding methods,
compression molding has lower mold fabrication costs [96].

4. PLA Composites for Sports Applications

The global production capacity of all biodegradable plastics, including PLA, is ex-
pected to increase rapidly to approximately 1.33 million in 2024 [6], with primary ap-
plications in the automotive industry, electronic components, and sports equipment. In
the automotive industry, 3D printing has had a revolutionary impact by enabling the
rapid fabrication of lighter and more complex structures. For instance, in 2014, Local
Motors manufactured the first electric car using 3D printing. The automotive industry
utilizes 3D printing during the improvement stage to explore various alternative solutions
to promote ideal and efficient car design. 3D printing can also reduce material waste
and consumption [97]. Because of the ability of 3D printing to create highly integrated
three-dimensional multifunctional structures, many researchers have actively explored this
emerging technology to fabricate geometrically complex and biocompatible devices and
scaffolds. These include biosensors, electrically stimulated tissue-regenerating scaffolds
and microelectrodes [98,99]. New technologies for producing high-molecular-weight PLA
have expanded their applications in recent years. PLA is becoming a popular substitute for
petroleum-based synthetic polymers (PETs, polystyrene (PS), polyethylene (PE), etc.) in
various fields, particularly the sports industry [100,101], as shown in Figure 6.

4.1. Sportswear

PLA fiber is a biodegradable synthetic fiber that is refined and fermented from starch
sugar in corn, beets, or wheat. It is a new type of polyester fiber in the textile industry. PLA
fiber is 100% compostable and reduces the Earth’s carbon dioxide levels throughout its
entire life cycle. The cross-section of PLA fiber is generally circular with a smooth surface.
Its load–elongation curve is similar to that of wool, while its toughness is lower than that
of cotton. PLA fiber has good core absorbency and fast moisture management. Therefore,
by blending PLA fiber with cotton, the moisture transmission properties of cotton fabrics
can be improved. Guruprasad et al. [102] developed a sports textile by combining cotton
and PLA at a ratio of 65:35. Then, they tested the moisture management performance,
moisture vapor transmission rate, and thermal performance of the cotton/PLA blended
fabric. Experiments showed that the mixture of PLA fiber and cotton provided improved
moisture management performance. The liquid transfer rate of cotton/PLA blended fabric
was faster than that of 100% cotton fabric. The cotton/PLA composite fabric had a high
unidirectional transmission capacity, spreading speed, and bottom absorption rate, giving
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it a higher OMMC value and allowing it to transfer sweat to the other side faster. The
moisture vapor transmission rate of the cotton/PLA blended fabric was 14% higher than
that of the 100% cotton fabric, which helped liquid moisture diffuse quicker, making it an
ideal material for sportswear.

 

Figure 6. PLA applications in the sports industry.

4.2. Helmets

Raykar et al. [103] used PLA plastic to manufacture a bicycle helmet through a com-
bination of fused deposition modeling (FDM) and 3D printing. PLA plastic filaments
were used and melted and deposited using layer-by-layer heat extrusion onto the building
platform of the 3D model until the entire exterior of the helmet was covered in PLA plastic.
After cleaning and trimming, a PLA bicycle sports helmet was produced. Experiments
proved that the 3D printed PLA bicycle sports helmet had high safety, good breathability,
and lighter weight, thus balancing the safety and comfort of the athlete.

4.3. Protective Sports Gear

Traditional protective sports gear has a structure consisting of a hard outer shell made
of a thermoplastic material and an inner soft foam padding. Currently, there are new “soft
shell” technologies for sports protectors based on the use of soft polymer foams typically
made of polyurethane or polyacrylate with good cushioning properties. During the manu-
facturing process of sports protectors, soft polymer foams can be combined with PLA. Soft
polymer foams are used as the internal cushioning material. In contrast, PLA can be used
as the outer shell material to improve sports knee protectors’ lightweight, breathability, and
comfort properties, thus achieving better protection results. Yang et al. [104] used tensile
materials (PLA and thermoplastic polyurethane (TPU)). They tested them through 3D
printing prototyping and compared the results with calculated predictions to evaluate the
possibility of using tensile materials in sports protectors. The results showed that the tensile
material had a high fracture toughness, high shear modulus, superior specific strength,
compressive indentation resistance, strong energy dissipation, and a controllable strain
penetration rate, making it suitable for protective sports gear to reduce the risk of injuries.
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4.4. Surfboards

The source of power for a surfboard comes from the movement of waves, and the
significant impact force generated by an impact wave can often break a surfboard, mainly
when materials such as fiberglass are used in its production. In recent years, researchers
have turned their attention to biodegradable materials. Soltani et al. [105] used the finite
element method (FEM) and 3D printing to manufacture a surfboard with a uniform honey-
comb core structure based on a PLA composite material. They then conducted three-point
bending experiments and used accurate finite element tools to simulate surfboards with
different core structures. The PLA composite material surfboard passed the three-point
bending test, and the overall volume of the surfboard remained unchanged.

4.5. Sports Medicine Tools

Because of the biocompatibility and biodegradability of PLA when in contact with
mammalian bodies, it has been widely used in the biomedical and pharmaceutical fields [106]
to manufacture screws, pins, surgical sutures, stents, etc. [107,108]. The unique properties
of PLA make it suitable for reinforcing rotator cuff repairs and can help heal tendon
tissues in various body parts. PLA and its copolymers are often used in orthopedic
surgery to manufacture artificial bones and joints, providing a temporary structure for
tissue growth, which eventually decomposes. Koh et al. [109] used PLA-reinforced suture
anchors to suture and repair tendons separated from the bone. The tensile strength of PLA
is approximately 1200 N, and it can be manufactured to the required size. The experiment
showed that adding a PLA scaffold to the bone bridge increased the fixation strength by
1.3 times. The use of PLA scaffolds showed significant advantages when used to fix the
rotator cuff.

4.6. 3D Printed Sports Equipment

Compared with traditional printing materials, PLA produces almost no harmful gases
and has a lower shrinkage rate, making it ideal for 3D printing sports equipment. Protective
gear, such as mouthguards, helmets, and shin guards [110], can be 3D printed using PLA,
providing athletes with customizable, comfortable, and lightweight equipment. Because of
its biocompatibility, PLA is the preferred material for 3D printing protective gear, as it can
be safely used in contact sports without causing harm to athletes. In addition to protective
gear, PLA can be used to 3D print bicycle frames, kayak paddles, and skis [111]. PLA’s
mechanical properties and biodegradability make it an attractive alternative to durable
materials, such as plastics, metals, and other traditional materials for sports applications.

4.7. Limitations of PLA Composites in Sports Applications

Compared with traditional petroleum-based plastic sports equipment, the green dis-
posal of idle sports equipment meets the requirements of sustainable development. Sports
equipment made of PLA composites can be used safely and decomposes after being dis-
carded, which can prevent environmental pollution. In addition, PLA has a lower density,
allowing for the production of relatively lightweight sports equipment. Through 3D print-
ing, PLA enables personalized customization, offering more possibilities for the innovative
design of sports equipment. However, as a linear thermoplastic polyester, PLA’s strength
may not meet the requirements of certain sporting equipment in specific environments.
For example, because of PLA’s high brittleness and low elongation at break [25], sports
equipment made from PLA composite materials are more susceptible to rupturing during
contact sports. Additionally, prolonged exposure to sunlight can cause a decrease in the
molecular weight of PLA composite materials [112], potentially impacting the mechanical
performance of outdoor sports equipment.

5. Conclusions

PLA is a natural, renewable, and low-cost biodegradable material, but its inherently
poor toughness limits its broader applications. By adding reinforcement materials to de-
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velop PLA composites, it can adapt to the increasing performance requirements of various
fields. Compared with most inorganic and synthetic fibers, natural fibers have abundant
sources, low prices, complete degradability, low energy consumption, and environmental
friendliness. In the future, appropriate additives, modifications to polymerization con-
ditions, and reinforcement techniques will be employed to enhance the strength of PLA
and meet specific needs. At the same time, by developing low-cost reinforcement mate-
rials and optimizing formulations and processing methods, the manufacturing costs of
PLA composites can be reduced. Their performance can be improved to meet various
environmentally friendly applications, including sports equipment manufacturing. Cur-
rently, the application of PLA composites in the sports field is expanding. Compared with
petroleum-based materials, the mechanical properties of PLA composites still need to be
improved. However, as biodegradable alternatives to petroleum-based plastics, they still
have tremendous potential.
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112. Mosnáčková, K.; Danko, M.; Šišková, A.; Falco, L.M.; Janigová, I.; Chmela, Š.; Vanovčanová, Z.; Omaníková, L.; Chodák, L.;
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Abstract: Bioplastics are one of the possible alternative solutions to the polymers of petrochemical
origins. Bioplastics have several advantages over traditional plastics in terms of low carbon footprint,
energy efficiency, biodegradability and versatility. Although they have numerous benefits and are
revolutionizing many application fields, they also have several weaknesses, such as brittleness,
high-water absorption, low crystallization ability and low thermal degradation temperature. These
drawbacks can be a limiting factor that prevents their use in many applications. Nonetheless,
reinforcements and plasticizers can be added to bioplastic production as a way to overcome such
limitations. Bioplastics materials are not yet studied in depth, but it is with great optimism that their
industrial use and market scenarios are increasing; such growth can be a positive driver for more
research in this field. National and international investments in the bioplastics industry can also
promote the green transition. International projects, such as EcoPlast and Animpol, aim to study
and develop new polymeric materials made from alternative sources. One of their biggest problems
is their waste management; there is no separation process yet to recycle the nonbiodegradable
bioplastics, and they are considered contaminants when mixed with other polymers. Some materials
use additives, and their impact on the microplastics they leave after breaking apart is subject to debate.
For this reason, it is important to consider their life cycle analysis and assess their environmental
viability. These are materials that can possibly be processed in various ways, including conventional
processes used for petrochemical ones. Those include injection moulding and extrusion, as well as
digital manufacturing. This and the possibility to use these materials in several applications is one of
their greatest strengths. All these aspects will be discussed in this review.

Keywords: bioplastics; biopolymers; conventional polymers; biodegradability; renewable resources; LCA

1. Introduction

The use of polymeric materials is widely spread around the world. These materials
have significant advantages compared with other, more conventional materials, such as
metals and wood, mainly because of their properties and performance.

It is estimated that 99% of these polymeric materials come from fossil fuels. These
plastics entail several issues since their primary raw material is a hazard to environment
conservation [1].

The durability and degradability of these materials are two contradictory topics. For
most applications, it is favourable that the material maintains specific properties throughout
time, but it is also desirable to discard them easily after their use. There are some alternative
processes usually used to manage this kind of waste: recycling (one of the most sustainable
waste management processes but requires a controlled process to have a final product with
good properties) and energy recovery (allows the production of energy by burning the
waste but ends up producing toxic emissions and greenhouse gases) [2,3]. However, a
massive quantity of material ends up in landfills or even abandoned, and some of it reaches
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the ocean. A long-term study took place on the North Atlantic Sea, where it was observed
a seawater sample contained 580,000 pieces of plastic per square kilometre. This waste
management has created a crisis, since landfills have a limited capacity, high costs and
strict legislation [4].

The remaining percentage of plastics is produced from natural raw materials and are
denominated bio-based plastics or bioplastics [1]. The use of bioplastics dates centuries ago.
In 1500 BCE, Mesoamerican cultures (Maya, Aztecs) used natural rubber and latex to make
containers and waterproof their clothes. However, only in 1862 was the first manmade
bioplastic produced (Parkesine, a bioplastic made from cellulose), created by Alexander
Parkes. The first company to produce bioplastics was Marlborough Biopolymers in 1983.
They produced strips, filaments, chips, panels and powders of bacteria called Biopol. More
recently, in 2018, Project Effective was launched with the goal of replacing nylon with
bio-nylon, and it created the first bioplastic made from the fruit [5].

Although investigations regarding bioplastics have been done for over a century, their
implementation and extensive production is not yet developed. Figure 1 presents a chart of
the last few years’ production and the forecast for the years to come. In 2019, 1.95 Mt of
bioplastic was produced, corresponding to about 0.6% of all plastic production worldwide.

 

Figure 1. Global production capacities of bioplastics 2021–2026. Adapted from European Bio-
plastics, “Bioplastics Market Development Update 2021”. https://docs.european-bioplastics.org/
publications/market_data/Report_Bioplastics_Market_Data_2021_short_version.pdf (accessed on
29 December 2022) [6].

The small production of these plastics is mainly due to their more expensive manu-
facturing and generally inferior mechanical properties compared to fossil-based polymers.
However, it is necessary to develop these materials to have a sustainable alternative to
petrochemical materials [7]. This paper will discuss current scenarios and the inherent
production limitations and present the pros and cons of producing and using bioplastics
to replace some petrochemical-based polymers. While several reviews on biopolymers
have been extensively published [8–11], the contribution of this review is to gather cur-
rent knowledge in several aspects and present the latest discoveries in this topic. We
have selected the most representative biopolymers and composites and present new ones.
Several applications are described, and processing techniques are discussed. Moreover,
some fundamental approaches to bioplastic waste management are presented. Lastly, we
highlight legislation and policies that can contribute to promising future perspectives for
innovation for the green transition.
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2. Materials

The European Bioplastics organization classifies bioplastics as “plastics based on re-
newable resources or as plastics which are biodegradable and/or compostable”. When it
is possible to decompose a polymer into carbon dioxide (CO2), methane, water, inorganic
compounds or biomass through an enzymatic process using microorganisms, the polymer
is considered biodegradable. It is possible to compost some of these materials under con-
trolled conditions [12]. Based on this definition, it is possible to organize this classification
in a simple graph represented in Figure 2.

 
Figure 2. Classification of bioplastics according to The European Bioplastics Organization.
Adapted from European Bioplastics, “What are bioplastics?”. https://docs.european-bioplastics.org/
publications/fs/EuBP_FS_What_are_bioplastics.pdf (accessed on 29 December 2022) [13].

In the bioplastic group, they can be classified under three different classes, as shown in
Figure 2: (1) polymers originated from biomass materials, and they can be either modified or
not; (2) polymers extracted from natural or genetically modified microorganism production
and (3) and polymers produced from renewable raw materials with the involvement of
bio-intermediaries. Although only some of these materials are available on a commercial
scale, the most used bioplastics are based on cellulosic esters, starch, polyhydroxy butyrate
(PHB), polylactic acid (PLA) and polycaprolactone (PCL). Figure 3 shows some of the most
used bio-based polymers according to their base of production and raw material [14–16].

Some biopolymers have properties comparable with conventional plastics, such as
LDPE (low-density polyethylene), PS (polystyrene) and PET (polyethylene terephthalate);
some of these properties are important to predict the behaviour of the material during use
and the proper conditions to process it. Some of these characteristics, listed in Table 1, are
the glass transition temperature (Tg), melting temperature (Tm), tensile strength, tensile
modulus and elongation break [2].

Another characteristic important to consider is the rate of crystallinity of the polymer.
It influences a vast quantity of essential properties such as hardness, modulus, tensile
strength, stiffness, crease point and the melting point, making it important to pay special
attention to this property [2].
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Figure 3. Types of bioplastics according to their raw material. Adapted from “Innovation and
industrial trends in bioplastics”, Polymer Reviews vol. 49, no. 2, pp. 65–78, April 2009 [14].

Table 1. Comparison of typical biodegradable polymer physical properties with LDPE, PS and
PET. [2,17–26].

Tg (◦C) Tm (◦C)
MFR

(g/10 min)

Tensile
Strength

(MPa)

Tensile
Modulus

(MPa)

Elongation
Break (%)

Flexural
Strength

(MPa)

Flexural
Modulus

(GPa)

Izod Impact
Strength

(J/cm)

LDPE −100 98 to 115 0.25 to 2300 8 to 20 300 to 500 100 to 1000 9.03 to 932 0.0248 to
1.45 0.343 to 5340

PCL −60 59 to 64 - 4 to 28 390 to 470 700 to 1000 - - -

Starch - 110 to115 1.98 35 to 80 600 to 850 580 to 820 - - -

PBAT −30 110 to 115 - 34 to 40 - 500 to 800 - - -

PTMAT −30 108 to 110 - 22 100 700 - - -

PS 70 to 115 100 1.2 to 100 34 to 50 2300 to 3300 1.2 to 2.5 28 to 106 0.894 to 3.60 0.107 to 2.14

Cellulose - - - 55 to 120 3000 to 5000 18 to 55 - - -

PLA 40 to 70 130 to 180 0.20 to 92.8 48 to 53 3500 30 to 240 0.170 to 159 0.167 to 13.8 0.105 to 8.54

PHB 0 140 to 180 17 to 20 25 to 40 3500 5 to 8 18 16

PHA −30 to 10 70 to 170 - 18 to 24 700 to 1800 3 to 25 40 2 0.260

PHB—PHV 0 to 30 100 to 190 - 25 to 30 600 to 1000 7 to 15 - - 1

PVA 58 to 85 180 to 230 17 to 21 28 to 46 380 to 530 - - - -

Cellulose
Acetate - 115 - 10 460 13 to 15 27 to 72 0.08 to 2.62 0.480 to 4.50

PET 73 to 80 245 to 265 3.5 to 65 48 to 72 200 to 4100 30 to 300 55.3 to 135 0.138 to 3.50 0.139 to 100

PGA 35 to 40 225 to 230 - 890 7000 to 8400 30 - - -

PEA −20 125 to 190 - 25 180 to 220 400 - - -

Another characteristic important to consider is the rate of crystallinity of the polymer.
It influences a vast quantity of essential properties such as hardness, modulus, tensile
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strength, stiffness, crease point and the melting point, making it important to pay special
attention to this property [2].

The values in Table 1 are generic, since it is possible to obtain materials with different
properties with different combinations of monomers or through chemical derivatization or
introduction of additives such as plasticizers, stabilizers, fillers, processing aid and colourants.

Table 2 summarizes some characteristics that may be important for specific applica-
tions listed as guidelines. Some typical applications and the degradability of the discussed
bioplastics are also included in Table 2 [27].

Table 2. Major bioplastic classes, some properties and average degradation time in different environ-
ments [27–29]. (

√
/X: present/absent).

Bioplastic Manufacturer Properties Applications Degradable
Degradation
Time (Days)

Starch—TPS

Novamont (Italy)
Livan (Canada)

Ever Corn (Japan)
Plaststa rch (USA)

√
Thermoplastic

Packaging; Food trays;
Trash bags; Flowerpots

√
In Water

72–236

√
Gas Barrier

X UV-Resistant
√

Biocompatible √
In Soil

X Thermostable
√

Elastic
√ Industrial

Compost
√

Rigid

X Hydrophobic

Polyhydroxyalkanoates—PHA,
PHB and PHV

Minerv (Italy)
Biogreen (Japan)
Biocycle (Brazil)

Green Bio (China)

√
Thermoplastic

Packaging; Adhesives;
Fibers;

Medical implants

√
In Water

15–280

√
Gas Barrier

√
UV-Resistant

√
Biocompatible √

In Soil
X Thermostable
√

Elastic
√ Industrial

Compost
√

Rigid
√

Hydrophobic

Polylactide—PLA

Nature Works (USA)
Biofoam (The
Netherlands)
Ingeo (USA)

Hisun (China)
Biofront (Japan)

√
Thermoplastic

Packaging; Textiles;
Medical implants;

Films

X In Water

28–98

√
Gas Barrier

√
UV-Resistant

√
Biocompatible √

In Soil
X Thermostable
√

Elastic
√ Industrial

Compost
√

Rigid
√

Hydrophobic

Cellulose-Based Polymers

Natural flex (UK)
Tenite (USA)

Biograde (Germany)
Sateri (China)

X Thermoplastic

Wound dress; Textiles;
Air filters; Coatings

√
In Water

14–154

X Gas Barrier

X UV-Resistant
√

Biocompatible √
In Soil√

Thermostable

X Elastic
√ Industrial

Compost
√

Rigid

X Hydrophobic

Protein-Based Polymers

√
Thermoplastic

Cast film; Injection
moulding; Extrusion
sheets; Compression

moulding

√
In Water

36–50

X Gas Barrier
√

UV-Resistant
√

Biocompatible √
In Soil√

Thermostable
√

Elastic
√ Industrial

Compost
√

Rigid
√

Hydrophobic
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2.1. Starch

The synthesis of this bioplastic began in the 1970s and is now produced worldwide
by companies such as Futerro, Novamont, Biome and Biotec [26,27]. Starch is one of the
common names for carbohydrates, along with sugars, saccharides and polysaccharides.
They are formed by photosynthesis when CO2 reacts with water. The chemical symbol is
generically represented as Cx(H2O)y, where x and y are numbers between 3 and 12. Starch
is a type of polysaccharide obtained from floral sources [28]. The production of polymeric
film from starch requires a significant quantity of water or plasticizers (glycerol, sorbitol).
They are used widely worldwide as a substitute for PS in several thermal and mechanical
applications. There are a lot of different possible sources of starch, but the main ones used
are corn, wheat, cassava and potatoes, with 82%, 8%, 5% and 5% starch, respectively. The
raw material is prevalent, and the production process allows obtaining large quantities
of a biodegradable thermoplastic-like material (TPS) with a fair ease of management.
Although starch is not a thermoplastic, starch-based bioplastics melt at high temperatures
(91–180 ◦C) and tend to be fluid under shearing. The use of plasticizers helps to achieve this
behaviour, making it possible to process the material with injection moulding, extrusion
and blow moulding. Plasticizers work embedded between polymer chains, which soften
the material and lowers the glass transition temperature by spacing the polymer chains
apart. There are several processes involved in the conversion of starch into thermoplastic,
such as gelatinization, melting, water diffusion, granule expansion, decomposition and
crystallization. The thermoplastic material forms in the presence of heat and shearing
forces. The energy absorbed melts the original structure and creates new bonds between
the starch and the plasticizer. When the mixture cools down to room temperature and
the granules reswell, a new granule structure is formed, and the thermoplastic material is
produced. The final material has both amorphous and crystalline regions. Cereplast is a
producer of TPS that collects starch from tapioca, corn, wheat and potatoes. Out of 1 t of
potatoes, they are capable of gathering 0.18 t of starch, which produces 0.24 t of TPS when
adding 0.06 t of plasticizer, a process summarized in Figure 4 [12,30–35].

 
Figure 4. Production flow chart of thermoplastic starch (TPS). Adapted from “Bioplastics: Develop-
ment, Possibilities and Difficulties”, Environmental Research, Engineering and Management, vol. 68,
no. 2, July 2014 [36].

Since water has a plasticizer effect on starch, one of the problems of the use of starch is
the effect water and humidity have on it, creating, for example, variations in its mechanical
properties and low resistance to impact. Some derivates of starch have high permeability to
moisture and degrade rapidly in specific applications; solutions used to avoid these prob-
lems might make the final material expensive. Throughout time, the material’s properties
change even when temperature and moisture are controlled, lowering the elongation break
and increasing the rigidness [30].
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Examples of products made of starch bioplastic are grocery bags and trays (rigid or
foamed) used to pack fruits and vegetables. One important material widely used is paper
foam, used to pack items where product protection is essential, for example, in egg boxes
and the packaging of electronic devices [37,38].

2.2. Cellulose

This polymer is a biodegradable polysaccharide made from wood pulp or cotton
linters. Cellophane film starts by dissolving the raw material in a mixture of sodium
hydroxide and carbon disulphide and recast the obtained product into an acid solution
(sulfuric acid) [12,32].

Pure cellulose bioplastic is very hard to be produced; it is not possible to make it in
an industrial environment with standard processes such as thermoforming or dissolution
due to its strong and highly structured intermolecular hydrogen bonding network. For
this reason, it is usually produced industrially as cellulose derivatives, such as cellulose
esters or ethers, which requires extra time and costly chemical purification steps [39].
Some of these derivates are cellulose nanocrystals (CNC), nano-fibre cellulose (NFC),
cellulose acetate butyrate, cellulose acetate and bio-PE, and they are produced by the
esterification or etherification of hydroxyl groups. A lot of derivates need additives to
produce thermoplastics, and some of them are water-soluble [12,40].

Cellophane is transparent, and it can be pigmented. It is common to use it as candy
wrappings, laminates, flower wrapping and pack products ranging from cheese to coffee
and chocolate [33].

2.3. Polyhydroxyalkanoates (PHA)

PHA is a family of biodegradable thermoplastic polymers where more than 160 differ-
ent monomeric units were identified. The most common one is polyhydroxybutyrate (PHB).
PHA is a material regularly used to replace conventional polymers due to their similar
chemical and physical properties. This biopolymer is produced by the fermentation process
in microbial cells (such as Cupriavidus necator, Bacillus sp., Alcaligenes sp., Pseudomonas
spp., Aeromonas hydrophila, Rhodopseudomonas palustris, Escherichia coli, Burkholderia sacchari
and Halomonas boliviensis), and the polymeric material is then recovered using solvents
(chloroform, methylene chloride or propylene chloride) [8,33]. Corn, whey, wheat and rice
bran, starch and starchy wastewaters, effluents from olive and palm oil mills, activated
sludge and swine waste are some examples of material sources for the fermentation pro-
cess. Although the conditions of the fermentation process depend on the demands of the
microbes, temperatures of 30 ◦C to 37 ◦C, along with low stirrer speeds (resulting in low
dissolved oxygen tension), are the conditions used.

Several national and international programmes foster the development and advance-
ment for a green transition. That can be expressed in several projects’ results. In 2010,
the “Animpol” project was developed by the European Commission with the goal of
developing an efficient process that could convert waste streams from slaughterhouses
into improved biodiesel and biodegradable high-value polymeric materials, such as PHA.
The Consortium was able to produce 35,000 t per year of PHA from 500,000 yearly t
of animal waste on an industrial level, as represented in Figure 5. The introduction of
this process in the bioplastic production industry would mean that some of the solvents
used in the production of bioplastics would be eliminated, and the slaughterhouse waste
could be useful to produce added-value products, while nowadays, this waste material is
simply burned [8,32,33,38].

PHB is produced by bacteria, algae and genetically modified plants through enzy-
matic processes. The process starts with the condensation of two molecules of acetyl-CoA
into acetoacetyl-CoA, which is then reduced by acetoacetyl-CoA reductase to produce
β-hydroxybutyryl-CoA. PHB is obtained by the polymerization of β-hydroxybutyryl-CoA.
To harvest the PHB, it is necessary to destroy the cell, since it is present as cysts within the
cytoplasm of the cell [33,39,40].
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Figure 5. Production flow chart of PHA from waste streams from slaughterhouses. Adapted from
“Bioplastics: Development, Possibilities and Difficulties”, Environmental Research, Engineering and
Management, vol. 68, no. 2, July 2014 [32].

Due to its characteristics, PHA is extensively used in medical fields, especially in
tissue engineering. For example, PHA is used in long-term dosage of drugs, medicines,
hormones, insecticides and herbicides, as osteosynthetic materials in the stimulation of bone
growth owing to their piezoelectric properties in bone plates, surgical sutures and blood
vessel replacements. Other products made of this biopolymer are composting bags, food
packaging, diapers and fishing nets [33]. Tianan Biopolymer, BASF, Tepha and Biocycle are
some examples of companies that produce this type of bioplastics [41].

2.4. Polylactide (PLA)

PLA was initially used in combination with polyglycolic acid (PGA) under the name
Vicryl during the 1970s, but its discovery goes back to 1932 when it was discovered by
Carother. At the time, he produced a low molecular weight polylactide by heating lactic
acid under vacuum while removing the condensed water. Nowadays, most of the PLA
produced is used in packaging (about 70%), although its application in other fields has
been increasing, especially in fibres and fabrics. The leading producer of PLA in the
world is NatureWorks® (USA), but other companies stand out, such as Ingeo, Toyobo, Dai
Nippon Printing Co., Mitsui Chemicals, Shimadzu, NEC, Toyota, Biofront (Japan), PURAC
Biomaterials, Hycail, Biofoam (The Netherlands), Galactic (Belgium), Cereplast, FkuR,
Biomer, Stanelco, Inventa-Fischer (Germany) and Snamprogetti, Hisun (China) [2,30,42].

Similar to PHA, PLA is one of the bioplastics considered to have significant potential
to be widely used as a replacement to several fossil fuel-based polymers, such as LDPE and
high-density polyethylene (HDPE), PS and PET [8].

PLA involves different types of sciences to be produced: agriculture, for the growth
of the crops; biological, during the fermentation process; and chemical, for polymeriza-
tion. The PLA monomer is called lactic acid (2-hydroxy propionic acid), and it has two
configurations, L(+) and D(−) stereoisomers, produced by the bacterial fermentation of
carbohydrates (homofermentative and heterofermentative). Lactic acid is produced using
one of two processes, fermentation or chemical synthesis. The first one is usually used in-
dustrially, since it does not depend on other processes’ by-products, it produces L-lactic acid
stereoisomer easier and the manufacturing costs are not as high as the synthesis process.
The homofermentative method is also preferable, since it creates less by-products and lactic
acid with greater yields, and pure L-lactic acid is used to produce PLA. The production
procedure uses Lactobacillus genera such as L. delbrueckii, L. amylophilus, L. bulgaricus and
L. leichmanii under specific conditions (a pH range of 5.4 to 6.4, a temperature range of 38 to
42 ◦C and a low oxygen concentration).
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After the production of lactic acid, it is then polymerized into PLA. There are three
possible processes to do the polymerization: direct condensation polymerization, direct
polycondensation in an azeotropic solution and polymerization through lactide formation.
High molecular weight PLA with good mechanical properties is not easily achieved using the
direct condensation polymerization method. It involves the esterification of lactic acid with
some solvents under progressive vacuum and high temperatures, where water is removed.
The second process is a more feasible way to produce PLA with high molecular weight. The
azeotropic solution reduces the distillation pressure, and using molecular sieves helps the
separation of the PLA and the solvent. Lastly, polymerization through lactide formation is
also used in the industrial environment to produce high-weight PLA. Lactide is a cyclic dimer
formed by removing water under mild conditions and without solvent. As shown in Figure 6,
it is possible to produce 0.42 tons of PLA from 1 ton of corn using processes such as hydrolysis,
fermentation, dehydration and polymerization [32,33,43–45].

 
Figure 6. Production flow chart of PLA by synthesizing corn-based starch. Adapted from “Bioplastics:
Development, Possibilities and Difficulties”, Environmental Research, Engineering and Management,
vol. 68, no. 2, July 2014 [32].

PLA is widely used in the food packaging industry for short and long shelf-life
products. This bioplastic and its blends are also used to make implants, plates, nails
and screws for medical surgery. The application fields are expanding to textile, cosmetic,
automobile industries and the household [33].
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2.5. Polycaprolactone (PCL)

PCL is a synthetic polyester that is produced from crude oil. Since it is a biodegradable
polymer, it is considered a biopolymer.

PCL is regularly used in tissue engineering and biomedical applications due to its
blend compatibility, absorbability, good solubility and low melting point. This is a hy-
drophobic and semi-crystalline material; its crystallinity depends on its molecular weight
(high molecular weight means low crystallinity), which is possible to control using low
molecular weight alcohols. This biopolymer is characterized by its ease to manufacture
and shaping, tailorable degradation kinetics and mechanical properties, making PCL dis-
tinguish itself from other bioplastics.

Initially, when it was studied in the 1930s, this polymer was relatively popular, but
soon, its use decreased significantly for a long time due to its weak mechanical properties in
comparison to other resorbable polymers such as polylactides and polyglycolide. Recently,
this material has regained great interest because of its application in the field of tissue
engineering widely developed in the 1990s. It not only possesses superior rheological and
viscoelastic properties when compared to other polymers, but its ease of processing also
stands out.

Although PCL is a bioplastic biodegraded by specific bacteria and fungi present in
outdoor environments, this polymer is not degradable in animal or human bodies due to
the lack of those organisms. This particularity makes PCL an excellent material to be used
in medicine and tissue engineering fields of study; its degradability is relatively slow when
compared to PLA, PGA and other resorbable polymers, making it an excellent material to be
used “for long-term degradation applications delivery of encapsulated molecules extending
over a period of more than 1 year”. The rate at which this drug release is achieved may be
manipulated by combining PLC with cellulose propionate, cellulose acetate butyrate, PLA
or polylactic acid-co-glycolic acid [46].

2.6. Protein-Based

Protein is a heteropolymer of amino acids with a fibrous and globular structure
arranged by hydrogen, covalent and ionic bonds. Protein-based materials have great
mechanical and barrier to gas and aroma properties than lipids and polysaccharides. By in-
corporating keratin, the material produced has thermal stability, mechanical properties and
flame resistance. Due to their abundance, biodegradability, nutritional value and better film
development capability, packaging is one of this material’s main applications [47]. Other
applications include matrices for enzyme immobilization or controlled-release devices and
in fields where water absorbency and retention are important, such as water-absorbent
materials in healthcare, agriculture and horticulture. With further technological develop-
ment, packaging technology, natural fibre reinforcements, nanotechnology and innovative
product design could be fields to be developed using this type of bioplastic.

To produce products with this material, there are two possible processes, the cast-
ing method (or physicochemical method) and the mechanical method (or thermoplastic
processing). The first process divides itself into three different steps, starting with using
chemical or physical rupturing agents to break the intermolecular bonds that stabilize poly-
mers in their native forms; next, the mobile polymer chains are rearranged and oriented
to the intended shape. Finally, the three-dimensional network is stabilized by allowing
the formation of new intermolecular bonds and interactions. The second method involves
mixing proteins and plasticizers to obtain a dough-like material [31,47]. Techniques that can
be used to observe the molecular reorganization and orientation are based on time-resolved
small-angle X-ray scattering (SAXS) that allows analysing of the anisotropy. Usually, these
techniques are available in research facilities that allow in situ observation. It is possible to,
through in situ experiments, observe the molecular rearrangement and reorganization that
impose levels of preferential orientations [48]. The time-resolved SAXS allows monitoring
the evolution (in time) of changes in the morphological organization.
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2.7. Polyamide 11 (PA 11)

PA 11 or nylon 11 is a nonbiodegradable bioplastic produced from renewable material,
such as castor oil. The polymer is obtained by the polymerization of 11-aminoundecanoic
acid. Although it is nonbiodegradable, PA11 and its composites can be recycled. Due
to its nonbiodegradability, the PA11 has greater longevity than most bioplastics. This
characteristic, along with the high melting point (200 ◦C) and mechanical and chemical
stability, makes it possible to apply it as reinforcement material in the manufacturing
of natural gas piping, water tubing, electrical cables, clips and wires in aerospace and
automobile industries, metal coatings, footwear, badminton racket strings and shuttlecocks.
Other important characteristics are its good resistance to oil and water, high resistance
to ionization radiation, strong resistance to different chemicals, fuels and salt solutions
and its resistance to abrasion and cracking. It has low heat resistance and rigidity, low
resistance to ultraviolet radiation and weak resistance to acetic acid and phenols, and
its electrical properties are highly dependent on the moisture content. However, the
market price is relatively higher than other polyamides. One of the main PA11 producers
is Arkema [47,49,50].

2.8. Spidroin—Spider Silk

Spiders can, in a fraction of a second, under ambient conditions and from renewable
resources, create a material which mechanical properties outperform any manufactured
material: spider silk. It has the potential to be used in a wide variety of fields, for example,
for making high-performance textiles and sports goods, durable components for robotics,
ropes and reinforcements of composite materials and for applications in medicine (spider
silk enhances wound healing and has successfully been used to bridge critical size nerve
defects and as fascia replacements in animal models) [39,51,52]. However, it is currently
not possible to farm spider silk efficiently on large scales because of spiders’ cannibalistic
nature, the difficulty of breeding, the low production rate in captivity and the collection
of silk from spider webs is very time-consuming and not efficient enough for production.
Genetic engineering is the most promising way to produce this material. The plan is to
express the spider silk protein (spidroin) into different kinds of hosts, such as bacteria,
yeast, plant and in the milk of transgenic mammals [40,51,52]. This technique was widely
researched using Escherichia coli, a well-established host for the industrial-scale production
of proteins. Yet, these materials produced do not have as good mechanical properties as
spider silk, so new methods need to be developed. Although spider silk always looks the
same to the naked eye, there are several different types of thread; the same spider can
produce up to seven different types of silk, each one with different mechanical properties.
The strength of these natural threads ranges from 0.02 to 1.7 GPa, and its extensibility
varies between 10 and 500%. Additionally, using the same natural fibres, those spun
technically show different properties than the natural fibres created by the spider, which
shows that this is an important process and is done differently than the technology usually
used. Despite a biomimetic spinning process to process the silk not existing, there are
other alternatives to use this material since recombinant spider silks can self-assemble
into non-natural shapes such as spheres, capsules, films, non-wovens or hydrogels. There
are other concerns regarding solubility, storage and assembly of the underlying spider
silk proteins [53].

3. Bioplastics Composites

The synthetic assembly of two or more materials, a matrix binder and selected rein-
forcing agents, is used for various applications. The goal is to overcome the weaknesses
and increase versatility. The most common fibres exercised in recent times are glass fibres,
carbon fibres, aramid fibres, natural fibres, nylon and polyester fibres. There is a clear
advantage to using natural-based fibres; for example, they are biodegradable, renewable,
available in bulk, cheaper and lighter [54–56].
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3.1. Coating

Coating bioplastics is an excellent technique to improve some of the properties of
these materials; it is specially used to enhance the barrier properties. By applying a thin
layer of other polymers on top of the bioplastic, the tensile strength and elasticity can be
improved, as well as increasing oxygen and water vapour permeability and resistance.
Some examples of usually used coatings are listed below:

• PLA barrier properties (oxygen and water vapour) can be improved by applying a
PLA-Si/SiOx, AlOx (aluminium oxide), PCL-Si/SiOx or PEO-Si/SiOx (polyethylene
oxide) coating.

• When coated with PLA, SPI (soy protein isolate) films tensile strength increases from
2.8 to 17.4 MPa, and the elongation went from 165.7% to 203.4%. However, the water
vapor permeability decreases 20- to 60-fold, depending on the PLA concentration in
the coating solution.

• Nitrocellulose or PVdC (polyvinylidene chloride) coating on cellophane is also used
to improve oxygen and water vapour barrier properties.

• Coating acetylated cellulose film with PHB increases elastic modulus and tensile
strength for films containing 10% or more PHB and a better strain at break for films
containing 15% or more PHB while lowering the water vapour permeability values [8].

3.2. Nanocomposites

For a composite to be considered a nanocomposite, it must have at least one of its
types of particles with dimensions in the nano range. The composite can be classified as
polymer layered crystal nanocomposites (Figure 7a), nanotubes or whiskers (Figure 7b)
and isodimensional nanoparticles (Figure 7c), according to the number of dimensions it
has: three, two or one, respectively [2].

Figure 7. Nanoparticle geometries: (a) layered particles (1D), (b) acicular or fibrous ones (2D) and
(c) isodimensional nanoparticles (3D). Adapted from “Block copolymer nanocomposites” [57].

The use of these materials as reinforcement to other polymers depends on the capacity
of the matrix (continuous phase) to interact with the fibre (discontinuous phase). There
are several ways to mix the phases of the composite; one of them is situ polymerization,
which involves the dissolution of the nanoparticles in the monomer solution before poly-
merization; the addition of the nanoparticles during the extrusion process, a process called
melt intercalation; or solvent intercalation (use of a solvent to enhance the affinity between
the nanoparticles and the matrix). These processes help change some of the composite
properties according to the intention.

Nanoclays are one of the most used fibres as reinforcement of bioplastics. They are
usually used as layered particles of 1 μm. Different affinities between the matrix and the
nanofibers create different interactions: tactoid, intercalated and exfoliated. The first case
occurs when the interaction between the continuous and discontinuous phases is low;
this happens because the clay interlayer does not expand within the matrix, so no true
nanocomposite is formed. When the affinity is moderate, it is possible for a part of the
polymer to penetrate the clay interlayer, since there was some level of expansion of the
fibre; this creates an intercalated structure of matrix and fibre. The last situation entails a
high affinity, the clay disperses into the polymeric matrix, and the layered structure is lost,
forming an exfoliated structure instead [8] (Figure 8).
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Figure 8. Structures of polymer nanoclay composite.

It is also possible to create composites using bigger particles as reinforcement. The
project EcoPlast works with melt intercalation using natural fibres (sawdust, cellulose
and cork) and biodegradable polymers as matrices (such as PLA, PBS (polybutylene
succinate), starch, cellulose and PCL) in several different combinations. The materials used
are represented in Figure 9. They are within different ranges of dimensions and densities,
where (a) (less than 0.7 mm) and (b) (between 0.7 and 1.4 mm) are quite homogeneous.
At the same time, (c) (between 1.4 and 2.8 mm) has very different particles in shape, size
and colouring.

Figure 9. Different batches of sawdust used (a) (less than 0.7 mm), (b) (between 0.7 and 1.4 mm) and
(c) (between 1.4 and 2.8 mm). From the project EcoPlast.

The dispersion of the fibres is affected by the hydrophobic/hydrophilic character
of the polymer and the clay; this can be adapted with chemical modifications such as
cationic exchange, ionomers, block copolymers adsorption and organosilane grafting. Since
a high surface-to-volume ratio leads to better polymer properties, the exfoliated structure
is preferred.

Some of the properties affected are the elongation at break (especially when using
PLA film as matrix); barrier properties, explained by the confinement effect (the molecules
of the polymeric matrix penetrate the dispersed nanoparticles, creating a denser material
and creating a more tortuous path for the water and gas molecules to travel through) and
thermal stability [8].

3.3. Cellulose

Adding cellulose to the bioplastic is another way to influence some properties of the
final material. It is possible to have good adhesion between the fibre and the matrix due to
the chemical similarity between starch and natural fibres. The main effect this addition has
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on the composite is the reduction of water vapour permeability due to the fibres’ highly
crystalline and hydrophobic character, also affecting the Young’s modulus, tensile strength
and the elongation break [8].

4. Processing

To achieve the maximum possible benefits of bioplastics, the processing of these
materials is well established for each one of them, differing between them according to the
characteristics of the specific bioplastic [2].

When processing bioplastics, the technologies used are the same as conventional
polymers; it is only necessary to adapt the parameters used for the specific material
intended to use [58]. Depending on the material, some processes might not be efficient,
sustainable or economically reasonable. That is why it is essential to further research
the processability of biopolymers to make their range of applications wider [59]. Table 3
summarizes some of the most common processes where bioplastics might be modified.

Table 3. Processing possibilities of typical commercial biopolymers. Adapted from “Poly-Lactic Acid:
Production, applications, nanocomposites, and release studies”, Comprehensive Reviews in Food
Science and Food Safety, vol. 9, no. 5, pp. 552–571, September 2010 [2].

Injection
Moulding

Extrusion
Extrusion Blow

Moulding
Cast Film
Extrusion

Blow
Moulding

Fibre
Spinning

Thermo-
Forming

Starch x x x x

Cellulose x x x

PHB x x x x x x

PHB-PHV x x x x x x x

PLA x x x x x x

PBS x x

PCL x x x x x x

PBST x x x x

PBAT x x x

PTMAT x x x x

PVA x x x x x

PP, PE + additives x x x x x x

Starch + PVA x x x x x

Starch + cellulose acetate x x x x x

4.1. Injection Moulding and Extrusion

The possibility of processing bioplastics via injection moulding or extrusion is not
very different compared to processing conventional polymers. Each type of bioplastic
has its own chemical structure, so each material will have different parameters, the same
as happens with conventional plastics. Only a few conditions require some attention;
for example, some bioplastics are sensitive to moisture or heat exposure; therefore, it is
essential to control the drying process of the bioplastics and the long-time cycles in the case
of injection moulding. Thus, it is important to consider these characteristics when choosing
materials, equipment, and resources [60].

4.2. Digital Manufacturing

Several research studies have been developed in the past years with the goal of evalu-
ating the possibility of integrating new bioplastics into production processes usually used
to transform conventional polymers. One in specific was conducted by Sneha Gokhale [61].
The objectives were to “Understanding sustainable 3DP (3D printing) in the context of
bioplastic filaments; Testing commercial bioplastic filaments for sustainability and material
properties; Guiding users in the industry towards green 3DP material and process choices”.
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To achieve this, several polymeric materials were tested in three different phases, evalu-
ating their energy consumption when processed by FDM (Fused Deposition Modelling);
comparing their printability and dimensional accuracy and rating their mechanical prop-
erties (tensile modulus, ultimate tensile strength and elongation). The materials chosen
to test were three Ultimaker standard materials (from the FDM machine used): UM-PLA,
UM-TPLA (talc-injected PLA) and UM-CPE (chlorinated polyethylene), and five mate-
rials available on the online market: ALGA (PLA + Algae), OMNI (PLA based blend),
PLAyPHAb (PLA + PHA from 3DPrintLife), PLAPHA (PLA + PHA from Colorfabb) and
BioPETG (bio-polyethylene terephthalate glycol). The obtained results are summarized in
Figure 10 (about mechanical properties), Figure 11 (print quality) and Figure 12 (regarding
the energy consumption and some material characteristics) [61].

Figure 10. Material Guide for Green 3D printing: mechanical properties. Adapted from “3D Printing
with Bioplastics”, 2020 [61]. Mechanical properties for materials PLAYPHAB and QMNI are estimated
to be similar to PLAPHA and UM-TPLA respectively.

 

Figure 11. Material Guide for Green 3D printing: energy consumption and some material characteris-
tics. Adapted from “3D Printing with Bioplastics”, 2020 [61]. * One unit refers to this reference part
used for universal comparisons.

PLA-based materials bought scored similarly to the standard Ultimaker PLA for print
quality and tensile properties. Although the print quality is likely to improve when building
simpler parts. While BIOPETG, the material used to compare with UM-CPE behaved
slightly better. During the tests, it was verified that the heating of the build plate of the
printer was the parameter that consumed the most energy. With this information, it was
possible to say that materials that require lower building plate temperatures consume less
energy, making them more eco-friendly. It was possible to conclude that new biomaterials
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have characteristics similar to conventional materials, making it possible to substitute
these with greener materials [62]. This technique is widely used to produce a variety
of biomedical devices, such as orthopaedic implants, thanks to the possibility to build
manufacturing customized, low-volume and complex implants. Some filaments are already
made from biological sources and may utilize waste material from producing beer or coffee
grounds as filling. This makes the process eco-friendlier [63].

 

Figure 12. Material Guide for Green 3D printing: print quality. Adapted from “3D Printing with
Bioplastics”, 2020 [61].

4.3. Electrospinning

Electrospinning is a relatively inexpensive process used since the 1930s to produce
fibres on the micro and nano scales using a high voltage (20 kV) as an electrostatic field on
a polymer solution. The polymeric solution becomes electrified and stretches, becoming a
thin fibre. Although it has been under development for a long time, it is still in its relative
developmental infancy in industrial application.

An electrospun mat is usually made with a carrying polymer, ensuring that the mat is
stable and able to incorporate other components. Bioplastics are widely used in biomedical
applications since some materials are required to be biodegradable or biocompatible; PLA
is one of the most commonly used biopolymers [46,64].

5. Applications

The applications of bioplastics are several (Figure 13), for example, food packaging
(with 48% or 1.15 Mt of the total bioplastics market in 2021), consumer goods (11%), fibres
(10%), agriculture (9%), automotive (5%), coating and adhesives (4%), construction (3%),
electronics (3%) and other sectors (7%). It is expected that bioplastics will grow and the
fields of application expand [6].

5.1. Medical Industry

Bioplastics are an excellent replacement for conventional polymer, as they may cause less
allergies than the chemical-based products usually used. They are a sustainable material for
the large amounts of one-time-use products used. Since some bioplastics may be breathable
and allow water vapour to permeate and be waterproof at the same time; they can be used as
sanitary products such as diaper foils, bed underlay and disposable gloves [33].
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Figure 13. Global production capacities of bioplastics in 2021 (by market segment). Adapted
from European Bioplastics “Global production capacities of bioplastics in 2021 (by market
segment)”. https://www.european-bioplastics.org/wp-content/uploads/2021/11/Global_Prod_
Market_Segment_circle_2021.jpg (accessed on 29 December 2022) [65].

5.2. Food Packaging Industry

The use of bioplastics in the food packaging industry has been increasing rapidly. The
materials used in these types of applications require some specific characteristics to achieve
the product’s intended shelf-life time and respect the food safety regulations. The mainly
used bioplastics are PLA, starch and cellulose-based [33].

5.3. Agriculture

Some crops require using blankets of biodegradable plastic on part of their fields to
increase their product yield. Usually, petroleum-based polymers are used, but bioplastics
can achieve the same objective and do not leave residues, unlike conventional polymers.
This makes it possible to reduce labour and disposal costs [33].

6. Bioplastic Waste Management

The waste management process of bioplastics is not as simple as it may seem. Although
some of the process’s parameters are similar to the ones used for conventional plastics, it is
not possible to mix these two types of materials without contaminating either the material
itself or the environment. Another big misconception is the idea that there is no harm
in dumping bioplastics anywhere with degradation assured. This only applies to some
biopolymers, such as those made from seaweed.

The proper way to treat bioplastics is to recycle them mechanically, chemically, or
organically, depending on the material’s capacity to compost or biodegrade (Figure 14). If
a material is compostable, it is possible to obtain enriched compost (a valuable material)
under industrial composting conditions. If the material is not compostable, the ideal
process to use is chemical or mechanical recycling [31,66,67].

6.1. Mechanical and Chemical Recycling

Physical or mechanical recycling is already an established technology. The main
problem with the mechanical recycling of bioplastics is that it is not possible to obtain a
good quality material if more than one type of material is mixed; for example, PLA is a
material widely used in packaging, and it is possible to recycle it mechanically; however it
is difficult to distinguish it from materials such as PET by mere appearance, and this means
that it would be necessary to add additional labelling to enable a correct separation by the
consumers, but before that, it is needed to create a separate PLA recycling stream.
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Figure 14. Waste management process of biopolymers. Adapted from “Bioplastics: A boon or bane?”
Renewable and Sustainable Energy Reviews, vol. 147. Elsevier Ltd., 1 September 2021 [31].

In chemical recycling, unlike the mechanical process, the aim is to reuse carbon and
biogenic substances obtained from waste material to synthesize new plastic materials throw
treatments that can involve hydrolysis/solvolysis, hydrothermal depolymerization and
enzymatic depolymerization. Some of the advantages of chemical recycling are related to
the simplicity of the overall process, and it does not require sorting or thermomechanical
degradation, and it is not a process sensitive to material impurities [31,67].

6.2. Composting

Some materials are specifically designed to be compostable or organically recyclable;
the final product is an enhancer to the soil, providing nitrogen, potassium, phosphorus and
organic matter to the soil. This is an aerobic process divided into three stages, mesophilic,
thermophilic and maturation. The application of these materials in single-use objects, such
as bags, food packaging and cutlery strengthens their industrial utilization. Mechanical
processing is necessary to separate missorted materials, reduce particle sizes for better
bioavailability and mix different organic substrates for optimal dry matter content and C/N-
ratio. It is possible to obtain high-value products that can be used as a soil amendment (due
to the high capacity to hold water because of its organic matter content), biogas, hydrogen,
ethanol and biodiesel.

The composting process at home is very difficult to control, which may result in the
formation of methane gas. This process is more variable and less optimized than industrial
composting, and the temperature achieved is rarely more than a few degrees Celsius above
the ambient temperature [66,67].

6.3. Anaerobic Digestion

Anaerobic digestion aims to degrade organic wastes to biogas and digestate through
four successive phases: hydrolysis, acidogenesis, acetogenesis and methanogenesis. The
process can be operated at psychrophilic (18–20 ◦C), mesophilic (35–40 ◦C) and thermophilic
(50–60 ◦C) temperature regimes, although the last two conditions are more efficient for the
degradation of the bioplastics [67].

6.4. Waste-to-Energy (WTE)

The waste-to-energy process, also known as incineration, is highly influenced by the
capacity of the polymer to degrade in terms of its sustainability, and 56% of the energy comes
from the incineration of biogenic organic MSW (municipal solid waste), which means that at
least half of the process products does not contribute to an increase of CO2 in the biosphere;
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in other words, “incineration of bio-based waste emits CO2 which was recently captured and
will be captured again when new bio-based products are produced, whereas incineration of
fossil plastics emits CO2 that had been sequestered for millions of years” [66].

6.5. Materials
6.5.1. Disposal of PHA

The types of microorganisms capable of degrading PHA are numerous, which makes
this biopolymer easily compostable under industrial and nonindustrial conditions. Home
composting is possible in this case, since the degradation of the polymer may start at 30 ◦C.
PHA is known to improve the soil in which it decomposes, since it increases the diversity
of microbes present in the soil; in turn, this also increases the composting efficiency, as well
as the variety of materials able to be degraded. This means that the separation process
of these materials does not need to be so stringent, saving time and money. The waste
management process of this material is summarized in Figure 15. Industrial decomposition
of PHA takes 124 ± 83 days; under anaerobic digestion, it takes about 31 ± 20 days, while
improperly abandoning this type of material on the soil takes 1–2 years.

Figure 15. Waste management process of PHA. Adapted from “Bioplastics: A boon or bane?”,
Renewable and Sustainable Energy Reviews, vol. 147. Elsevier Ltd., 1 September 2021 [31].

PHA is also degradable in aerobic lagoon water treatment systems, which house a
wide variety of microorganisms. This process is even more efficient than the one occurring
on the soil. It is also possible to degrade these materials in landfills, although a lot slower
and not ideal [31,67].

Although it is possible, it is not feasible to recycle PHA since its properties at high tem-
peratures are very unstable and, if not isolated from other materials, it might contaminate
the final polymer. Chemical recycling is still a method under study; some materials such
as herbicides and plasticizers, among others, can be made from products of the chemical
recycling of PHA [31].

145



Polymers 2023, 15, 517

6.5.2. Disposal of PLA

Initially, the objective of using PLA on single-use plastic items was to transit from
petrochemical plastics to biodegradable bioplastics. However, currently, the disposal
process of these materials is not any different from the conventional plastics, which is not
the most effective method to use. Some manufacturers, such as NatureWorks, have clearly
stated that the materials they produce PLA are to be industrially composted and have even
explained how the process works. PLA is commonly used as a 3D printing filament, and
there are several machines that convert used filament into a new one, making it possible to
recycle these materials more efficiently. The waste management process of this material is
summarized in Figure 16 [31].

Figure 16. Waste management process of PLA. Adapted from “Bioplastics: A boon or bane?”,
Renewable and Sustainable Energy Reviews, vol. 147. Elsevier Ltd., 1 September 2021 [31].

It is hard to determine if a material is truly biodegradable; for example, in the case of PLA,
the enzymes needed to degrade this biopolymer are not present in the natural environment.
This means that to biodegrade PLA efficiently, the environment in which this process occurs
must be controlled, especially its temperature and moisture. PLA needs to be at least 60 ◦C
and with a lot of moisture to catalyse self-hydrolysis of the material. It is hard to achieve these
conditions in home composting, which might lead to the production of inert materials. The
conversion of the polymer to lactic acid is aided by the temperature and moisture available;
this element is then used as a source of nutrients by several types of microorganisms. Under
controlled industrial composting conditions, it takes 84 ± 47 days for the complete degradation
of PLA; using anaerobic digestion takes about 423 ± 76 and 116 ± 48 days in mesophilic
and thermophilic conditions, respectively, while in soil, 4–5 years are necessary for PLA
to disappear.

The end product of the process should be a mix of humus, water and CO2. If not
processed, the remaining lactic acid reduces the soil’s pH, affecting the development of
microorganisms and their activity [31].
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7. Degradation Process

This process may be anaerobic or aerobic, and according to the type of product ob-
tained from the process, biomass or gas and minerals, it can be called complete biodegrada-
tion or mineralization, respectively. Both processes are influenced by endogenous (such as
molecular weight, crystallinity and flexibility of the molecule) and exogenous (temperature,
humidity, pH, availability of oxygen and enzymatic activity) factors, which may directly
affect the entire process. The best outcome regarding the degradation of bioplastics is
composting, since the final products of the process are a soil-like substance called humus,
CO2, water and inorganic compounds, leaving no toxic residues (if no additives were used).
However, it is important to consider that this is only achievable if the right conditions are
met: precisely controlled temperature, humidity, oxygen, etc. Studies show that composting
PLA under natural conditions equals approximately 10–20% efficiency when compared to
the process under a controlled environment [68].

Various degradation mechanisms degrade PHA and PLA; those include physical,
chemical, oxidative, hydrolytic, enzymatic, microbial, photodegradation and thermod-
egradation mechanisms and have been studied by many researchers [69]. The different
mechanisms in which the polymer degradation may occur are linked to the type of diffusion-
reaction phenomenon taking place. When the absorption of water into the polymer is slower
than the hydrolytic chain scission and the diffusion of the monomers into the surroundings
of the plastic, it is said that the degradation is called surface erosion. As represented in
Figure 17a, over time, a thinning of the plastic piece occurs without decreasing the internal
molecular weight of the polymer.

 

Figure 17. Degradation modes for degradable polymers: surface erosion (a), bulk degradation (b)
and bulk degradation with autocatalysis (c). Adapted from [46].

Bulk degradation, on the other hand, happens when water penetrates the entire
volume of the polymer, resulting in its molecular weight decrease throughout the piece
matrix (Figure 17b). If this process does not occur in equilibrium, the erosion does not
occur gradually (water does not penetrate the polymer to hydrolyse the chains, making
it impossible for the monomers to diffuse out). In that case, it is possible that internal
autocatalysis could take place via the carboxyl and hydroxyl end group by-products. The
internal concentration of this autocatalysis may create an acidic gradient, resulting in a
nucleus with a faster degradation rate than the polymer’s surface. The process evolves
with the outer layer with a higher molecular weight than the piece’s interior, as shown
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in Figure 17c. Thus, this polymer is denominated as having a bimodal molecular weight
distribution. In time, with the continuous diffusion of the inner polymer through the outer
layer, the piece turns into a hollowed-out structure [46].

There is, however, an important notion to consider when referring to the degradation
of plastics, which is the possibility of mixing additives with conventional plastics (such as
PE, PP (polypropylene), PS, PET or PVC (polyvinylchloride)) to mimic the biodegradation
process. These materials are called “oxo-biodegradable” or “oxo-degradable” plastics, and
the additives used are usually transition metals such as nickel, iron, manganese and cobalt.
Their main function is to make it easier for the polymer to break down into smaller pieces.
The idea is to allow microorganisms to process the material and convert it into CO2 and
the biomass. This degradation process is called oxo-degradation and is divided into two
different stages: the first is related to the fragmentation of the polymer itself, which is
an abiotic process where the prooxidant actions create an oxidative degradation of the
polymer; in the second stage occurs in the biotic process where microorganisms convert
the products of the previous stage into CO2 and the biomass. However, this process is hard
to predict concerning the time frame in which it takes place, since it depends on the climate
factors such as temperature and intensity of solar radiation.

Oxo-degradable materials, however, are not considered as compostable or recyclable,
as defined according to the standards accepted by the industry (ASTM D6400—Standard
Specification for Labelling of Plastics Designed to be Aerobically Composted in Munic-
ipal or Industrial Facilities; ASTM D6868—Standard Specification for Labelling of End
Items that Incorporate Plastics and Polymers as Coatings or Additives with Paper and
Other Substrates Designed to be Aerobically Composted in Municipal or Industrial Fa-
cilities; EN 13432—Requirements for packaging recoverable through composting and
biodegradation—Test scheme and evaluation criteria for the final acceptance of packaging;
ISO 17088—Specifications for compostable plastics; ASTM D5338—Standard Test Method
for Determining Aerobic Biodegradation of Plastic Materials Under Controlled Compost-
ing Conditions, Incorporating Thermophilic Temperatures and ASTM D5929—Standard
Test Method for Determining Biodegradability of Materials Exposed to Source-Separated
Organic Municipal Solid Waste Mesophilic Composting Conditions by Respirometry); after
the first stage of the process, the fragmented materials, although invisible, are still present
in the environment as microplastics, and there is no guarantee that the entirety of the
material will biodegrade or how long it takes.

In 2019, the European Parliament banned the use of oxo-degradable plastics. Until
then, companies such as Pizza Hut, Nescafe, KFC, Tiger Brands, Tesco Barclay and Walmart
usually used oxo-degradable materials in their products. On the other hand, countries
such as the United States of Emirates, Saudi Arabia, Bahrain and Jordan regularly use
oxo-biodegradable plastics. In Saudi Arabia, since April 2017, many single-use plastics
have been made of these types of materials, and the intention is to expand this utilization.
The available literature is divided regarding the eco-friendliness of these materials, and the
companies that produce these polymers strongly defend their biodegradability [32,70–72].

8. Environmental Viability Assessment

Although bioplastics are known as a green alternative to conventional polymers, some
drawbacks are making it a questionable choice. There are some bioplastics that only break
down in specific conditions or when treated in municipal composters or digesters. When
decomposed in composts, they release methane and CO2 into the atmosphere.

The production of bioplastics is also controversial, because some of them are made
from plants which production requires the occupation of land that could be used to plant
food. Statistics revealed that 0.7 million ha of agricultural land are used to produce
bioplastics (Figure 18). This situation has consequences on food prices and in the economy
of some countries [6,39].
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Figure 18. Land use estimation for bioplastics 2021 and 2026. Adapted from European Bioplas-
tics, “BIOPLASTICS MARKET DEVELOPMENT UPDATE 2021”, * in relation to global agricul-
tural area, ** including approx.. 1% fallow land, *** land-use for bioplastics is part of the 2%
material use. https://docs.european-bioplastics.org/publications/market_data/Report_Bioplastics_
Market_Data_2021_short_version.pdf (accessed on 29 December 2022) [6].

Recently, some studies revealed that, when comparing the production of traditional
plastics and bioplastics, the bioplastics production created more pollutants due to the use
of pesticides and fertilizers when growing the crops, and bioplastics contribute more to
ozone depletion than conventional plastics.

However, recent studies reveal that not only the production of PLA saves two-thirds
of energy when compared to traditional plastics production, but also, the disintegration of
this material does not increase CO2 in the atmosphere. This is possible, because the plant
used as raw material to produce PLA absorbed the same quantity of CO2 as the quantity
released during the degradation of this polymer. Plus, the degradation of PLA in landfills
emits 70% less greenhouse effect gases than conventional plastics. The use of renewable
energies also helps to make the final products greener.

The problem regarding using food sources as raw materials to produce bioplastics is
easily avoided by using crop residues as the base production material, such as stems, straws,
husks and leaves. By using alternative carbohydrate sources, this problem is averted. It is also
possible to use kitchen waste, fish meal wastes and paper sludge as a source of carbohydrates
to produce PLA, making it possible to help the waste management in big cities.

To correctly evaluate the environmental impact and viability of bioplastics, it is neces-
sary to assess all the processes from initial production to the final disposal. An LCA (life
cycle assessment) is usually used to do this. A cradle-to-grave analysis, for example, helps
determine the impact of the use of certain materials and compare them with other ones,
making it possible to evaluate the whole life of products from beginning to end and in each
stage of utilization. Several scenarios are studied, for example, if it is better to recycle or
compost the material, to determine the best possible solution. Recent studies revealed that
incineration or landfilling of bioplastics is not a useful option. It was also concluded that
using PLA and TPS reduces greenhouse emissions by 50 to 70%. PTT (polytrimethylene
terephthalate) and bio-urethanes release 36 and 44% less greenhouse gases, respectively.
Studies have shown that the issues observed during the production of bioplastics are still
less harmful than the use of conventional plastics, and it is possible to address them verified
during the production of bioplastics [2,31,39,73].

There are several factors important to consider when performing an LCA; environ-
mentally, some of the most relevant ones are:
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8.1. Abiotic Depletion

Minerals and fossil fuels are some of the system’s inputs that are important to consider,
since the extraction of these materials affects the health of humans and the environment.
For each extraction of these materials, the abiotic depletion factor is determined. This factor
is measured based on kg of antimony (Sb) equivalents per kg of extracted mineral.

8.2. Global Warming

This is related to the amount of greenhouse gas emissions. Global warming is a hazard
that severely affects the ecosystem, human health and material welfare. The absorption of
infrared radiation changes the climatic patterns and increases the global average temperatures.
This factor is measured based on its kg of CO2 equivalents per kg of emission.

8.3. Human Toxicity

This category does not include health risks in the work environment; the main concerns
are related to toxic substances’ effects on the human environment. The purpose is to
measure the human toxicity potentials, which may include the fate, exposure and effects
of toxic substances for an infinite time. This factor is measured based on its kg of 1,4-DB
(1,4-Dichlorobenzene) equivalents per kg of emission.

8.4. Freshwater Aquatic Ecotoxicity

Similar to human toxicity, the goal is to determine the fate, exposure and effects of
toxic substances in the air, water and soil on fresh water. This factor is measured based on
its kg of 1,4-DB equivalents per kg of emission.

8.5. Marine Aquatic Ecotoxicology

The logic used to determine this factor is the same as the human toxicity and the
freshwater aquatic ecotoxicity; the characterization factor is the potential of marine aquatic
toxicity of each substance emitted into the air, water or/and soil. This factor is measured
based on its kg of 1,4-DB equivalents per kg of emission.

8.6. Terrestrial Ecotoxicity

Once again, the characterization factor is the potential of terrestrial toxicity of each
substance emitted into the air, water or/and soil. This factor is measured based on its kg of
1,4-DB equivalents per kg of emission.

8.7. Photochemical Oxidation

Reactions between NOx (nitrogen oxides) and VOCs (volatile organic compounds)
when in contact with UV (ultraviolet) light create photochemical oxidant smog, leading to
the formation of ozone in the troposphere. This phenomenon depends on the metrological
conditions and the background concentrations of pollutants. This factor is measured based
on its kg of C2H4 (Ethylene) equivalents per kg of emission.

8.8. Acidification

Refers to the increase of potentially toxic elements or the decrease of pH by the
deposition of pollutants such as SO2 (sulphur dioxide), NOx, HCl (hydrochloric acid),
CO2 and NH3 (ammonia), which may affect soil, groundwater, surface water, organisms,
ecosystems and materials. This factor is measured based on its kg of SO2 equivalents per
kg of emission.

8.9. Eutrophication

The deposition of excessive nutrients in a soil or water system, especially phosphates
and nitrates, usually leads to excessive algae growth, potentially damaging life forms in
the system by affecting the ecosystem equilibrium. This factor is measured based on its kg
of PO4

3− (Phosphate) equivalents per kg of emission [68,74,75].
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9. Statistics of Bioplastics

According to European Bioplastics, the production of bioplastics represents only 1%
(2.42 Mt) of all plastic production, and the vast majority was produced in Asia, about 50%.
Europe is the second continent with a greater capacity to produce bioplastics, as shown
in Figure 19. The growth of the last few years is greatly influenced by the incentives of
the European Commission to decrease the dependency on fossil fuels and transition to a
circular economy [33,75].

Figure 19. Global production capacities of bioplastics in 2021 (world map). Adapted from “Global pro-
duction capacities of bioplastics in 2021 (world map)”, https://www.european-bioplastics.org/wp-
content/uploads/2021/11/Global_Prod_Capacity2021_map.jpg (accessed on 29 December 2022) [76].

However, this growth is not yet sufficient to consider it possible to replace the use of
petrochemical plastics with biopolymers. A study developed by Janis Brizga et al. (2020)
revealed that, to achieve this on packaging application alone, it would be necessary to
increase by 8.4 times some of the bioplastics production (Figure 20). Other bioplastics would
even need to increase production by 100 times. Although these values are only theoretical
and no economic feasibility and resource availability are considered, it is possible to observe
that the production of bioplastics is still very far from what it would be necessary to replace
petrochemical polymers [77].

 
Figure 20. Current Bioplastic Packaging Production versus Necessary Production Capacity Source.
Adapted from “The Unintended Side Effects of Bioplastics: Carbon, Land, and Water Footprints”,
One Earth, vol. 3, no. 1. Cell Press, pp. 45–53, 24 July 2020 [77].
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Another study by F. Klein, A. Emberger-Klein, K. Menrad et al. (2019) evaluated
the possible motives influencing the intention to purchase bioplastic products on the
German market. The study concluded that green consumer values, attitudes towards
bioplastic, product experience and interest in information are crucial factors influencing the
community to buy bioplastic products. This means that information and communication
are key aspects for people to choose to use bioplastics. To reinforce this, it was mentioned
that “the purchase intention for bioplastic products measured for all German citizens is
moderate at about 56%. In contrast, about 95% of the consumers with product experience
intend to buy bioplastic products”. This means that, by increasing the promotion of
bioplastics, the community becomes more aware of the importance of using these materials.
One good starting point would be to set standards regarding the end-of-life usage of
bioplastics, eliminating the confusion of some companies and consumers. Therefore, it is
useful to consider the LCA analysis to support the choices made [78].

Numerous analyses can be done regarding the use of bioplastics and the consequences
it has on important issues, such as fossil fuel consumption, economics, pollution, energy
consumption and health.

9.1. Fossil Fuel Consumption

Using bioplastics instead of petrochemical ones can reduce fossil fuel consumption,
since its production does not depend on them. Although it is not yet possible if all
the petrochemical polymers were replaced by bioplastics and considering the energy
used for its production as renewable, the consumption of fossil fuels would decrease 4%
(3.49 million barrels a day). This value surpasses the daily consumption of every country
except the United States, China and Japan. This simplified case reveals that the savings in
oil consumption would be significant [79].

9.2. Economics

Generally, bioplastics are more expensive to produce than petrochemical polymers,
but with the development of production techniques and the instability of oil prices, this
reality tends to shift. For example, Mirel bioplastic made by Metabolix is about double
the price of a petrochemical equivalent. The potential price stability is another benefit
bioplastics have, and with the industry’s growth, the production prices of bioplastics should
decrease [79]. To put it in perspective, Table 4 contains a list of typical market prices for
common bioplastics inputs and polymers.

Table 4. Bioplastics and raw material prices (2018). Adapted from “Green Bioplastics as Part of a Circular
Bioeconomy”, Trends in Plant Science, vol. 24, no. 3. Elsevier Ltd., pp. 237–249, 1 March 2019 [23].

Bioplastic Approximate Price (EUR/kg)

Corn starch 0.34

Lactic acid 1.14

Unbleached dissolving pulp 1.26

Soybean protein isolate 2.02

PLA 1.72

PHA 2.49

Cellulose acetate 21.50

9.3. Energy Consumption

Several examples prove that the energy required to produce petrochemical polymers
is higher than bioplastics. The total life cycle of HDPE requires 73.7 MJ kg−1 of plastic
produced, LDPE uses 81.8 MJ kg−1 and PP 85.9 MJ kg−1. On the other hand, PHB requires
44.7 MJ kg−1 of plastic produced, PLA uses 54.1 MJ kg−1 and TPS 25.4 MJ kg−1. This
represents significant consumption savings, and these values might have even greater
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differences due to the development of the techniques used to produce bioplastics. PLA
energy requirement might reach values as low as 7.4 MJ kg−1.

Hypothetically, if all the PP used in the United States were replaced by PHB, PLA or
TPS, the annual energy savings would be 363, 280 and 529 PJ, respectively. Considering
that it is necessary to use 31,250 metric t of coal to produce 1PJ of energy, the savings would
be enormous [79].

9.4. Pollution

Less pollution is produced by the production of bioplastics when compared with
petrochemical polymers, not only by requiring less energy to be produced and emitting
less CO2 but also by the possibility of recycling these materials. Bioplastics need to have
their own recycling process, but they are not yet produced in enough quantities for that to
happen; for this reason, they are considered a contaminant to the process. In perspective, if
0.1% of bioplastic material mixes with PET during its recycling process, the entire batch
would become useless. It is important, however, to notice that bioplastics are as easily
recyclable as petrochemical ones; they just need to be processed separately [79].

9.5. Health

So far, bioplastics have not been linked to any type of health problem. However, it is
important to consider that the bioplastic industry is still under development, which means
that further studies could reveal some issues with the use of these materials. It is essential
to consider the use of pesticides, used during crop growth, and plasticizers. The prob-
lem with plasticizers is better understood than the bioplastics themselves. Nevertheless,
bioplasticizers with low toxicity can be used in bioplastics [79].

10. Advantages and Disadvantages

Petrochemical-based polymers are a type of material in the process of extinction for
several motives, such as the environmental hazard they usually provoke; their waste
management difficulties; the risk of toxicity for other materials, animals and plants; the
limited oil and gas resources and their increasing prices. However, these disadvantages
are balanced by the low cost and high-speed production of pieces made of these materials,
their high mechanical performance, good barrier properties and good heat stability.

Based on those disadvantages, the utilization of bioplastics works as an alternative.
Bioplastics have a much lower carbon footprint, although if the polymer is biodegradable,
the CO2 stored during the formation of the raw material will be released when it degrades,
unlike the permanent bioplastics, which can be recycled many times while still storing
the CO2 absorbed, but this released CO2 is compensated for by the fact that, during the
growth of some types of bioplastics raw materials (plants), they absorbed the same quantity
of this gas from the atmosphere. For example, 1 kg of bioplastic resign produces about
0.49 kg of CO2, while petrochemical-based polymers produce 2 to 3 kg of CO2. They
make it possible for every country to produce polymeric materials without depending on
countries with petroleum reserves. The production of bioplastics also takes less energy than
conventional plastics.

However, the overall costs to produce bioplastics are higher than the petroleum-
based polymers; nevertheless, it is important to consider the possibility of implementing
several cost reduction mechanisms. Currently, bioplastics are considered to contaminate
the recycling process of other plastics, but this problem is easily overcome by separating it
from conventional plastic from the beginning of the process. The production of bioplastics
might also reduce the available resource reserves usually used as food by-products. The
composting possibility of some bioplastics might create some confusion. These materials
are not compostable in the same way as conventional food waste, as it might be interpreted.
The process requires controlled conditions that can only be achieved under an industrial
composting site. The production, usage and waste management of bioplastics are not yet
under any specific legislation in some countries [2,4,33,80].
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11. Regulation

Currently, bioplastics and biodegradable plastics are identified by the ASTM Inter-
national Resin Identification Coding System as part of group 7 or ‘other’ (Figure 21b), an
identification system developed by the Society of the Plastics Industry in 1988 and admin-
istered by ASTM International since 2008. This means that the polymers included in this
category do not have specified characteristics, and their management process is not defined.
A solution to this problem would be to globalize a symbol easily identifiable identifying
polymers classified as compostable or biodegradable according to proper standards, such
as ASTM D6400, ASTM D6868, EN 13432, ISO 17088, ASTM D5338 and ASTM D5929.
For example, the European Bioplastics created the Seeding logo (Figure 21a) as a label to
identify compostable polymers according to the EN 13432 standard. Usually, this label
goes along with one other created by Vinçotte (taken over by TÜV AUSTRIA Group), the
“OK compost home“, “OK compost industrial“, “OK marine biodegradable“, “OK soil
biodegradable“, “OK water biodegradable“ and “OK biobased“ (Figure 21c), because these
should guarantee complete biodegradability in the light of specific requirements [31,39,73].

 

Figure 21. Labels currently used as compost, biobased and biodegradable polymers by European
Bioplastics (a), ASTM International (b) and the Vinçotte/TÜV AUSTRIA Group (c) [32,73,81].

Some companies already use bioplastics in their products; for example, Coca-Cola
uses bioplastics in its packaging. Recently, Coca-Cola revealed that they are launching
their first 100% biobased bottle (excluding the cap and label), made of bio-PX (plant-based
paraxylene) converted to bio-PTA (plant-based terephthalic acid) and using a new process,
commercially viable developed by Virent. PTA is one of the main components of PET (70%);
the remaining 30% is MEG (monoethylene glycol), which was already being produced
from sugarcane. Since then, Coca-Cola has allowed non-competitive companies to use
the technology and brand in their products, from Heinz Ketchup to the fabric interior in
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Ford Fusion hybrid cars. This, however, is done by their own initiative. To incentive the
implementation of bioplastics as a substitute for conventional plastics, it is important to
encourage companies with certain promotion and support mechanisms, such as regulations
and monetary inducement. Financial profit is one of the main reasons a company invests
in something. However, this principle is not yet applicable to the industry of bioplastic
production. This is due to the fact that consumers are not expected to buy bioplastic goods
more expensive than conventional plastics just because they might be more eco-friendly.
Cereplast, a TPS producer, estimated that when the oil price reaches around 95 USD per
barrel, the company’s production costs will be lower than petrochemical plastics, and the
demand for bioplastics will increase. According to European Bioplastics, the packaging is
still the main application of bioplastics, 48% (1.15 million t) of the total bioplastics market
in 2021 (Figure 22) [32,82].

 
(A) 

 
(B) 

Figure 22. Global production capacities of bioplastics 2021 (by market segment) (A) and growth of
bioplastic production in recent years (B). Adapted from European Bioplastics, “Bioplastics market
data”, https://www.european-bioplastics.org/market/ (accessed on 29 December 2022) [82].
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With the objective of creating a simple tool for companies to select the best possible
solution when selecting a good bioplastic material for food packaging, the Association of
Organic Food Producers in Germany, created an Internet tool called the “Biokunststoff-
Tool”. This program evaluates areas such as ecology, social acceptability, safety, quality and
technology of several bioplastics, which makes it possible to select environmentally and
socially responsible production methods and materials.

To make the transition to bioplastics easier, some legal changes should be applied. For
example, create a strict separation between biobased and biodegradable plastics using marks
and labels as in the previous examples. This facilitates the implementation of waste treatment
processes specialized in these materials. However, before that, the labelling information
should be spread through consumers and waste management companies [32,83].

12. Conclusions

Bioplastics are materials with great potential for development. Although it is not yet
used industrially on a large scale, the ecological advantages of using this material compared
with other plastics are enormous. Less chemical pollution, less energy consumption and
less CO2 emissions are some of the major drivers of a transition to a circular economy using
bioplastics. On the other hand, its production is costly, and they do not have a proper
recycling process. The limitations derived from the mechanical characteristics may be
overcome and adapted to the intended application using additives. The disadvantages
will be gradually overcome with the development of new technology and further research,
over time, regarding these materials. To speed up the process, it is essential to spread the
information about bioplastics to companies and consumers to convince the consumers
that these materials are an excellent alternative to petrochemical-based polymers. In fact,
global production capacities have been increasing and show strong growth trends; as
such, new applications can be foreseen when large amounts of biopolymers are available
for large-scale productions. However, biopolymers and bioplastics are not exempt from
sustainability issues. Recycling these materials is a controversial debate because of their
biodegradability-specific conditions, their potential methane emissions with a negative
climate impact when discarded in landfills and potential contamination of the petroleum-
based recycling stream. Other issues are related to land use due to ethical reasons about
the potential competition with food resources. These and other concerns are all essential
aspects to debate, at the academic, civil, economic and political levels. Laws, norms and
regulations related to the environment have the potential to reduce the impacts on the
environment. The LCA analysis can be used as a universal tool to assess those impacts and
to support political decisions, therefore paving the way for a green transition.
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Nomenclature

1,4-DB 1,4-Dichlorobenzene 3DP 3D printing
Bio-PETG Bio Polyethylene Terephthalate Glycol Bio-PTA Plant-based Terephthalic Acid
Bio-PX Plant-based Paraxylene CNC Cellulose Nano Crystals
C2H4 Ethylene CO2 Carbone Dioxide
CPE Chlorinated Polyethylene FDM Fused Deposition Modeling
H2O Water HCl Hydrochloric Acid
HDPE High-Density Polyethylene LCA Life Cycle Assessment
LDPE Low-Density Polyethylene MEG Monoethylene Glycol
NFC Nano Fiber Cellulose NH3 Ammonia
NOx Nitrogen Oxides MSW Municipal Solid Waste
PA Polyamide PBAT Polybutylene Adipate

Terephthalate
PBS Polybutylene Succinate PBST Polybutylene Succinate
PBT Polybutylene Terephthalate PCL Polycaprolactone
PE Polyethylene PEA Polyethylene Adipate
PET Polyethyleneterephthalate PGA Polyglycolic Acid
PHA Polyhydroxyalkanoates PHB Polyhydroxy Butyrate
PHV Polyhydroxybutyrate PLA Polylactide
PO4

3− Phosphate PP Polypropylene
PS Polystyrene PTMAT Polytetramethylene Adipate

Terephthalate
PTT Polytrimethylene Terephthalate PVA Polyvinyl Alcohol
PVC Polyvinylchloride PVdC Polyvinylidene Chloride
SO2 Sulfur Dioxide SPI Soy Protein Isolate
Tg Transition Temperature Tm Melting Temperature
TPLA Talc-Injected PLA TPS Thermoplastic Starch
UV Ultraviolet VOC Volatile Organic Compound
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Abstract: The current research work presented the synthesis of carboxymethyl cellulose–gelatin
(CMC/GEL) blend and CMC/GEL/ZnO-Nps hydrogel films which were characterized by FT-IR
and XRD, and applied to antibacterial and antioxidant activities for food preservation as well as
for biomedical applications. ZnO-Nps were incorporated into the carboxymethyl cellulose (CMC)
and gelatin (GEL) film-forming solution by solution casting followed by sonication. Homogenous
mixing of ZnO-Nps with CMC/GEL blend improved thermal stability, mechanical properties, and
moisture content of the neat CMC/GEL films. Further, a significant improvement was observed
in the antibacterial activity and antioxidant properties of CMC/GEL/ZnO films against two food
pathogens, Staphylococcus aureus and Escherichia coli. Overall, CMC/GEL/ZnO films are eco-friendly
and can be applied in sustainable food packaging materials.

Keywords: hydrogel films; gelatin; antimicrobial activity; food packaging; TGA

1. Introduction

Today, food packaging is a growing technology because of rapid advancements in
the fields of biopolymers and materials science. They are being used as new modes of
food coatings. Encapsulation of biopolymers matrices, and food packaging materials for
functional foods, proteins and polysaccharides have gained a lot of attention recently [1–3].
Active packaging is thought to be the best way to increase the safety and shelf life of
food [4]. The presence of antimicrobial agents and antioxidants in active packaging plays
a vital role in stopping biological or chemical changes and microbial growth in packaged
foods [5]. In addition to antimicrobial agents, antioxidants, essential oils, natural pigments,
and plant extracts have also been used in packaging materials [6]. Inorganic materials such
as nano-sized metals, metal salts, and metal oxides seem promising for this purpose and
are frequently used as antibacterial agents [7,8]. The incorporation of metal nanoparticles
(ZnO, TiO2 and silica) into composite films has resulted in nanocomposites that are light
in weight, stronger in thermomechanical performance, fire resistant, and less permeable
to gases. They also reduce the flow of oxygen inside packaging containers when added
to plastic films. To keep food fresh for a very long time, they serve as a barrier against
gases and moisture [9]. The many properties of packaging materials are greatly enhanced
by nanomaterials, which have a significant impact on the food packaging industry. One
of the most significant categories of nanomaterials is zinc oxide nanoparticles to improve
thermomechanical and antimicrobial properties [10]. Zinc oxide nanoparticles are now
widely available commercially and are easy to be used directly due to their outstanding
antibacterial properties, high thermal stability, excellent mechanical properties, and heat
resistivity [11–13]. Tetrapod-shaped ZnO nanomaterials have recently been reported to
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inhibit herpes simplex virus (HSV) infection. It exhibits adjuvant-like properties, improves
viral presentation to dendritic cells, and boosts humoral and cell-mediated immunity.
ZnO-Nps have been evaluated for their antiviral properties against HSV-1, HSV-2, and
influenza. This is primarily because ZnO nanoparticles have the ability to modulate the
immune system [14,15]. As packaging materials and coating agents, natural polymers
have numerous other uses. In the pharmaceutical sector, gelatin is commonly employed
as an absorbent sheet, a wound dressing, an adhesive, and as an excipient in controlled
drug delivery [16]. Several studies have shown that combining gelatin with polysaccha-
rides, including alginate, chitosan, hyaluronic acid and other proteins, can enhance its
properties due to their permeability and self-adhesiveness, as well as their capacity to
form chemical and physical hydrogel films. They also serve as drug delivery and tissue
regeneration support matrices. Cellulose is another biopolymer that is plentiful, renew-
able, and biodegradable and has been used to prepare biocompatible composite films [17].
Carboxymethyl cellulose (CMC), a cellulose derivative, has been extensively applied in
cellular growth, food processing, food packaging, the pharmaceutical industry, and medical
fields because of its good hydrophilicity, biocompatibility, and film formability [18,19]. The
basic requirements for materials used in packaging are that they have good mechanical
and thermal performance, protection against gases, and transparency. Therefore, the aim
of the current research was to fabricate carboxymethyl cellulose and gelatin-based films
using ZnO nanoparticles as a functional material. After characterization by FT-IR and
XRD, CMC/GEL/ZnO composite films were investigated for the water vapor permeability
(WVP), moisture contents, thermal and mechanical stability, antimicrobial activity, and free
radical inhibition activity.

2. Materials and Methods

2.1. Chemicals

Gelatin powder (Food grade; Halal), carboxymethyl cellulose (CMC: pKa =3.5, with
medium viscosity; Mw. 90,000), glutaraldehyde (GTA), sodium azide, zinc nitrate hex-
ahydrate (Zn(NO3)2.6H2O), 2,2-diphenyl-1-picrylhydrazyl (DPPH), iron sulphate (FeSO4),
2,2-azino-bis-(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) and ferric chloride (FeCl3)
were used as received. All chemicals were procured from Sigma-Aldrich Pakistan.

2.2. Chemical Characterization

For major functional groups and shifting of absorption bands in synthesized CMC/
GEL/ZnO-nanocomposite films, IR spectrophotometer (Bruker) was used, and spectra were
recorded in 4000–400 cm−1. TGA was determined, under nitrogen from room temperature
to 700 ◦C, using Netzsch and Perkin Elmer TGA-7. Tensile strength and % elongation were
determined by DMA Q800 V21.3 Build 96. Surface morphology was examined (FEI-NOVA
Nano SEM-450, Hillsboro, OR, USA) by using Chroma meter (Konica Minolta, CR-400,
Tokyo, Japan) with white standard colour plate (Lo = 92.15, ao = −0.41, and bo = 4.55) as a
background, of surface colour (Hunter L, a, and b-values).

2.3. Green Synthesis of ZnO-Nps

Green chemistry is extensively used in research and is considered eco-friendly because
it uses plant phytochemicals to prepare nanoparticles. Keeping this in mind, ZnO-Nps
(<50 nm) were prepared using mint (Mentha longifolia) leaf extract. Fresh mint leaves
were cleaned by washing with distilled water and were ground until very fine particle
sizes were obtained, and were then air dried. About 10 g of fine powdered mint leaves
in distilled water (250 mL) were heated at 70 ◦C. After cooling at room temperature for
about 30–40 min, the heavy biomaterial that settled down after centrifugation at 4000 rpm
was removed by filtration. The clear solution of mint extract was then stored at 4 ◦C
and used for the preparation of nanoparticles. Following that, zinc oxide nanoparticles
(50 nm) were prepared using mint leaves extract as an oxidizing agent as per the literature
with slight modifications [20]. A mixture of 100 mL zinc nitrate Solution (0.01 M) and
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30 mL of mint leave extract was heated at 60 ◦C with constant stirring until the bio-
reduced ZnO nanoparticles settled down as white precipitates. The resulting, white-colored
precipitates were dried at 80 ◦C for approximately six hours before being calcined at 600 ◦C
for approximately two hours.

2.4. Fabrication of Carboxymethyl Cellulose-Gelatin-ZnO Composite Films

To prepare carboxymethyl cellulose-gelatin-ZnO (CMC/GEL/ZnO) hydrogel films,
the process of solution casting was employed for CMC/GEL (75:25). Briefly, CMC and GEL
solutions (2% w/v) were mixed at 40 ◦C for 4 h along with 1 mL of glutaraldehyde as a
crosslinking agent and 0.02% sodium azide to stop the bacterial growth. The CMC/GEL
solutions were then slowly mixed with ZnO nanoparticles (1, 1.5, 2, 2.5 w/w) by sonication
for two hours to obtain a clear solution. Then 10 mL of CMC/GEL/ZnO composite solution
was poured into Teflon-made boats and dried at 25 ◦C. The films were peeled then off after
drying in an oven at 70 ◦C for about twelve hours [21].

2.5. Moisture Contents and Water Vapor Permeability

To determine the moisture contents (MC), each CMC/GEL/ZnO nanocomposite film
was cut into 2.5 × 2.5 cm square sizes and dried in an oven at 70 ◦C for about twelve hours.
The difference in final and initial weight of film was noted as a moisture content. Whereas
water vapor permeability (WVP) was determined gravimetrically. For this purpose, square-
shaped pieces (6 × 6 cm) of the film were mounted on top of water vapor permeability
measuring cups horizontally, having water (20 mL) and placed in the oven at 50 ◦C. The
weight of the cups was noted at regular intervals of 30 min during twelve hours. [22]. After
that WVP was calculated as:

WVP =
(WVTR × L)

Δp
(1)

Here, WVTR: rate of water vapor transmission (g/m2. s),
L: film thickness (m), Δp: partial water vapor pressure differential across the film.

2.6. Antimicrobial Assay

Six pathogens were tested using neat CMC, GEL, CMC/GEL, and CMC/GEL/ZnO
nanocomposite films. Three of which were gram-positive: Staphylococcus aureus (ATCC
6538), Bacillus subtilis (ATCC 6633), and Listeria monocytogenes (ATCC 19111), and three of
which were gram-negative: Enterobacter aerogenase (ATCC 13048), Escherichia coli (ATCC
15224), and Bordetella bronchiseptica (ATCC 4617). Briefly, bacterial strains were cultured
for about 24 h in agar-agar nutrient broth at 37 ◦C. 1.5 mL of the broth culture of bacterial
strains 104–106 (CFU/mL). In Petri dishes that had been sterilized, strains were added to
an agar-agar medium and allowed to set at 45 ◦C. The solutions of CMC, GEL, CMC/GEL,
and CMC/GEL/ZnO nanocomposite films in DMSO (10 mg/mL) were then added to each
well. Each bacterial strain was prepared in triplicate and was incubated for about 24 h at
37 ◦C. By measuring the size of the inhibition zone, antibacterial activity was calculated
(mm). Cefixime (1 mg/mL), a standard antibiotic, was used as a positive control [23,24].

2.7. Antioxidant Assays

The DPPH method was used to measure activity that scavenges free radicals of
neat CMC, neat GEL, CMC/GEL, and CMC/GEL/ZnO nanocomposite films [25]. Stock
solutions (5 mg/mL) of neat CMC, GEL, and nanocomposite films were made in DMSO.
Serial dilutions of 5, 10, 20, 40, 100, and 200 g/mL were performed. In glass vials, 15 μL of
each film solution and solution of DPPH (0.1 mM) were mixed together and diluted to 3 mL
with methanol. For about 45 min, the reaction mixture was incubated at 37 ◦C in a dark
chamber; this caused the DPPH solution’s color to change from deep violet to light yellow.
At 517 nm, absorbance was noted by using a spectrophotometer. A standard, butylated
hydroxyanisole, was used for each experiment, which was carried out in triplicate (BHA,
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5 mg/mL). The decreased absorbance of the mixture indicated higher radical inhibition
activity. The % age of scavenging activity was calculated as:

% scavenging activity =
absorbance of control − absorbance of test sample

absorbance of control
× 100

3. Statistical Analysis

The obtained data were verified statistically by applying ANOVA using Minitab
Software. Each experiment was carried out in triplicate. The statistical significance value
was tested at p < 0.05.

4. Results and Discussion

4.1. IR Investigation

The FT-IR absorption spectra of neat carboxymethyl cellulose, gelatin, CMC/GEL/
glutaraldehyde, and CMC/GEL/ZnO nanocomposites are shown in Figure 1. Peak po-
sitions and modes of interaction are presented in Table 1. The crosslinking between
CMC/GEL and ZnO-Nps was responsible for the majority of the changes in absorption
frequencies that were seen. The bands at 2910, 1600, and 1440 cm−1 in CMC are due to
stretching vibrations of aliphatic C-H, (-COO)asy. and (-COO)sym, respectively (Figure 1a).
The absorption bands of glucosidic units (C-O-C) appeared at 1160 and 1070 cm−1. A
broad absorption band at 3390 cm−1 was attributed to the hydrogen bonding of OH groups
of absorbed water and secondary alcohols (CMC) [26,27]. Absorption bands at 3390 and
3315 cm−1 correspond to the hydroxyl and amino groups of gelatin film, respectively (Fig-
ure 1b). The absorption bands at 1649 and 1551 cm−1 are due to the (C=O) and (C-N)
absorption bands of amide I and amide II in the gelatin structure. The interaction of CMC’s
anionic groups with thegelatin’s cationic groups was confirmed by the shifting of peaks
from 3315, 1450 to 3328, 1460 cm−1 (Figure 1c). The absorption band of the C-H group
has been shifted from 2910 to 2955 cm−1 in CMC/Gel/GTA (Figure 1d). The reaction of
GTA with CMC/GEL was confirmed by an absorption band below 1210 cm−1 forming
a hemiacetal structure. Similarly, homogenous mixing of ZnO-Nps with CMC/GEL film
(Figure 1e) was confirmed by an absorption peak at 470 cm−1 [28].

Figure 1. FT-IR Spectra of CMC/Gel/ZnO-Nps hydrogel films: (a) CMC, (b) Gel, (c) CMC/GEL,
(d) CMC/GEL/GTA, (e) CMC/GEL/ZnO.
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Table 1. Peak positions and vibration modes in CMC/GEL/ZnO nanocomposites hydrogels.

Wavenumber
(cm−1)

Assignment Ref.
Wavenumber

(cm−1)
Assignment Ref.

3350–3390 Stretching vibration
of -OH group [22] 1400–1460 (COO)sym [24]

2910–2920 Asym. -CH2
stretching [23,24] 1160–1165 (C-O-C) Ether

stretching [24]

1600–1649 (COO)asy [22,24] 1070–1075 Stretching
CH-O-CH2

[24,25]

1551–1560 C-N group [23,24] 839–860 Asymmetric
rocking [26]

4.2. XRD Analysis

The homogenous mixing of ZnO nanoparticles in the CMC/GEL film was confirmed
by the X-ray diffraction pattern, which also quantified the changes from an amorphous to
crystalline structure. The XRD pattern of ZnO-Nps (a), CMC/Gel/ZnO (b), CMC/Gelatin
(c), CMC (d), and Gelatin (e) is shown in Figure 2. The sharp peaks of the ZnO nanoparticle
(Figure 2a) that correspond with the data in JCPDS No. 36-1451, confirmed the wurtzite
crystal structure with a hexagonal phase [29]. The diffraction pattern of CMC/GEL/ZnO
composite film revealed a characteristic peak of ZnO at 2θ; 32.130, 34.620, 36.460, 46.930,
53.740, 56.460, and 61.350 with low intensity, which indicated the homogenous mixing of
ZnO-Nps in CMC/GEL film (Figure 2b). The CMC has an amorphous structure, while
gelatin is partially crystalline with peaks at 2θ = 7.6◦ and 22.31◦, Figure 2d,e. In Figure 2c–e,
there is no sharp diffraction peak, and an increased diameter of the interreticular triple
helix with increased intensity is observed due to the mixing of CMC and gelatin. The
interaction between CMC and gelatin has been confirmed by the absence of X-peaks. This
phenomenon shows the reduction of hydrogen bonding between the hydroxyls of gelatin
and the cellulose groups of CMC. The cross-linking between CMC and gelatin films by
GTA exhibited a negligible triple helix approaching 0.8% are in close agreement with the
literature [30].

 
Figure 2. XRD pattern of CMC/Gel/ZnO nanocomposites hydrogels.
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4.3. Morphological Studies

All the prepared CMC/gelatin/ZnO nanocomposites were mechanically flexible and
self-standing. SEM was used to examine the surface morphology of CMC, gelatin, and
ZnO-nanocomposite films and images are shown in Figure 3. The interaction of zinc oxide
nanoparticles with CMC and gelatin controls the networked microstructure. Without ZnO
nanoparticles, neat CMC, gelatin biopolymer, and CMC/gelatin blend films showed a
uniform surface, demonstrating that the film-forming polymers were mostly amorphous
and had little crystallization. While the CMC/gelatin film with zinc oxide-Nps additions
had a heterogeneous rough surface, with the zinc nanoparticles being uniformly distributed
throughout the films and preventing particle separation. It explained that how metal
nanoparticles prevented particle aggregation and created high-viscosity CMC/gelatin
films, thus a highly stable CMC/gelatin mixture was used [31].

 

Figure 3. Scanning microscopy images of neat CMC, gelatin, CMC/gletan and CMC/gelatin/
ZnO-Nps.

4.4. Optical Properties

Optical properties of CMC/GEL-based films loaded with various weight ratios (2.5%
w/w) of ZnO-Nps were studied, and data is shown in Table 2 and in Figure 4. Neat gelatin
film had two peaks for typical CMC and gelatin peaks at 230–240 nm and 265–280 nm.
The nanocomposite films containing ZnO nanoparticles, on the other hand, revealed an
additional peak for the ZnO-nps near 370 nm. The peak intensity increased with increasing
ZnO nanoparticle contents in CMC/gelatin matrices from 1% to 2.5% [32].

Table 2. Optical data of CMC/gelatin/ZnO composite films loaded with different contents
of ZnO-Nps.

Sample L a b ΔE T280nm (%) T660nm (%)

Neat CMC 91.45 ± 0.15 −0.30 ± 0.15 5.3 ± 0.1 1.12 58.3 ± 1.25 87.2 ± 0.50

Neat Gelatin 91.31 ± 0.15 −0.50 ± 0.25 6.2 ± 0.50 1.89 30.4 ± 1.50 90.7 ± 0.15

CMC/Gelatin 91.20 ± 0.15 −0.80 ± 0.15 6.7 ± 0.15 2.40 25.6 ± 0.25 88.4 ± 1.25

CMC/Gelatin/ZnO1 90.44 ± 0.25 −1.24 ± 0.15 6.9 ± 0.50 3.06 14.5 ± 1.50 85.3 ± 0.25

CMC/Gelatin/ZnO1.590.27 ± 1.50 −1.31 ± 0.50 7.3 ± 0.25 3.26 2.4 ± 0.50 81.7± 1.15

CMC/Gelatin/ZnO2 90.64 ± 1.25 −1.38 ± 0.50 7.1 ± 0.15 3.15 1.5 ± 0.15 72.5± 1.50

CMC/Gelatin/ZnO2.590.85 ± 1.50 −1.46 ± 0.25 7.6 ± 0.15 3.50 0.9 ± 0.25 68. 5 ± 0.15

± standard deviation. (p < 0.05).
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Figure 4. Optical studies of CMC/gelatin/ZnO-Nps.

The L-values of the CMC, gelatin, and CMC/gelatin films exceeded 91, and the a and
b parameters ranged from 0.8 to 0.3 and 5.3 to 6.7, respectively, making the films highly
transparent. By incorporating ZnO nanoparticles, L and a values were significantly shifted
to the lower end, while b values increased. As a result of these changes, the total colour
difference between the films increased significantly (ΔE) [33]. The ΔE was calculated by:

ΔE = ((ΔL)2 + (Δa)2 + (Δb)2)
0.5

where ΔL, Δa, and Δb are the differences between value of standard colour plate and
composites films. In the presence of UV rays, food ingredients oxidise, destroying nutrients
and bioactive compounds. Film transparency and UV protection are essential optical
properties for applications in food packaging. For the sake of food safety and quality,
oxidation reactions that result in toxic substances, off flavours, discoloration, or rancidity
are not allowed [34].

Furthermore, the % transmittance of light was measured at T280 and T660 nm. At T660
nm and T280 nm, the neat CMC and gelatin films had transmittance values of 87.2 ± 0.50,
90.7 ± 0.15, 58.3 ± 1.25, and 30.4 ± 1.50, respectively. When ZnO-Nps was added to
CMC/gelatin blend, the percentage transmittance of films at 280 nm was drastically re-
duced, falling to just 0.3%, whereas the percentage transmittance values at 660 nm only
slightly decreased as ZnO-Nps concentrations were increased [35]. The amount of ZnO-Nps
present had a significant impact on the transmittance value of the nanocomposite films.

4.5. Thermal Stability

The TGA technique was used to study the thermal properties of pure biopolymer
films as well as films containing ZnO-Nps, and thermograms are shown in Figure 5, which
demonstrate the degradation patterns of neat CMC/GEL films and CMC/GEL/ZnO-Nps.
All films showed multiple steps of thermal degradation. The first step of degradation
started around 95 to 100 ◦C, with a percentage weight loss ranging from 10 to 20% because
of the evaporation of loosely bound gases from films. The second stage of degradation
of amino groups in CMC/GEL film was observed at 290–360 ◦C with 84% weight loss.
The other loss in weight was observed at 415 and 75 ◦C, which were considered the
third and fourth steps of degradation in weight, respectively [33]. Compared to neat
CMC/GEL films, the degradation curves of prepared nanocomposites films are shifted
towards higher temperatures because biopolymers and ZnO-Nps have a strong interaction
and are thoroughly mixed [36].
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Figure 5. TGA of CMC/Gel/ZnO-nanocomposite hydrogels.

4.6. Mechanical Properties

Tensile strength, percent elongation at break (EB), and elastic modulus, which are
key factors in determining the strength and flexibility of the film, were studied as me-
chanical properties. The effect of ZnO-Nps on EB, tensile strength, and elastic modulus
of CMC/GEL films was determined, and the data is presented in Table 3. The addition
of ZnO-Nps to the CMC/GEL films has significantly improved the flexibility (EB) and
strengthened the CMC/GEL film. Initially, the CMC/GEL (75:25) film had tensile strength
and elongation at break values of 39.25 MPa and 4.41 0.23%, respectively. The incorporation
of ZnO nanoparticles has increased the elongation at break, and tensile strength values
for the CMC/GEL films to 44.6 MPa and 10%, respectively. The increased tensile strength
of CMC/gelatin films may be attributed to the incorporation of the proper amount of
nanoparticles as well as the bonding between hdroxy groups of gelatin and the hydrophilic
groups of CMC, resulting in the formation of a mechanically stable nanocomposite between
CMC, gelatin, and zinc oxide nanoparticles [35].

Table 3. Mechanical properties and Physical Data of CMC/GEL/ZnO nanocomposite films.

Components
Tensile Strength
± SD, (MPa)

Young’s Modulus
± SD, (MPa)

Elongation
at Break
± SD, (%)

Moister
Contents

Water Vapor
Permeability

(g m−1 day−1 atm−1)

Neat CMC 35.15 ± 1.25 1186 ± 0.06 14.18 ± 0.06 12.5 ± 1.15 1.15 ± 0.15

Neat GEL 37.25 ± 1.5 1390 ± 2.5 2.34 ± 0.06 10.25 ± 0.5 1.25 ± 1.5

75 CMC: 25 GEL Blend 39.25 ± 2.0 1255 ± 5.6 4.41 ± 0.23 11.5 ± 0.5 2.15 ± 0.5

Blend: 1 ZnO 40.15 ± 6.4 1050 ± 2.8 6.5 ±2.5 13.5 ± 1.5 2.55 ± 0.05

Blend: 1.5 ZnO 41.9 ± 1.25 970 ± 1.86 8.2 ± 1.5 13.8 ± 0.5 2.84 ± 1.25

Blend: 2 ZnO 42.5 ± 1.4 895 ± 7.25 8.58 ± 2.25 14.1 ± 0.0 2.92 ± 1.5

Blend: 2.5 ZnO 44.6 ± 2.5 765 ± 9.5 10.0 ± 1.25 14.5 ± 0.5 3.11 ± 0.05

4.7. Moisture Content and Water Vapor Permeability

The moisture contents (MC) and water vapour permeability (WVP) of neat CMC,
neat GEL, CMC/GEL, and MCM/GE/ZnO- films were determined and the data are
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presented in Table 1. CMC/GEL films had slightly lower moisture contents and water
vapour permeability, whereas CMC/GEL/ZnO-Nps films had higher values and these
values increased with higher zinc oxide nanoparticle concentration. ZnO nanoparticles in
the CMC/GEL film matrix make the films porous, increasing water vapour permeability.

4.8. Antibacterial Results

The antimicrobial screening data of CMC, GEL, and ZnO films are presented in Table 4.
As per the literature and experiments, the CMC/GEL film had no antibacterial action
against both types of tested microorganisms; however, the composite films incorporating
ZnO-Nps had marked antibacterial activity. The antimicrobial activity of composites de-
pends on the nature and type of inorganic fillers and the type of bacterial strains used. On
both types of tested bacterial strains, the CMC/GEL hydrogel films had a bacteriostatic
effect due to the presence of ZnO-Nps, which delayed the growth of the germs because the
structure of their cell walls was different. Generally, gram-negative bacteria have a complex
cell wall made of a thin layer of peptidoglycan protected by an extra outer membrane, in
contrast to gram-positive pathogens that have a thick cell wall with many layers of pepti-
doglycan. The size and shape of zinc oxide nanoparticles in CMC/GEL/ZnO composite
films mainly increased the antibacterial activity of tested bacterial strains. Though the
antibacterial mechanism of ZnO is unknown, it is thought that zinc oxide nanoparticles
increased the permeability of the membrane around the bacteria, allowing metal nanoparti-
cles to readily pass through the bacterium’s cell wall. Various reactive oxygen species (ROS)
such as hydroxyl radicals (OH−), hydrogen peroxide (H2O2), superoxide anions (O2−),
and organic hydroperoxides are produced inside the cell during this process. When ROS
overcomes the cellular antioxidant defense mechanism, oxidative stress occurs, which is
linked to damage of several critical macromolecules that ultimately leads to cell death [34].

Table 4. Antibacterial activity of CMC/GEL/ZnO-Nps hydrogel films.

Compound No.

Zone of Inhibition (mm) + St. Dev.

Staphylococcus
aureus

Bacillus
subtilis

Listeria
monocytogenes

Enterobacter
aerogenase

Escherichia
coli

Bordetella
bronchiseptica

Neat CMC - - - - - -

Neat GEL - - - - - -

75 CMC: 25 GEL Blend 12 ± 1.0 14 ± 1.25 - - 13 ± 1.15 -

Blend: 1% ZnO 18 ± 1.05 22 ± 1.5 20 ± 1.15 15 ± 2.0 17 ± 1.15 14 ± 1.25

Blend: 1.5% ZnO 22 ± 1.0 25 ± 1.25 23 ± 1.5 19 ± 1.75 20 ± 1.5 19 ± 1.5

Blend: 2% ZnO 28 ± 2.0 26 ± 1.5 27 ± 1.0 22 ± 1.5 24 ± 1.5 21 ± 1.25

Blend: 2.5% ZnO 30 ± 1.03 29 ± 2.0 32 ± 1.0 26 ± 1.25 31 ± 1.25 24 ± 2.0

Cefixime 33 ± 1.5 31 ± 1.0 35 ± 1 29 ± 0.5 36 ± 1 31 ± 2

± = SD, standard deviation, (p < 0.05 vs. control); 5–10 mm zone of inhibition (Activity present): 11–25 mm zone
of inhibition (Moderate activity); 26–40 mm zone of inhibition (Strong activity).

4.9. Antioxidant Activity

The antioxidant activity of neat CMC, GEL, CMC/GEL and CMC/GEL/ZnO nanocom-
posite films was evaluated by their DPPH (1,1-diphenyl-2-picrylhydrazyl) free radical scav-
enging activity. The effect of tested nanocomposite materials on generation of free radical
of DPPH or radical scavenging activity is measured at 517 nm by decrease in molar absorp-
tivity of DPPH. The degree of discoloration reveals the antioxidant compounds’ scavenging
capacity in terms of H-donating capacity. Furthermore, the ability of antioxidant com-
pounds to scavenge free radicals depends on their concentration. The radical-scavenging
activity rises with antioxidant compound concentration, and a low IC50 value (i.e., 50%
inhibitory concentration) indicates a high antioxidant activity. The obtained results are
shown in Table 5. Synthesized composite films containing ZnO-Nps showed free radical
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scavenging activity with IC50 in the range of 39 to 85 μg/mL while their respective matrix
polymers (CMC/GEL) showed activity more than 100 μg/mL. On comparison of IC50
values of CMC, GEL and their composite films with different wt ratio of ZnO-Nps, it was
observed that such CMC/GEL/ZnO-nanocomposites are more active for DPPH activity
than their parent polymers [35,36].

Table 5. Antioxidant results of CMC/GEL films loaded with different concentration of ZnO-Nps.

Compound
% Scavenging ± sd Concentration μg / mL IC50

μg/mL200 100 40 20 10 5

Neat CMC 65 ± 1 58 ± 1 47 ± 1 38± 2 29± 1 15 ± 1 >200

Neat GEL 61 ± 1 56 ± 1 49 ± 1 33 ± 1 26 ±1 18 ± 1 >150

75 CMC: 25 GEL Blend 68 ± 1 59 ± 2 52 ± 2 44 ± 2 38 ± 1 22 ± 1 >100 ± 1

Blend: 1 ZnO 71 ± 1 66 ± 2 59 ± 1 38 ± 1 29 ± 1 24 ± 1 85 ± 1

Blend: 1.5 ZnO 74 ± 2 65 ± 1 54 ± 1 42 ± 1 35 ± 2 20 ± 1 62 ± 1

Blend: 2 ZnO 79 ± 1 66 ± 1 58 ± 1 43 ± 2 33 ± 1 18 ± 1 54 ± 1

Blend: 2.5 ZnO 84 ± 1 69 ± 1 65 ± 2 52 ± 1 48 ± 1 22 ± 1 42 ± 1

Butylated hydroxyanisole (BHA) 89 ± 0.5 85 ± 1 76 ± 0.25 68 ± 0.5 45 ± 1 15 ± 1 8 ± 0.05

± = SD, standard deviation, (p < 0.05 vs. control); Antioxidant activity: IC50 0–10 mgmL−1, very strongly
active; 10–50 mgmL−1, strongly active; 50–100 mgmL−1, moderately active; 100–250 mgmL−1, weakly active;
>250 mgmL−1, inactive.

5. Conclusions

Owing to the versatile nature of biopolymer composites, ZnO nanoparticles have
drawn a lot of attention in the field of food packaging. The purpose of this research was to
synthesize zinc oxide nanoparticles (<50 nm) by using plant extract as a reducing agent,
and to incorporate this in CMC/gelatin matrices to assess the optical, thermal, mechanical
and microbial properties. ZnO-based multifunctional CMC/GEL nanocomposites were
prepared. ZnO-Nps affected the bio-functional and physical properties of CMC/gelatin
composite films. The FTIR and XRD results confirmed the uniform dispersion of ZnO-
Nps in the CMC/GEL, matrix to prepare compatible films. The addition of ZnO-Nps
(1–2.5 wt. %) to CMC/GEL improved the thermal stability, mechanical properties, moisture
contents, and water vapor permeability. CMC/GEL/ZnO-2.5% composite film showed
good thermal stability and mechanical properties. CMC/GEL/ZnO 2.5% composite film
showed strong antibacterial activity against foodborne pathogenic bacteria, E. coli, and
L. monocytogenes and had high antioxidant activity. CMC-based composite films, such
as CMC/GEL/ZnO 2.5%, showed improved thermo-mechanical properties with higher
antioxidant and antibacterial activity as compared to CMC/GEL blend films. On the basis
of the obtained results, CMC/GEL/ZnO nanocomposite films can be used to prevent
photooxidation, ensure food safety, and increase the shelf life of packaged goods in active
food packaging applications.
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Abstract: Excessive melanin deposition in the skin leads to various skin pigmentation diseases,
such as chloasma and age spots. The deposition is induced by several factors, including tyrosi-
nase activities and ultraviolet-induced oxidative stress. Herein, we propose a multi-component,
multi-pathway drug combination, with glabridin, 3-O-ethyl-L-ascorbic acid, and tranexamic acid
employed as, respectively, a tyrosinase inhibitor, an antioxidant, and a melanin transmission inhibitor.
Considering the poor skin permeability associated with topical application, dissolving microneedles
(MNs) prepared with hyaluronic acid/poly(vinyl alcohol)/poly(vinylpyrrolidone) were developed
to load the drug combination. The drug-loaded microneedles (DMNs) presented outstanding skin
insertion, dissolution, and drug delivery properties. In vitro experiments confirmed that DMNs
loaded with active ingredients had significant antioxidant and inhibitory effects on tyrosinase activity.
Furthermore, the production of melanin both in melanoma cells (B16-F10) and in zebrafish was
directly reduced after using DMNs. Clinical studies demonstrated the DMNs’ safety and showed
that they have the ability to effectively reduce chloasma and age spots. This study indicated that a
complex DMN based on a multifunctional combination is a valuable depigmentation product worthy
of clinical application.

Keywords: glabridin; 3-O-Ethyl-L-ascorbic acid; tranexamic acid; microneedles; pigmentation;
multifunctional drug

1. Introduction

The normal deposition of melanin in the basal layer of the skin results in the pigmen-
tation of human skin and hair. Aside from conferring protection against ultraviolet (UV)
rays, excessive melanin deposition leads to melasma [1] and age spots [2]. Specifically,
melasma occurs because of inducing factors such as UV radiation, hormone levels, and
family history [1,3]. However, the exact mechanism of age spot formation is currently
unclear, and it is widely believed that UV radiation is the main cause of its formation [4].

Melanin production is governed by the rate-limiting enzyme tyrosinase [5]. UV ra-
diation indirectly stimulates tyrosinase, thus increasing melanin production. Recently,
several tyrosinase inhibitors intended for skin whitening have been developed, includ-
ing hydroquinone [6], kojic acid [7], arbutin [8], and aloesin [9]. However, these agents
can cause significant side effects, including skin irritation, inflammation, and potential
teratogenicity [10]. Furthermore, UV radiation can induce oxidative stress [11], which
leads to the formation of oxidants such as nitric oxide [12] and which indirectly stimulates
skin pigmentation. Therefore, certain antioxidants can decrease melanin production, such
as glutathione [13], ascorbic acid (ASA) [14], and ferulic acid [15]. Recently, researchers
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have combined tyrosinase inhibitors and antioxidants, to treat pigmented lesions. For
instance, Yu et al. [16] showed that combining the tyrosinase inhibitor azelaic acid with the
antioxidant taurine significantly improved melanin inhibition compared to using azelaic
acid alone.

Tranexamic acid (TXA) (seen in Figure 1a), which is a derivative of lysine, was initially
proven to be an anti-fibrinolytic agent [17]. It was discovered that TXA has great whitening
effects, and it is commonly used to treat melasma through oral administration, injection, or
local application [18,19]. However, the systemic administration of TXA usually leads to
adverse effects in patients, such as gastrointestinal discomfort and skin rash [20]. Glabridin
(GLA) (seen in Figure 1b), which comes from the flavonoid group of compounds in the
root of glycyrrhiza glabra, is an excellent tyrosinase inhibitor. It can effectively reduce the
transformation of tyrosine to melanin in melanocytes [21–23]. Additionally, 3-O-Ethyl-L-
ascorbic acid (EAA) (seen in Figure 1c), a derivative of vitamin C (VC), has better stability
and hydrophilic–lipophilic balance than VC [24]. Simultaneously, EAA retains the apparent
antioxidant effects of VC. The combined use of three effective components is expected
to ameliorate stubborn, hard-to-treat skin hyperpigmentation, lengthy treatment, and
high recurrence rates. However, because of the protective barrier function of the stratum
corneum, drug absorption through the skin is challenging. Therefore, the key to the drug’s
intended efficacy lies in achieving efficient transdermal drug delivery.

Figure 1. The chemical structural formula of (a) TXA; (b) GLA; and (c) EAA.

Microneedles (MNs) are a recent drug delivery innovation [25]. These needle tips,
measuring several hundred micrometers in length, can create micrometer-sized pores on
the skin, allowing drugs to bypass the skin barrier and to reach the site of the disease.
Their small size ensures that they do not come into contact with blood vessels and nerves,
which improves patient compliance and comfort, while reducing usage burden. The use of
hyaluronic acid (HA) as a matrix for MNs is preferred, due to its excellent biocompatibility.
The hyaluronic acid microneedle delivery system has been successfully applied to transport
a variety of drugs, including vaccines [26], exenatide [27], proteins [28], and anesthetics [29].
To fabricate microneedle arrays, a mixture of three polymers with biocompatibility and flex-
ibility was used: Polyvinyl alcohol (PVA), polyvinyl pyrrolidone (PVP) [30], and hyaluronic
acid (HA).

In this study, we employed MNs as drug delivery carriers to combine GLA, TXA,
and EAA, aiming to synergistically inhibit melanin production from multiple perspectives.
Through performing a series of experiments—including in vitro antioxidant assays, tyrosi-
nase inhibition assays, melanin generation inhibition evaluations, zebrafish assays, and
clinical trials—we examined the efficacy of the newly developed drug-loaded microneedles
(DMNs). Moreover, the effectiveness of DMNs in decolorization was confirmed by in vitro
and ex vivo experiments.

2. Materials and Methods

2.1. Materials

Tranexamic acid and Glabridin were purchased from Linkebe Technology Co., Ltd.
(Hangzhou, China). 3-O-Ethyl-L-ascorbic acid was procured from Dezhou Anglida Biotech-
nology Co., Ltd. (Dezhou, China). The hyaluronic acid (HA, Mw: 240,000) was pro-
cured from Bloomage Biotech (Beijing, China). Poly(vinylpyrrolidone) (PVP) was bought
from Boai Nky Pharma Co., Ltd. (Beijing, China). Poly(vinyl alcohol) (PVA) was pur-
chased from Alpha Hi-Tech Pharm Co., Ltd. (Pingxiang, China). The 2-Phenyl-4,4,5,5-
tetramethylimidazoline-1-oxyl-3-oxide (PTIO) was bought from Santa Cruz Biotechnology,
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Inc. (Santa Cruz, CA, USA), while 1,1-diphenyl-2-picrylhydrazyl (DPPH) was bought
from Aladdin Biochemical Technology Co., Ltd. (Shanghai, China), and L-DOPA from
Sigma-Aldrich (St. Louis, MO, USA). Dulbecco’s Modified Eagle’s Medium (DMEM low
glucose), RPMI 1640 medium, fetal bovine serum (FBS), phosphate-buffered saline (pH =
7.0–7.4), penicillin–streptomycin (P/S), and 0.25% trypsin (1×) were procured from Gibco
(Rockville, MD, USA). The Cell Counting Kit-8 assay kit was provided by Dojindo (Ku-
mamoto Prefecture, Japan). Non-tissue/cell lysate was ordered from Solarbio Tech Co., Ltd.
(Beijing, China), while RIPA buffer was bought from Beyotime Biotechnology (Shanghai,
China). Sodium hydroxide and dimethyl sulfoxide were obtained from InnoChem (Beijing,
China) and Beijing Chemical Works (Beijing, China), respectively. PBS (50 mM, pH = 6.8)
was purchased from Regen Biotechnology Co., Ltd. (Beijing, China).

Sprague Dawley (SD) rats (male, 8 weeks old, 220 ± 20 g) were obtained from SPF
Biotech Co., Ltd. (Beijing, China). Procedures for animal studies were approved by the
Institutional Animal Care and Utilisation Committee of the Technical Institute of Physics
and Chemistry, CAS (approval number, LHDW-23025 and IACUCIPC-23025). The animal
experiments followed the Guide for the Care and Use of Laboratory Animals (Eighth Edi-
tion, 2011). B16-F10 cells were purchased from Shanghai Enzyme Research Biotechnology
Co., Ltd. (Shanghai, China). The wild-type AB strain of zebrafish was obtained from
China Zebrafish Resource Center (Wuhan, China), and their breeding and propagation
followed the requirements of the international AAALAC certification (certification number:
001458). The animal experimentation procedures were executed according to The Standard
Operating Procedures for Evaluating the Whitening Efficacy of Zebrafish.

2.2. Volunteers

For the safety evaluation of DMNs, we recruited 30 participants, comprising 6 males
and 24 females, aged between 20 and 58 years old. To assess the efficacy of DMNs in
reducing facial pigmentation, 6 eligible female participants, aged from 18 to 60 years old,
with noticeable facial pigmentation were chosen based on a predetermined set of criteria.
The recruitment of volunteers was carried out following the medical and ethical principles
outlined in the Helsinki Declaration. Before participation, all volunteers had to provide
their informed consent to be involved in the study by signing a written consent form. All
aspects of the study, including but not limited to conducting the experiment, analyzing
data, and compiling the report, adhered to the principles of Good Clinical Practice.

2.3. Preparation of DMNs

HA, PVA, and PVP were chosen as the primary matrix for MNs fabrication due to
their outstanding biocompatibility [31]. When preparing the drug-containing solution, 3%
TXA, 0.2% GLA, and 2% EAA were dissolved in deionized water. The pH of the solution
was then adjusted to 5.5–6 and filtered through a 220 nm filter. PVA was dissolved in
deionized water at 80 °C while HA and PVP were dissolved at room temperature. The
three polymers were then mixed to form a homogeneous solution containing 4% PVA, 3%
HA, and 1% PVP. After sterilizing the high-molecular-weight mixed solution with high
pressure, it was combined with the drug-containing solution to obtain the DMN solution.
The DMN solution was then applied onto a polydimethylsiloxane (PDMS) mold using
vacuum suction to fill the holes with the solution. Finally, the DMNs were left to dry for
more than 5 h in an environment with a relative humidity of not more than 30% (Figure 2).

Figure 2. The manufacturing process of DMNs.
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2.4. Characterizations of DMNs

DMNs were fabricated by employing PDMS molds that were designed to have a
needle height of 230 μm. We then evaluated the DMNs’ morphology and actual height
by utilizing fluorescence microscopy (BX51, Olympus, Tokyo, Japan). Additionally, the
dissolution characteristics of DMNs were investigated using detached piglet pig skin.
DMNs were affixed to a hydrogel backing, and a microneedle applicator (20 N/cm2) was
employed to exert pressure for 20 s, followed by a 40 min waiting period before the removal
of DMNs. Finally, the needle height of the remaining DMNs was analyzed. According
to a previous study [32], Parafilm sealing film was employed to evaluate the penetration
performance of DMNs. DMNs were applied with a pressure of 20 N/cm2 for 20 s on an
8-layer sealing film. The DMNs were then removed to observe the puncture holes and
maximum puncture depth formed on the sealing film. To further validate the puncture
performance of DMNs, a needle injector (20 N/cm2) was used to facilitate the insertion of
DMNs into excised porcine skin. Subsequently, the DMNs were removed and stained with
a 4 mg/mL trypan blue dye solution for 30 min. Following the staining process, the dye
was wiped off, and photographs were taken to document the array of needle punctures.
Additionally, DMNs were also applied on the skin of SD rats, and the array formed on the
rat’s skin was recorded.

2.5. The PTIO Antioxidant Activity of DMNs

The PTIO antioxidant test was adapted from a study by Li et al. [33]. Firstly, dissolve
a single piece of DMN dry film in 1 mL of PBS buffer solution to obtain a 100% active
solution. Next, prepare a solution with a concentration of 0.5 mg/mL each for PTIO and
ASA. Distribute 1, 5, and 20 μL of the 100% active solution to the wells of a 96-well plate,
adding PBS to all wells with less than 20 μL and setting up three replicates for each group.
Use PBS as a blank control and ASA as a positive control. Finally, introduce 80 μL of PTIO
solution into each well and incubate the plate in an incubator set at a constant temperature
of 37 °C for 2 h. Next, complete processing by measuring absorbance at 570 nm using
an enzyme-linked immunosorbent assay (ELISA) reader (Epoch2, BioTek). Compute the
PTIO• scavenging rate using the formula:

PTIO• scavenging rate% = (A0 − A)× 100%/A0 (1)

where A and A0 represent the absorbance values of the sample group and the control
group, respectively.

2.6. DPPH• Scavenging Efficiency of DMNs

Antioxidant assays were performed according to the procedure described by Kim
et al. [34], with appropriate modifications. A 100% DMN water solution was prepared
as outlined in Section 2.5 and then diluted into concentrations of 40% and 10% with
PBS solutions. Subsequently, 2 mg of DPPH powder was weighed and added to a 5 mL
centrifuge tube, followed by the addition of 2 mL anhydrous ethanol to make a 1 mg/mL
solution. The solution was sonicated in the dark for 5 min, shaken in the dark for 10 min,
and then left undisturbed in the dark for 30 min until it was stable. The solution was further
diluted to a concentration of 0.1 mg/mL. Positive control ASA was prepared in water to
a concentration of 0.2 mg/mL. A 96-well plate was arranged with 100 μL of the different
concentrations of the test solution, the positive control, and the negative control in each
well. Each group was replicated three times. Then, 100 μL of DPPH solution was applied to
each well. The plate was kept in the dark while it was agitated for 30 min. After this time,
the absorbance was measured at 517 nm using an ELISA reader. The scavenging effect of
DPPH radicals was measured using the formula:

DPPH• clearance rate % = (A0 − A)× 100%/A0 (2)
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where A and A0 represent the absorbance values of the sample group and the control
group, respectively.

2.7. Safety on B16-F10 Cells

First, prepare the DMN extract. Sterilize the dry film with UV light for 24 h, then add
a low-sugar DMEM culture medium in a ratio of one sheet per milliliter to obtain 100%
extract. Next, prepare four concentration gradients of extract at 50%, 20%, 5%, and 1%.
Seed B16-F10 cells in 96-well plates, with each well containing 8000 cells, and incubate
for 24 h at 37 °C, 5% CO2, and saturated humidity in a culture box. Then, add 100 μL
of different concentrations of DMN extract to each well, with four parallel groups set for
each concentration and blank controls established at the same time. After administration,
continue incubating for 24 h. After processing, wash the cells with PBS and add 100 μL
of 10% Cell Counting Kit-8 (CCK-8) solution to each well, then continue incubation for
50 min. Finally, use an ELISA reader to measure the absorbance at 450 nm, and calculate
cell vitality using the following formula:

Cell viability % = (A0/A)× 100% (3)

where A and A0 represent the absorbance values of the sample group and the control
group, respectively.

2.8. Effects of Cellular Tyrosinase Activity

The method developed by No et al. [35] was modified. Firstly, B16-F10 cells were
seeded into 96-well plates at a density of 8000 cells/well and cultured for 48 h. The 100%
concentration extraction solution was prepared following the method from Section 2.7.
Then, it was diluted into three concentration gradients of 20%, 5%, and 1%. The test
solution was added after 48 h, and each group was set up with 4 parallel experiments and
a blank control. The cells were further incubated for 24 h after drug administration. After
treatment, the cells were washed with PBS, and then 40 μL of cell lysis buffer containing
1 mM Phenylmethanesulfonyl fluoride was added to each well. The plate was incubated
at 4 °C for 30 min, followed by incubation at 37 °C for 5 min. Subsequently, 100 μL of 1
mg/mL L-DOPA solution was added to each well and incubated in a 37 °C incubator for
2 h. After incubation, the activity of cellular tyrosinase was measured by obtaining the
absorbance at 475 nm using an ELISA reader according to the following formula:

Tyrosinase activity % = (A0/A)× 100% (4)

where A and A0 represent the absorbance values of the sample group and the control
group, respectively.

2.9. Melanin Measurement

According to the methods described in a previous study [36], with appropriate modifi-
cations, B16-F10 cells were seeded at a density of 200,000 cells per well in a 6-well plate and
incubated for 48 h. The extraction method for the solution was performed as described in
Section 2.8. Following the incubation period, each well was treated with 2 mL of extraction
solution at varying concentrations with a blank control and further incubated for 48 h.
The cells were processed by washing with PBS twice and treated with 500 μL of cell lysis
solution in each well, followed by incubation at room temperature for two hours for lysis.
The melanin component was collected in a 1.5 mL centrifuge tube and centrifuged at a
speed of 8000 rpm for 5 min. Then, the supernatant was discarded, and 200 μL of 1 M
NaOH solution containing 10% DMSO was added to the samples. The samples were
incubated in a 70–80 °C water bath for 4 h to dissolve the melanin. The solution was placed
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in a 96-well plate and the absorbance was measured at 405 nm using an ELISA reader. The
melanin contents are calculated as follows:

Melanin contents % = (A0/A)× 100% (5)

where A and A0 represent the absorbance values of the sample group and the control
group, respectively.

2.10. Zebrafish Experiment

Fifteen zebrafish from the wild-type AB strain, exhibiting typical developmental
characteristics after six hours of fertilization, were selected and assigned to each well of a
six-well plate. Caution should be exercised while removing deionized water from the wells
to avoid causing harm to the embryos. Following this, 3 mL of 0.5% DMN solution was
rapidly added to each well, and a negative control group (adding 3 mL of deionized water)
was established. The plate was wrapped in aluminum foil and incubated in a biochemical
incubator at 28.5 °C for 45 h. Subsequently, ten zebrafish were randomly selected from each
group for photography and observation. ImageJ software (version 1.53t) was employed to
analyze the strength of the melanin signal present in their heads. Whitening efficacy was
calculated using the formula below:

Whitening effect % = (S0 − S)× 100%/S0 (6)

where S and S0 represent the signal intensity of melanin in the head of the zebrafish in the
sample group and the control group, respectively.

2.11. Clinical Research in DMNs

We recruited a total of 30 participants, consisting of 6 males and 24 females, with
ages ranging from 20 to 58 years. Each participant applied DMNs for a duration of 24 h.
At the conclusion of the application, the DMNs were removed, and the participants’ skin
conditions were observed at 0.5, 24, and 48 h.

To study the clinical whitening efficacy of DMNs, six subjects were selected, two with
facial freckles, three with melasma, and one with age spots. Prior to starting the trial, the
6 participants were required to undergo a standardized cleansing process. Following the
cleansing process, the participants were instructed to sit in a room with standard conditions
(temperature: 20–24 °C, humidity: 40–60%) for a minimum of 30 min. This was to ensure
that the skin could naturally dry. Subsequently, a DMN patch was placed on the area of
pigmentation beneath the right eye and left in place for one full night, a minimum of 8 h,
before being removed. The DMN patch was applied every 48 h, totaling 28 applications.
The use of any other products (such as cosmetics or topical medications) in the treated area
was avoide during DMN application. The participants underwent facial imaging using a
VISIA (a commercial skin imaging analyzer) before the trial and at weeks 2 (W2), 4 (W4),
6 (W6), and 8 (W8) to obtain pre- and post-treatment comparative data. The measured
data comprised the water content of the stratum corneum at the application site, values of
trans-epidermal water loss (TEWL), melanin, hematochrome, individual type angle (ITA),
and a photograph of the subject’s facial area at the site of pigmentation. Tests on the same
subject were completed by the same measurer.

2.12. Statistical Analysis

The quantitative data were analyzed through the IBM SPSS Statistics application,
version 23.0, provided by IBM SPSS Inc. located in Chicago, IL, USA. Paired t-tests were
used to analyze statistical differences in data that followed a normal distribution, either
for within-group comparisons or for comparisons between the experimental and control
groups. Significance levels of p < 0.05, p < 0.01, and p < 0.001 are indicated by asterisks:
*, ** , and ***, respectively.
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3. Results and Discussion

3.1. Preparation and Characterization of DMNs

DMNs were manufactured in a clean room with a classification of ten thousand and
packed with an aluminum–plastic foam cover, as illustrated in Figure 3a. A fluorescence
microscope (BX51, Olympus, Tokyo, Japan) was used to capture images and observations,
revealing that DMNs possess a complete needle tip structure. The needle height of the
DMNs measures approximately 224.4 ± 4.4 μm (Figure 3b). In addition, after 40 min of
skin (detached pigskin) treatment, the DMNs almost completely dissolved (Figure 3c).
This indicates that DMNs have good dissolution ability, which can promote the rapid
penetration of drugs into the skin. We conducted the puncture experiment for the DMNs
using a sealant film with an average thickness of 126 μm per layer [32]. As illustrated in
Figure 4a, the DMNs created a needle hole array on the first and second layers of the sealant
film, but not on the third and fourth layers. Moreover, DMNs have the capability to create
distinct arrays of needle punctures on both isolated pig skin and SD rat skin as illustrated
in Figure 4b,c. These findings suggest that DMNs perform well in puncture tests.

Figure 3. (a) DMNs prepared in a tens of thousands level clean room and packaged in aluminum
and plastic; (b) DMN image captured after fabrication using a fluorescence microscope; (c) the needle
tip that remains after inserting into pig skin and being dissolved in DMNs for 40 min.

Figure 4. (a) Results of puncturing 1–4 layers of sealing film; the needle hole array obtained by
applying DMNs to (b) pig skin and (c) the SD rat.

The height of the MN tips ranges between 50 and 900 μm, allowing the MN to penetrate
the stratum corneum [37]. However, an excessive needle height can cause skin damage.
Xing et al. [38] assessed the impact of three various heights of MNs (230 μm, 500 μm, and
700 μm) on penetration depth and skin recovery. Among them, the depth of penetration of
the 230 μm MNs into the skin was 85 ± 12 μm, and the skin could recover within 30 min.
The stratum corneum has a thickness of approximately 10–20 μm. Consequently, a 230 μm
needle can pierce through the stratum corneum, reaching the epidermis or shallow dermis,
resulting in swiftly healing small wounds on the skin. As a result, we have selected a
230 μm needle height for the DMNs. Simultaneously, we selected HA, PVP, and PVA as
matrix materials for the preparation of MNs. HA can hydrate and quickly absorb moisture,
thereby accelerating the dissolution process of the DMNs [39]. The basal part of the DMNs,
which is not inserted into the skin, will gradually dissolve and penetrate the skin through
the pores created by the DMNs. Additionally, we utilized a PVA/PVP hybrid form to
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effectively address the lack of mechanical strength in PVA when used alone. PVA is widely
used due to its excellent biocompatibility and ability to form films, yet its inability to
provide sufficient mechanical strength can be solved by mixing with PVP [40].

3.2. Antioxidant Results of DMNs

We conducted two studies to assess the antioxidant capacity of the combination using
the DPPH assay [41] and PTIO radical scavenging assay [42]. Results from the PTIO
experiment indicate that the 5% DMN extract possesses modest antioxidant activity, with a
PTIO• scavenging rate of approximately 30%, while the scavenging rate of the 20% extract
surpasses that of the positive control (0.1 mg/mL ASA). Furthermore, the combination’s free
radical scavenging efficacy positively correlates with the extract concentration (Figure 5a).
Additionally, DMNs exhibit superior DPPH• clearing properties, with a 50% clearance rate
at a 5% concentration and a higher clearance efficiency at a 20% concentration compared
to the positive control (Figure 5b). Oxidative stress reactions arise from reactive oxygen
species (ROS) accumulation [43] and may cause acquired melanin pigmentation. This can
be countered by activating the cell’s antioxidant defense system [44] or by introducing
antioxidants [45,46]. Therefore, we introduced the VC derivative EAA to the combination,
and the experimental results confirm that the inclusion of EAA enhances the combination’s
antioxidant effects.

(a) (b)
Figure 5. (a) PTIO• scavenging rate and (b) DPPH• scavenging rate of different concentrations of
DMNs and positive control group (0.1 mg/mL ASA). Significance levels of p < 0.01, and p < 0.001 are
indicated by asterisks: **, and ***, respectively.

3.3. Cytotoxicity Results of DMNs

The objective of this section is to evaluate the potential cytotoxicity of the DMN
extract. We exposed the B16-F10 cells to different concentrations of DMN extract solution
for 24 h. Then, we performed CCK-8 experiments to analyze their individual cytotoxic
activities. The findings indicated that concentrations of 5% and below did not exhibit
any cytotoxicity. Similarly, cellular viability at 20% concentration was approximately 75%,
indicating non-cytotoxicity. In contrast, the 50% concentration showed higher cytotoxicity,
as shown in Figure 6. This experiment provides a basis for our subsequent experiments on
anti-melanogenesis and cellular tyrosinase activity.
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Figure 6. Cell viability of B16-F10 melanoma cells. Cells (8000) were seeded for 24 h, followed by
treatment with different concentrations (1%, 5%, 20%, or 50%) of DMN extract for another 24 h.
Untreated cells were used as controls.

3.4. Effect of DMNs on The Activity of Tyrosinase in B16-F10 Cells

Tyrosinase is a crucial enzyme in the melanogenesis process [47]. To enhance the
melanin inhibitory effect of the combination, we supplemented the tyrosinase inhibitor
GLA. The tyrosinase inhibition effect of the combination was tested with B16-F10 cells. The
outcomes demonstrated that at 1% concentration, about 42% of the enzyme activity was
inhibited; at 5% concentration, around 74% was inhibited; and the inhibition rate at 20%
concentration was over 80% (Figure 7a). It can be observed that the inhibition ability of
the combination exhibited a direct correlation with the concentration. As a result, these
findings suggest that DMNs have a greater tyrosinase inhibition efficiency.

(a) (b)
Figure 7. (a) Detection of tyrosinase activity in B16-F10 cells using L-DOPA. Cells were treated with
various concentrations (1%, 5%, or 20%) of DMNs for 24 h. Controls were untreated. (b) Melanin
contents of B16-F10 cells. Cells were treated with various concentrations of DMNs for 24 h. Controls
were untreated. Significance levels of p < 0.01, and p < 0.001 are indicated by asterisks: **, and ***,
respectively.

3.5. Effect of DMNs on Melanin Production in B16-F10 Cells

For better visualization of the DMNs’ depigmentation effect, we quantitatively ana-
lyzed melanin using B16-F10 cells. As shown in Figure 7b, the DMNs’ effect on cellular
melanogenesis was dose-dependent, inhibiting at rates of 86.43%, 95.35%, and 95.62% at
concentrations of 1%, 5%, and 20% respectively. Previous tyrosinase experiments revealed
that the tyrosinase inhibition rate for a 1% DMN extract was approximately 42%, whereas
the melanin inhibition rate was 86%. Therefore, the combination of EAA, a potent antioxi-
dant, and TXA, a melanin transfer inhibiting component, work synergistically with GLA to
enhance its decolorization ability.
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3.6. Effect of DMNs on Melanin Pigmentation of Zebrafish Embryos

Considering the prolonged duration and intricate procedures associated with guinea
pig experiments, we therefore chose zebrafish as an animal model to evaluate the discol-
oration capacity of DMNs [48,49].

Ten zebrafish were selected randomly for each group to observe the back discoloration.
The chromatophores on the backs of treated zebrafish were lighter than those in the control
group (Figure 8a,b). Next, we used ImageJ software to evaluate the melanin on the backs of
both groups of zebrafish quantitatively, and the decolorization rate in the treatment group
rose to 32%, as shown in Figure 9a. The qualitative and quantitative results of the zebrafish
experiment preliminarily verified that DMNs have decolorization potential. However, the
depigmentation effect of the drug combination on zebrafish is relatively poor compared
to its effects on B16-F10 cells. One possible reason is that the GLA in the combination
does not exert a depigmentation effect on zebrafish and has a certain teratogenicity on
zebrafish embryos [23]. The toxicity of GLA reduces the overall drug concentration of
the combination. However, DMNs can achieve a depigmentation rate of 32% even at
low administration concentrations and in the absence of GLA’s effectiveness, indicating
DMNs’ whitening potential. In Figure 9b, the red dashed box delineates the region where
we employed ImageJ software to quantify the concentration of melanin in the head of
the zebrafish.

Figure 8. Representative photographs of zebrafish embryos at 51 h post fertilization (hpf). Embryos
were treated with (a) 0.5% DMNs from 6 to 51 hpf; (b) Controls were untreated.

(a) (b)
Figure 9. (a) Whitening efficacy evaluation of 0.5% DMNs and blank control. All groups were
quantitatively analyzed for zebrafish head melanin using ImageJ software, and the results are
expressed as mean ± SD (n = 10). (b) The melanin content is determined by analyzing the region
enclosed by the red dashed box. The significance level of p < 0.001 is indicated by asterisk ***.
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3.7. The Clinical Trial of DMNs

Thirty volunteers were recruited to assess the irritability of DMNs. Low-sensitivity
adhesive tape was utilized to apply DMNs to the participants’ backs for 24 h, followed by
removal. The participants’ skin reactions were observed at 0.5 h, 24 h, and 48 h, respectively.
The results were recorded based on the skin reaction grading standards outlined in the
Cosmetic Safety Technical Specifications (2015 version). The results indicated no occurrence
of adverse reactions among these 30 volunteers, thus confirming the safety of DMN usage.

Due to its assured safety, we enlisted various volunteers exhibiting visible freckles,
melasma, and age spots on their faces for an eight-week efficacy test of DMNs for skin
whitening. During the procedure, there were no noticeable changes observed in the mois-
ture content of the stratum corneum and the TEWL of all individuals (Figure 10a,b). This
suggests that DMN application does not result in moisture loss in the stratum corneum. The
primary component of DMNs, HA, exhibits potent hydrating properties and is extensively
utilized in cosmetics to improve skin moisture retention [50], which might be the reason
for there being no observed loss of moisture. The skin’s melanin and red pigment at the
site of drug administration both decreased. Melanin decreased by 10.49% and red pigment
decreased by 14.40% (Figure 10c,d). ITA (ITA is used to represent the chromatic individual
type angle, with a higher value indicating a brighter skin color) value slightly increased
by approximately 5.97% (Figure 10e), signifying that DMNs can reasonably lighten spots
and whiten skin. We captured the participants’ facial images using VISIA (a commercial
skin imaging analyzer) every four weeks. Patients with age spots exhibited a reduction
in pigmentation in the brown and red regions (Figure 11a), while patients with melasma
showed slight a reduction in the pigment in their faces (Figure 11b), but it was less than
that of age spots. Nonetheless, the treatment effect of DMNs on freckles was not significant
(Figure 11c). The reason for the different efficacies of DMNs on melasma, age spots, and
freckles may be due to the reality that freckles are primarily determined by genetic and con-
genital factors, whereas melasma and age spots are primarily caused by postnatal factors
such as UV exposure and hormone levels [51]. Meanwhile, most drugs are more effective
in treating postnatal diseases rather than congenital diseases. In conclusion, clinical trials
have validated the safety of DMNs for topical application and have shown that it does not
cause any loss of skin moisture. Moreover, DMNs exhibit selective efficacy in treating both
age spots and melasma.

(a) (b) (c)

(d) (e)

Figure 10. All subjects were tested at 0 W, 2 W, 4 W, 6 W, and 8 W for (a) skin stratum corneum water
content, (b) TEWL, (c) skin melanin, (d) skin hematochrome, and (e) ITA.

201



Polymers 2023, 15, 3296

(a) (b) (c)
Figure 11. Subjects with (a) age spots, (b) melasma, and (c) freckles on the face were taken at 0 W,
4 W, and 8 W using VISIA (a commercial skin imaging analyzer) to capture facial images. The dashed
box highlights the area of pigment reduction.

4. Conclusions

UV radiation triggers oxidative stress, which leads to an increase in intracellular ROS
levels in human epidermal melanocytes [52]. Additionally, UV exposure increases the
activity of intracellular tyrosinase, accelerating melanin production in the epidermis [53].
In this study, a polymer matrix containing GLA, EAA, and TXA was loaded onto MNs, and
the antioxidant effects of DMNs were confirmed. DMNs inhibit intracellular tyrosinase
and melanin production, as demonstrated in B16-F10 cells and zebrafish models. DMNs
were found safe in clinical trials and selectively lightened chloasma and age spots. Future
research will determine the optimal ratios of the three-drug components. In conclusion,
the DMNs, which consist of various components and exhibit multiple effects, have the
potential for whitening.
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Abstract: Fish collagen garnered significant academic and commercial focus in the last decades
featuring prospective applications in a variety of health-related industries, including food, medicine,
pharmaceutics, and cosmetics. Due to its distinct advantages over mammalian-based collagen,
including the reduced zoonosis transmission risk, the absence of cultural-religious limitations, the cost-
effectiveness of manufacturing process, and its superior bioavailability, the use of collagen derived
from fish wastes (i.e., skin, scales) quickly expanded. Moreover, by-products are low cost and the
need to minimize fish industry waste’s environmental impact paved the way for the use of discards in
the development of collagen-based products with remarkable added value. This review summarizes
the recent advances in the valorization of fish industry wastes for the extraction of collagen used in
several applications. Issues related to processing and characterization of collagen were presented.
Moreover, an overview of the most relevant applications in food industry, nutraceutical, cosmetics,
tissue engineering, and food packaging of the last three years was introduced. Lastly, the fish-
collagen market and the open technological challenges to a reliable recovery and exploitation of this
biopolymer were discussed.

Keywords: fish collagen; fish industry waste; collagen extraction; nano collagen; sustainability

1. Introduction

In order to exploit natural resources as much as possible, a long-term plan titled “Blue
Growth” was approved by the European Commission and has been implemented to pay
particular attention to fish resources in order to preserve the environment from industrial
pollution. The enormous amount of valuable protein that could be extracted [1–5] (about
30–40% of the total weight), is one of the most appealing aspects of seafood by-products.
More than 20 million tons of them are produced annually from the fish tissues that are
discarded as waste, including fins, heads, skin, and viscera [6–8]. Because of their elevated
protein content, absence of disease transmission risks, high bioactivity, and less considerable
religious and ethical restrictions, the use of fish by-products as a new source of collagen
has drawn increasing attention [9–11].

The importance of both aquaculture and fishing to food security is expanding continu-
ously, particularly in light of the rising global fish production and the United Nations’ 2030
program of sustainable development [12]. Approximately 70% of fish and other seafood are
processed before being sold, resulting in enormous amounts of solid waste from processes
such as beheading, de-shelling, degutting, separating fin and scales, and filleting [13,14].
More than half of the weight of fresh fish becomes by-products of the fish industry. Most
of these by-products are buried or burned, causing environmental, health, and economic
issues. A minor portion are employed as inexpensive ingredients in animal feeds. Fish
waste is a rising problem that requires quick, creative methods and solutions. Numerous
initiatives and programs have been performed globally to prevent food waste. In addition
to reducing the cost of waste disposal, investing in waste from the fish industry can offer
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the opportunity to recover other important substances such as oils, proteins, pigments,
bioactive peptides, amino acids, collagen, chitin, gelatin, etc. [15–17].

More than two decades ago, research on the extraction of collagen from fish waste
started to be conducted. Collagens are one of the most abundant proteins in animals,
which are found in the extracellular matrix of connective tissues, including skin, bones,
tendons, ligaments, cartilage, intervertebral discs, and blood vessels [18]. Collagens are
not only implicated in tissue architecture maintenance and strength, but they also cover
regulatory roles (i.e., through mechano-chemical transduction mechanisms) during tissue
growth and repair [19,20]. Thanks to their nature, collagens are intrinsically bioactive,
biocompatible, and biodegradable [21]. Hence, collagens are valued as the most commonly
required and used biomaterials in many fields, including medical, cosmetic, nutraceutical,
food and pharmaceutical industries in the forms of injectable solutions, thin substrates,
porous sponges, nanofibrous matrices, and micro- and nano-spheres [22–25]. Recent
studies revealed many similarities in the molecular structure and biochemical properties
between collagen derived from fish and mammalian sources, despite the fact that fish
collagen typically has a lower molecular weight and lower denaturation temperature than
mammalian collagen [8,12,20,22,24,26–28]. Various extraction techniques for fish collagen
have been developed depending on the selected tissue type and fish species. Hence, a
considerable collection of literature has been developed on this subject [29–31]. Only in
the past five years have researchers concentrated on innovative materials with improved
characteristics in addition to developing extraction techniques for mass manufacture.

Collagen nanotechnology has a bright outlook because science in this area is always
progressing and will continue to do so in the future. Nano collagen is ordinary collagen
that has been sized down to a nanometer scale [32,33]. According to its nano-scale-based
technology, which offers a high surface-area-to-volume ratio, an optimal penetration into
wound sites and higher cell interaction is enabled. [34]. Moreover, nano collagen has
the ability to deliver drugs and to supply a durable microenvironment at wounded sites
to promote cellular regrowth and healing [35]. Collagen nanotechnology still presents
many shortcomings, including the fact that only a small minority of therapeutic com-
pounds have received commercial approval and that there are still numerous unsolved
problems [32]. The complexity of pathophysiological symptoms and the lack of data on its
real physiological effects is a further challenge for nanotechnology. Despite these down-
sides, nanotechnology is still a growing trend, with a huge amount of unrealized potential.
This gives rise to the expectation that further research will assist in minimizing these down-
sides, leading to the creation of secure and efficient nano-based systems. In order to create
approved therapeutic agents that take advantage of nanotechnology, additional research
and studies must be performed [32]. Indeed, Figure 1 reveals the continuous increasing re-
search interest on collagen, fish collagen, and nano collagen investigation in the last twenty
years. In particular, it appears clear that there has been a significant increase in scientific
works in the last five years. Nano collagen can be used for a variety of improvements and
treatments, such as bone grafting, drug delivery, nerve tissue formation, vascular grafting,
articular cartilage regeneration, cosmetics, and wound healing [21,22,36]. It is clear that
nano collagen is a progressed type of nanotechnology; thus, further investigation must be
attempted to advance this technology with the expectation that, in the future, nano collagen
scaffolds will be more widely available [37].

This review aims to provide an overview of recent investigations into fish collagen,
with a particular focus on its characteristics, types, and extraction methods, and, finally,
on the valuation of fish industry waste for the preparation of biopolymers for various
applications areas. Among others, fish-collagen application in the medical, pharmaceuticals,
food, and cosmetic sectors are discussed.
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Figure 1. Increasing research interest in fish collagen (MC) and nano collagen (NC) compared with
collagen (C), according to scientific papers analyzed by publication year in the last twenty years up
to 2022 (from Scopus database: www.scopus.com, accessed on 15 September 2022).

2. Collagen: Structure and Properties

Collagens represent about 30% of a mammal’s weight [18,38]. Based on the historical
order of their discovery, 28 types of collagens—type I through type XXVIII—have been
identified and described up to the current day [39]. The oldest collagen identified to date
was found in the soft tissue of a fossilized Tyrannosaurus rex bone that dates back 68 million
years [40,41].

The molecular organization of collagens is highly variable, notwithstanding their
general triple-helical structure and the triplet (Gly-X-Y)n repetition, where X and Y can
be any amino acid, although proline and hydroxyproline are the most frequent occupants
of these locations (Figure 2) [42,43]. Collagen’s unit is composed of three α-chains, the
amino acid composition of which varies among collagen types. Furthermore, function
and distribution in tissues play a role in the diversity of collagen, as well as molecular
and supramolecular organization, such as occurrence and length of triple helical domains,
packing of the triple helices, etc. [27,44].

Figure 2. Exemplary amino acid repetition of the triplet (Gly-X-Y)n characteristic of type I collagen.

The most prevalent and thoroughly studied types of collagens are type I (almost
present in all tissues and organs), type II (present in the cartilage, vitreous body, and nu-
cleus pulposus), and type III (present in the skin, blood vessels, lungs, liver, and spleen) [45],
which are used in tissue engineering and reconstructive medicine as well as in the phar-
maceutical industry as compounds that extend the effects of drugs. Types I, II, and III
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collagens, especially type I, are also used as plastics in medicine and cosmetology. Type I
collagen represents over 70% of the entire collagen family and makes up more than 90% of
the collagen in the human body. It is mainly found in connective tissues such as body joints,
cartilages, bones, sclerae, ligaments, tendons, intervertebral discs, corneas, adventitia of
blood vessels, skin, and most hollow organs including gastrointestinal and genitourinary
tracts [24,39,46]. In contrast, types II, III, and IV collagen are frequently seen. Type II
collagen, for instance, is a structurally important part of the hyaline cartilage that lines
the adult’s articular surfaces in addition to being present in other tissues including the
intervertebral disc’s nucleus pulposus and the retina, sclera, and lens of the eye. Skin, lungs,
intestinal walls, and blood vessel walls all contain type III collagen.

Type I collagen is composed of three polypeptide chains, two identical α1(I) chains and
one α1(I) chain, each of which has roughly 1000 amino acid residues [47]. Hydroxylation
of proline residues is a typical post-traditional modification of type I collagen that accounts
for about 11–14% of amino acid residues and it is commonly used as a marker to detect
and quantify collagen in tissues [48,49]. Whereas proline and hydroxyproline are essential
for maintaining the triple helical structure under physiological conditions by forming
hydrogen bonds that inhibit uncontrolled rotation, glycine is critical for packing the three
helices [50,51].

The idea that the type I collagen molecule is made up of a single extended polypeptide
chain with all amide bonds was brought forward by Astbury and Bell in 1940 [51]. In 1951,
Pauling and Corey provided the correct structures for the α-helix and β-sheet [52]. In that
proposal structure, three polypeptide chains were connected in a helical configuration by
hydrogen bonds. These hydrogen bonds necessitated the production of two of the three
peptide bonds and involved four of the six main chain heteroatoms inside each amino acid
triplet [52]. The collagen triple helix structure was reconstructed in 1954 by Ramachandran
and Kartha as a right-handed triple helix of three staggered, left-handed helices with one
peptide bond and two hydrogen bonds within each triplet [53]. In 1955, this structure was
improved by Rich and Crick, North, and Colleagues thanks to which the triple-helical
structure that is still used today was unveiled. This structure has helical symmetry and
just one crosslinking hydrogen bond per triplet [54]. Changes in the proposed structure
of collagen from the beginning and its modification to the final structure accepted by the
scientific community are shown in Figure 3.

Figure 3. Changes in the proposed structure of type I collagen from the beginning and its modifi-
cation to the final accepted structure. Adapted from [52]. Reproduced from [51] with permission
from springer Nature, 1940. Reproduced from [53] with permission from springer Nature, 1954.
Reproduced from [54] with permission from Elsevier, 1955.

As is shown in Figure 4, three polypeptide α-chains form the trimeric molecule that
represents the type I collagen unit (length ≈ 300 nm, diameter ≈ 1.5 nm). Three parallel,
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left-handed polyproline-II helices are arranged in a right-handed bundle [55,56]. Multiple
collagen units are assembled into fibrils (length ≈ μm, diameter ≈ 100 nm) and then
fibers (length ≈ mmm diameter ≈ 10 μm) with dimensions and orientation that are strictly
tissue-dependent [28,57].

Figure 4. Type I collagen hierarchical organization.

Thus, type I collagen is a hierarchically organized protein. The primary structure
of type I collagen consists of three α helices: two identical α1(I) and one α2(I) helices
of approximately 1000 amino acids and a molecular weight of about 130–140 kDa and
110–120 kDa, respectively. The collagen molecule has a triple helical part and two non-
helical parts at both ends (called telopeptides), with a molecular weight of 300–400 kDa, a
length of 280 nm, and a width of 1.4 nm [58,59]. The secondary structure consists of each of
these chains twisted in the form of a left-handed helix with three amino-acid repetitions
in each turn. The tertiary structure, the inflexible structure, is created when the chains
are then twisted three times around one another. Finally, in the quaternary structure,
collagen molecules assemble into fibrils and then fibers. Because of the intermolecular and
intramolecular interactions, this collagen organization is very stable [25,60]. Obviously, the
collagen structure’s stability is directly dependent on its chemical composition. For instance,
the triple helix of collagen grows stronger as the percentage of amino acids is higher, such
as proline and hydroxyproline. The pyrrolidine rings are directly responsible for the
polypeptide chain’s movement reduction [22,61]. Preservation of collagen’s structural
integrity results in an improvement in physical properties, an increase in thermal stability,
and a decrease in the denaturation temperature [62–64].
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Theoretical examination of the mechanical characteristics of collagen at several levels,
including the main monomer, individual collagen fibrils, and collagen fibers, is possible by
studying collagen’s structured nature. Studying main monomers and fibrils made from
type I collagen has likely provided the most direct measurements of the mechanical proper-
ties of collagen. Over the recent decades, researchers have used a variety of biophysical
and theoretical methods, and recent developments in the Atomic Force Microscopy (AFM)
approach have made it possible to perform more accurate evaluations [65]. According to
estimates, the fracture strength of individual collagen triple helices is 11 GPa, which is
much higher than that of collagen fibrils, which is 0.5 GPa [66]. This difference makes sense
because, whereas the breaking of a fibril does not always entail the breakdown of covalent
bonds, the breaking of individual collagen triple helices necessitates the unwinding of the
triple helix and ultimately breaking of the covalent bonds [67]. In contrast to dehydrated
type I collagen fibrils from mammalian sources, which have a Young’s modulus of about
5 GPa according to AFM tests, individual collagen triple helices monomers have a Young’s
modulus between 6 and 7 GPa. Because collagen fibrils are anisotropic, another crucial
measure of a collagen fibril’s strength is its shear modulus, which determines stiffness [68].

Furthermore, AFM indicated that the shear modulus of dehydrated fibrils of type I
collagen from mammalian sources is between 30 and 35 MPa. These fibrils’ shear modulus
was drastically decreased by hydration, but was increased by cross-linking. It is important
to note that while some cross-linking is beneficial for the mechanical qualities of collagen
fibrils, excessive cross-linking causes collagen fibrils to become highly brittle, which is a
common sign of aging [69]. Investigation of the mechanical properties of collagen fibrils
demonstrated that the length of the individual collagen triple helices monomer has been
chosen by nature in a way to maximize the strength of the produced collagen fibril through
effective energy dissipation. Simulations indicate that individual collagen triple helices
monomers either longer or shorter than the length of a type I collagen triple helix, which
is 300 nm, would form collagen fibrils with low mechanical properties [62]. The thermal
and structural stability of the collagen triple helix is strongly influenced by the chemical
composition of amino acid and its type, which is caused by the type of animal and the living
conditions. Indeed, hydroxyproline stabilizes and strengthens the collagen structure [70].
In addition to preserving collagen’s structure and enhancing its mechanical properties,
hydroxyproline also plays an important role in its thermal stability. The denaturation
temperature and denaturation enthalpy of collagen increases due to the presence of the
hydroxyl group in hydroxyproline and the bonding with the pyrrolidine ring. The quantity
of hydrogen bonds formed between hydroxyproline and pyrrolidine significantly influences
the increment in enthalpy of denaturation. Therefore, the triple helix does have greater
thermal stability the more water molecules that there are surrounding it [25,71].

One of the most basic roles of collagen in the body is to provide connective tissues
with stability, structure, and resistance to stresses [19,20]. Moreover, collagen has the ability
to manage a wide range of nonstructural activities, including cell proliferation, migration,
differentiation, and communication [60,72].

3. Fish Collagen

Collagen sources, types, pre-extraction conditions, and process methods are the main
parameters that determine extracted product properties, including molecular weight of
the peptide chain, amino acid composition, molecular structure, solubility, and functional
activity. Although native type I collagen could be extracted from different mammalian
sources, the main source of extraction is bovine due to availability and biocompatibility. [73].
There are other alternative sources for extracting type I collagen, among which pig, horse,
sheep, and rat can be mentioned [74–77]. It is possible to obtain mammalian collagen from a
wide range of tissues, notably skin, bones, tendons, lung tissue, and connective tissues. Due
to some restrictions in terms of health, cultural, social, and religious issues that are implied
by traditional sources, research has concentrated on the development of a new source of
extraction. Various resources from the sea, including vertebrates as well as invertebrates,
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have been studied and considered as collagen extraction sources. In particular, several fish
species (e.g., Rachycentron canadum, Esoxlucius, Spotless smooth hound, Sciaenops ocellatus,
Sardinella fimbriata, Coryphaena hippurus, Alaska pollock, Takifugu flavidus, Pacu, Labeo rohita,
Labeo catla, Tuna, Thunnus obesus, Scomber japonicus, Gadus morhua, Prionace glauca, Cichla ocellaris,
Cyprinus carpio, Oreochromis niloticus, etc.) aquatic reptiles (such as the soft-shelled turtles),
sponges, corals, octopuses, squids, starfish, jellyfish, cuttlefish and sea cucumbers, sea
anemones, sea urchins, mussels, and shells were considered.

Skin, scales, bones, skull, swimming bladder, and remaining viscera, are by-products
of fish that may be used as sources of collagen (Figure 5). Among all fish by-products, skin
traditionally has been reported as the best source of fish collagen extraction [12,78–81].

Figure 5. By-products of fish as potential sources of collagen extraction.

Fish collagen physicochemical properties were found to be similar to mammalian
collagen, but with some advantages such as (1) capability of purification and extraction;
(2) aquaculture and accessibility to fishing by-product; (3) lower risk of disease transmission
compared to mammalian collagen due to high ontogenetic difference between fish and hu-
mans; (4) lack of religious and cultural limitation; (5) slightly different chemical composition;
(6) low viscosity; (7) non toxicity; (8) reasonable homeostatic properties; (9) bio-resorbability;
(10) more simple extraction method; (11) more adaptable and metabolic compatibility; and
(12) minimal inflammatory response (Figure 6) [82–85]. Although fish collagen has several
advantages, it suffers from several disadvantages such as low denaturation temperature,
low mechanical properties, and high degradation rate [78]. The major drawback of fish
collagen compared to mammalian collagen is the lower denaturation temperature, which
limits its medical applications [70]. During denaturation, collagen turns into gelatin, where
the hydrogen bonds that support the helical structure are partially or completely destroyed,
and it loses its structural role and its conformation-related biological activity [42,43]. The
second main drawback of fish-derived collagen is its low mechanical resistance which limits
its applications. Many efforts have been made to improve its mechanical properties and
degradation profiles, including chemical or enzymatic cross-linking [86,87]. The different
advantages and disadvantages of fish collagen are shown in Figure 6.
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Figure 6. Advantages and disadvantages of fish collagen.

4. Collagen Extraction Methods

Due to the enormous diversity of collagen types, it is challenging to design a standard
extraction procedure for collagen from various tissues. However, the collagen extraction
process usually consists of around five main steps (Table 1): (i) tissue separation and purifi-
cation; (ii) tissue size reduction; (iii) non-collagenous components elimination; (vi) collagen
extraction through acid and/or enzymatic treatment; (v) and, finally, recovery using salt
precipitation. The extraction procedures start with the removal of unneeded portions. Fish
by-products are then reduced in size to facilitate the following step which is the removal of
non-collagen proteins, lipids, pigments, cell remnants, and minerals. Afterwards, collagen
is extracted using an acidic treatment, followed by an optional enzymatic treatment, before
being recovered using salt precipitation, dialyzation, and lyophilization. All these steps are
performed at about 4◦ C to 10 ◦C, to prevent collagen denaturation [88–90].

Table 1. Five steps of collagen extraction process from fish sources [88–90].

No. Step(s) Time

1 Separation and purification 2 h
2 Size reduction 1 h
3 Non-collagenous components discarding Up to 3 days
4 Collagen extraction through acid and/or enzyme treatment Up to 6 days
5 Salt precipitation and recovery 2 days

The conventional process for collagen extraction, based on acid and/or enzymatic
methods, has been improved in recent research. The fish ecosystem, the belonging tissue,
and the method of extracting collagen from a fish source have a direct effect on the number
of remaining impurities [83,91]. In the following, various sources, methods, advantages,
and disadvantages of each method and effective parameters in the extraction of fish collagen
have been investigated.

Fish tissues require special treatment before being recovered from fisheries and aqua-
culture byproducts, including washing with water and sodium chloride to remove im-
purities and lipids and milling the skin to increase its contact surface with the liquid
phase [92]. Following the removal of contaminants and non-collagenous proteins using
sodium hydroxide, hydrogen peroxide, calcium hydroxide, or a combination of these, the
material is submerged in alkaline solutions, with butyl alcohol (10%) used to remove oily
components [93,94].
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The real extraction step is based on the solubility of the collagenous molecule taken
after the pretreatment. The most common treatments are saline, acid, and/or enzymatic.
The saline treatment employs neutral salt, such as sodium chloride and/or guanidine
hydrochloride, for precipitation-based extraction, which, among its drawbacks, has a
low extraction yield [95]. Once the sodium chloride concentration has been gradually
raised through adding NaCl, the collagen is separated. It was shown that the basic salt
extraction is ineffective after testing a number of collagen isolation techniques. Additionally,
raising the salt content will enhance the ionic power of the resulting solution and boost the
solubilization capacity. The ultimate yield is extremely low since, in normal tissues, the
amount of neutral salt-soluble collagen is typically insignificant [96,97].

In the acid treatment, several acid types could be employed, such as acetic acid, lactic
acid, citric acid, hydrochloric acid, formic acid, sulfuric acid, and tartaric acid [83]. Obvi-
ously, this method can solubilize collagen more effectively than basic salt extraction, but it is
still only effective on young and uncross-linked collagen [97]. Collagen type I derived from
fish skin is often extracted using an acidic treatment with acetic acid, hydrochloric acid,
or phosphoric acid. However, this extraction method can be performed using either acids
or alkali. These extraction techniques are extremely corrosive and, after neutralization,
result in a high salt content. The pH value will influence the electrostatic interaction and
structure depending on the acid’s concentration. It establishes the ability of animal tissue
to be extracted and dissolved [28,98,99].

Enzymatic treatment involves the use of enzymes, such as collagenase, papain, or
pepsin [100,101]. Enzymatic hydrolysis has emerged as the best method for collagen
extraction from fish because it tends to eliminate the non-helical extremities and increase
the solubility of collagen molecules and, thus, increase the extracted material yield [102,103].
The potential for irreversible denaturation of the collagen structure by enzymatic digestion
during this procedure could either be a drawback or not, since it could be used for the
production of several collagen formulations with different hierarchical organization levels
that will have different bioactivity profiles. A more effective collagen extraction method was
obtained by integrating both the acidic and enzymatic treatments. The collagen molecule is
affected by enzymes, which make it more soluble in an acidic media [61,104].

Figure 7 shows that the denaturation of native collagen results in the formation of
randomly coiled α-chains. Thermal treatments above collagen denaturation temperature
can be used to obtain them. Proteolytic enzymes are able to hydrolyze the polypeptide
chains in shorter polypeptide sequences. The final outcome is typically referred to as
hydrolyzed collagen that is made up of short, low-molecular-weight peptides. The kind
and level of hydrolysis, as well as the different type of enzyme used in the process, all affect
collagen properties and functional activity [105–108].

Figure 7. Representative scheme of type I collagen denaturation into low-molecular-weight peptides
(red and blue).
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The molecule is not altered when collagen is extracted using ultrasonic as a substitute
method; instead, this helps the enzymatic process [109,110]. This method can be used
to produce higher collagen yields in shorter extraction durations. This approach is more
effective than the traditional one because it increases mass transfer by opening the collagen
fibrils, permitting acid and/or enzymatic hydrolysis, and subsequently improving the
extraction yield [109–111].

Electro dialysis, a quick, effective, and affordable approach, was employed instead
of traditional dialysis to boost extraction efficiency and process speed [112]. Isoelectric
precipitation is a method frequently used to separate protein biomolecules, which can be
used in collagen extraction from fish sources [113,114]. Thermal processing, or treating the
protein to high pressure and temperature, constitute further extraction techniques. There is
a subcritical water level (SCW) used in thermal processing, which can be found at pressures
lower than 22 MPa and temperatures between 100 ◦C and 374 ◦C [97,115]. Figure 8 shows
that the yield of collagen obtained varies from 0.05% to 94.4% [8].

Figure 8. Yield of collagen obtained from fish sources [8].

Table 2 lists some recent studies on various techniques for collagen extraction from
different fish sources. The primary objectives of introducing new methods during the
collagen extraction phases are to shorten the extraction process time, energy, and chemicals
compared to traditional methods. The efficiency of collagen extraction methods from
animal by-products depends on the extraction source, age, and type of animal, as well as
the condition of the processed by-products and the technology employed.

Table 2. Recent studies on various techniques for fish collagen extraction.

Source Tissue Extraction Method Yield (%) Reference

Scomber japonicus Bone
Subcritical-water

1.75 [116]Skin 8.10

Thunnus obesus

Skin Acid
(acetic acid) 13.5

[117]Skin Enzymatic
(pepsin)

16.7
Scale 4.6
Bone 2.6

Nibea japonica Swim bladders

Acid
(acetic acid) 11.33

[118]Enzymatic + Acid
(pepsin + acetic acid) 15.35
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Table 2. Cont.

Source Tissue Extraction Method Yield (%) Reference

Cyprinus carpio Scale
Acid

(hydrochloric acid, phosphoric acid, and
sulfuric acid)

13.6 [114]

Sardinella fimbriata Fringescale

Acid
(acetic acid) 7.48

[119]Enzymatic
(pepsin) 0.94

Hybrid Sturgeon Skin

Acid
(hydrochloric acid, acetic acid, citric acid,

and lactic acid)
5.73

[120]
Enzymatic

(pepsin) 10.26

Oreochromis niloticus Skin

Acid
(acetic acid) 19.07

[121]Enzymatic + Acid
(pepsin + acetic acid) 19.61

Acipenser schrenckii
Skin Enzymatic + Acid

(pepsin +
hydrochloric acid)

13.4
[122]Swim bladders 16.5

Notochord 1.7

Misgurnus
anguillicaudatus Skin

Acid
(acetic acid) 22.4

[123]Enzymatic
(pepsin) 27.32

Miichthys miiuy Swim bladders
Acid 1.33

[124]Enzymatic
(pepsin) 8.37

Saurida tumbil Bloch Skin

Acid
(acetic acid) 11.73

[125]Acid
(lactic acid) 11.63

Acid
(citric acid) 11.39

Piaractus brachypomus Skin

Acid
(acetic acid) 45.8

[126]Enzymatic
(pepsin) 57.8

Nile Tilapia Skin

Acid
(acetic acid) 4.76

[61]Enzymatic
(pepsin) 8.14

Catla catla Skin

Acid
(acetic acid) 63.40

[1,127]

Enzymatic + Acid
(pepsin + acetic acid) 69.53

Labeo rohita Skin

Acid
(acetic acid) 46.13

Enzymatic + Acid
(pepsin + acetic acid) 64.94

Thunnus obesus Skin

Enzymatic
(bromelain) 3.05

[128]

Enzymatic
(papain) 42.76

Enzymatic
(pepsin) 52.02

Enzymatic
(trypsin) 13.83

5. Collagen Applications

Given its outstanding biocompatibility and biodegradability, low cytotoxicity, elevated
versatility, significant therapeutic loading, affordability, lack of need for a multistep extrac-
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tion procedure, high digestibility, and ease of absorption and distribution in the human
body, fish collagen is even more frequently used in a many industrial areas [129,130]. Be-
sides aforementioned advantages, it has a decreased viscosity in aqueous solution, low
allergenicity, transparency, good solubility and dispersibility (i.e., uniform distribution
in solution), emulsifying ability, and processability in different kinds of products such as
powder, foam, and film [131,132]. Thus, throughout many different industrial sectors, in-
cluding biomedical, pharmaceutical, food, cosmetic, and leather industries, type I collagen
is widely employed, as presented in Figure 9. Some of these applications are mentioned
below. For niche but promising applications in energy storage devices, the authors referred
to a recent review [133].

Figure 9. Application of fish collagen in different industrial fields.

5.1. Food Industry

In the past, collagen has been used to prepare a variety of goods, including meat
products, drinks, soups, and others [123,129]. It aids in enhancing and maintaining their
physical, chemical, and sensory qualities. Compared to patties made without fish col-
lagen, those prepared with fish collagen have a higher protein percentage, reduced fat
content, comparable sensory acceptance, and better texture. Even in processed foodstuffs
including sausages, sausage rolls, ham, hotdogs, and hamburgers, collagen has replaced
half-content pork fat leading to enhanced hardness and chewiness, better stability after
cooking, and a higher water-holding capacity. Additionally, fish collagen can be added
to drinks such as natural fruit juice, to enhance their nutritional and functional qualities
due to their greater protein content, bioavailability, moderate viscosity, and excellent water
solubility [134–138]. More recently, studies are ongoing on the use of fish (minced fillet)
waste in the manufacturing of foodstuffs [139].

5.2. Nutraceuticals

Collagen plays a crucial role in tissue and organ development, maintenance, and
healing. The loss of collagen in the body begins at the end of the second decade of life
and reaches 1% per year by the end of the fourth decade. This process continues until the
eighth decade, when the body has lost about three quarters of its collagen compared to the
youth. Additionally, other factors such as diseases, improper diet, alcoholism, and smoking
accelerate this process [140–142].

The largest apparatus in the human body is the integumental system, which is primar-
ily made of proteoglycans, hyaluronic acid and elastic fibers, and collagens (mainly types I,
III, V; types IV, VI, VII to a minor extent). Natural aging involves changes in the human
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body: the skin deteriorates morphologically, structurally, and functionally; collagen levels
decline; and elastin fibers encourage the development of wrinkles. In the dermis, collagen
has a double role: i) to serve as a building block for the formation of newly synthetized
collagen and elastin fibers; ii) to interact with receptors on the fibroblasts’ membrane to
promote the synthesis of new collagen, elastin, and hyaluronic acid [143]. Considering
that collagen peptides have antioxidant and antibacterial properties and vary in quality
depending on the technique of extraction, they can be employed as a component in func-
tional dietary supplements. In view of the fact that collagen oral supplementation reaches
the deeper layers of the skin and improves skin physiology and appearance by enhancing
hydration, elasticity, firmness, wrinkle reduction, and skin regeneration, oral collagen sup-
plementation has gained popularity in recent years [123,144]. Many studies have concluded
that hydrolyzed fish collagen applied as food supplement is able to provide positive effects
on skin appearance with enhanced water-holding capacity, moisture absorption, retention,
anti-aging, and anti-melanogenic effects [59,145].

Skin condition changes brought on by aging are a crucial concern for preserving the
quality of life. As a result, the public is interested in dietary supplementation’s ability to
treat skin disorders. Naoki Ito postulated that, by elevating the plasma growth hormone, a
supplement blend comprising ornithine and fish-derived collagen peptide could enhance
skin conditions [146]. In this regard, two groups of volunteers used a supplement or
identical placebo for two months. Skin condition, including elasticity and transepidermal
water loss, as well as growth hormone levels, was significantly improved in the first group.
The combination of amino acids in collagen hydrolysate, known as a safe nutraceutical,
stimulated the production of collagen in the extracellular matrix of cartilage and other
tissues. Porfírio performed research on the action of collagen hydrolysate in bone and carti-
laginous tissue and its therapeutic use against osteoporosis and osteoarthritis, discovering a
connection between the maintenance of bone strength and composition, as well as cartilage
cell development and proliferation, and the administration of various doses of collagen
hydrolysate [147]. This study concluded that hydrolyzed collagen has a protective effect on
articular cartilage, and especially helps with symptomatic pain reduction considering the
ability to raise bone mineral density [147]. Therefore, it has a good therapeutic effect on
osteoporosis and osteoarthritis.

5.3. Cosmetics

As mentioned in the previous section, the role of collagen in the body is very important
because it helps the skin, the largest organ of the human body. The skin protects the
organism from external damage, regulates temperature, and performs other body functions.
Over the years and in the process of aging, the amount of collagen in the skin decreases
and this causes its morphological, structural, and functional deterioration. In fact, the
presence of elastin fibers causes lines and wrinkles and shows aging. Controlling skin
aging is a challenge in the cosmetic industry, but the use of collagen has been proven to
be an alternative solution to reduce the effects of aging. In the studies that have been
conducted, fish collagen has shown the capacity to retain water, absorb moisture, and retain
it again, which can have anti-aging effects on the skin and can be used as a potential active
ingredient in skin-care products [148–151].

5.4. Tissue Engineering and Regenerative Medicine

Historically, tissue engineering is based on the combination of scaffolds, cells, and
signals. The term ‘scaffold’ is usually referred to as a temporal substitute that should
structurally support tissue formation and provide the appropriate environment for cell
migration, proliferation, and differentiation, and hence for repairing processes. The preva-
lence of collagen in human tissues and the important role it plays in the extracellular matrix
make it a natural choice for its employment as raw material in the development of im-
plantable devices for tissue engineering and regenerative medicine applications. Common
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application areas include bone, vascular tissue, skin, cartilage, corneal tissue, oral mucosa,
and dental regeneration [26,73,152].

Numerous studies demonstrated that collagens, especially fish collagens, have in-
triguing osteoconductive and biomechanical properties and are used more frequently in
tissue engineering. Due to its exceptional biocompatibility, collagen has been reported to
be employed as a biomaterial in a variety of vascular tissue applications. The bioactivity of
collagen has caused this biopolymer to be widely used in skin tissue repair with its healing,
antigenic, new-tissue-thickening, and adhesion properties.

One such technique is tissue engineering, which relies on the utilization of autologous
chondrocytes and resorbable matrices. Visual acuity depends on a healthy cornea, which
is the eye’s tough, transparent anterior surface. Damage to the cornea is a significant
contributor to the lack of limbal stem cells that results in vision problems. To this goal, a
number of treatment modalities are being created to address limbal stem cell insufficiency.
The goal of this strategy was to create a biocompatible scaffold for growing limbal stem
cells that completely replicate the human amniotic membrane. This was done by using a
unique method based on fish collagen. It was discovered that the mechanical and physical
forces of fish-scale-derived collagen were adequate for this purpose [153,154]. Collagen
was also demonstrated to play a critical role in tooth tissue repair. Indeed, various collagen
types retrieved using various procedures have demonstrated their ability to stimulate the
regeneration of dental tissue; as a result, they can be employed in biomedical applications
to regenerate tooth tissue [155,156].

Because of postoperative problems, including retears at the treated site, large and
enormous rotator cuff tears pose a difficulty for surgeons. Since fish byproducts are re-
garded as a safer collagen source than other animal-derived scaffolds, collagen generated
from fish scales has recently attracted more attention. Yamaura et al. [157] assessed the
biological effectiveness of Tilapia-scales–derived collagen scaffolds for rotator cuff healing
in rat models. In this research, by augmenting the repair site with a Tilapia-scale–derived
collagen scaffold, after 6 weeks, an enhanced angiogenesis and fibrocartilage regeneration
at the enthesis was observed. Due to osteogenic capacity and the connections between cells
and the matrix, extracellular matrix and bioceramics are vital components in bone tissue
regeneration. Since scaffolds are typically made up of synthetic polymers and bioceramics,
surface modifications with hydrophilic materials, such as proteins, have great prospects
for tissue engineering applications. In this study, which was provided by Kim et al. [158],
marine atelocollagen was extracted from the bones and skins of Paralichthys olivaceus. Then,
in vitro and in vivo calvarial implantation of the scaffolds with and without marine atelo-
collagen was performed to study bone tissue regeneration. The results of mineralization
confirmed that scaffolds with marine atelocollagen showed an osteogenic increase from
300% to 1000% in different compositions, compared with pure scaffolds.

5.5. Wound Healing

The complex process of wound healing is essential for re-establishing the skin’s
barrier function. Numerous illnesses can halt this process, leaving behind chronic wounds
that are extremely expensive to treat. Due to the complicated symptoms brought on
by metabolic dysfunction of the wound microenvironment, such wounds fail to heal
according to the stages of healing, and the comprehensive treatment of chronic wounds
is still recognized as a huge unmet medical need. Consequently, there are three broad
categories for wound classification: (i) superficial (involves only the epidermis), (ii) partial-
thickness (involves epidermis and dermis), (iii) and full-thickness wound (involves also the
underlying subcutaneous fat or deeper tissues) [159–163]. The process of wound healing is
a physiological process that consists of four main steps: (i) hemostasis, (ii) inflammation,
(iii) proliferation, and (iv) remodeling (Figure 10). Therefore, it is vital to choose the right
polymers, bioactive chemicals, and wound dressings that can speed up the healing process.
There is no one wound dressing that can be used to treat all types of wounds due to their
varying etiology. Thus, the development of a smart wound dressing with antibacterial,
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anti-inflammatory, and antioxidant capabilities that, most critically, can benefit nearly all
types of wounds, is the future challenge [163–166].

Figure 10. Schematic of the wound healing steps: (1) hemostasis, (2) inflammation, (3) proliferation,
and (4) remodeling.

The combination of polymers and bioactive compounds significantly speeds up wound
healing. Although the use of natural remedies for wound healing has been extensively stud-
ied, only a small number have yet to be commercialized or employed in clinical settings. In
order to fully understand the potential of naturally occurring bioactive compounds in skin
tissue regeneration, more preclinical studies must be done. Collagen, as a biodegradable
organic tissue matrix, is a common option when choosing safe and nontoxic materials
because it is one of the most crucial elements in tissue regeneration and wound healing
and gives the skin its tensile strength. Collagen also has antimicrobial qualities and can
aid in the hemostasis process. Collagen is used in different forms of hydrogel, sponge, and
film for wound treatment. The best example of wound dressing devices are hydrogels,
three-dimensional networks which can maintain a moist environment at the wound site
and promote quicker tissue regeneration [161,164,167].

Several attempts at wound healing using prototypal devices made of fish-derived
type I collagen or decellularized fish skin have been made. Hu et al. demonstrated
that marine collagen peptides promote wound closure at concentrations of 50 μg.mL−1

commencing at 12 h after treatment with collagen using an in vitro scratch assay [168]. It
was demonstrated that the cell migration that was induced was comparable to migration
seen when using 10.0 μg/mL of epidermal growth factor, a factor known to be extremely
important in wound healing. In addition, after 11 days, rabbits treated with marine collagen
peptides extracted from the skin of Tilapia healed considerably quicker than the control
group. Additionally, Yang et al. extracted collagen peptides from Alaska Pollock and
showed that giving injured rats collagen peptides orally boosted recovery rates substantially
more than those in the control groups [169]. Similarly, Chen et al. extracted collagen from
bovine skin collagen nanofibers and marine Tilapia skin and demonstrated that collagen-
treated rat groups recovered from wounds more quickly than control groups [170]. The
study also discovered that collagen’s hydroxyproline, which promotes re-epithelization,
has a significant influence in the rate of wound healing. In comparison to the control groups,
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the collagen-treated groups had more fibroblasts, higher vascularization, less inflammation,
and more collagen fibers.

5.6. Food Packaging

Food packaging has the primary function of preserving and protecting food, primarily
from oxidative and microbial degeneration, extending the shelf-life of the food by enhanced
barrier and mechanical properties [171,172]. Fish collagen has attracted growing interest
due to its potential for adding active and intelligent functions to conventional packag-
ing [173,174]. In particular, active packaging can prevent the migration of H2O, O2, CO2,
smells, and fats, and can include bioactive compounds such as antioxidants, antimicrobials,
and taste to prolong the shelf life of the product [57,175,176]. Active packaging can appear
in the form of edible films or coatings. Edible films are first produced by solution casting or
compression molding and then applied to food surfaces by coating, wrapping, or spraying,
while edible coatings are applied to food by spraying or dipping [177,178].

Films and coatings for food packaging must feature an elevated oxygen barrier and
adequate thickness, mechanical properties, and transparency besides microbial stability,
non-toxicity, and safety [179–182].

There are some necessary properties of biopolymers for food packaging, such as
biodegradability, low water vapor permeability, oxygen barrier, thickness, transparency,
edibility, and elasticity [183–186].

The application of fish collagen films is still constrained in the packaging industry due
to drawbacks including poor mechanical qualities, low thermal stability, excessive water
solubility and a large water vapor permeability. Several studies are in progress to over-
come these limitations. For example, to reduce the brittleness, collagen films are usually
prepared by using a plasticizer, mainly glycerol in the range 20–30 wt%, a small molecule
of low volatility added to decrease attractive intermolecular forces along polymer chains
and increase the free volume and chain mobility [187]. Moreover, suitable crosslinking
treatments are being studied to improve the thermal stability of fish collagen [188,189].
Other possible solutions could be the blend of collagen with other biopolymers, mainly
chitosan [77,190–193], and the addition of active compounds providing functional proper-
ties suitable for active packaging [187,194].

Gelatin, extracted from fish collagen by partial hydrolysis followed by thermal treat-
ment, is attracting increasing interest for the development of edible films and coatings with
probiotic properties, as recently reported in the literature [195–197]. In order to achieve the
properties required for food packaging, several studies report on the physical or chemical
modification of fish gelatin with chitosan, starch, soy protein isolate and carboxymethyl
cellulose [198–202].

6. Collagen Market

Collagen and derivates are widely used for various applications, including dietary
supplements, anti-aging formulations, soft-tissue growth devices, wound dressings, and
food packaging. The achievement of US Food and Drug Administration (FDA) GRAS
status (Generally Recognized as Safe) in 1983 for collagen and in 1975 for gelatin [203]
boosted collagen’s use in several areas of application [204].

The increasing popularity of fish collagen for biomedical, food, cosmetic, nutraceutical,
and nutricosmetic application has increased its demand. To this, the global marine collagen
market was worth USD 685 million in 2020 [204] and USD 633 million in 2022 [205] and
it was estimated to register over 5.3–7.5% of the compound annual growth rate (CAGR)
between 2021 and 2029 [203,204] and is expected to reach a market size of USD 1123 million
by 2032 [205]. In particular, the fish-collagen market was estimated to be worth USD
320.21 million in 2021 and is predicted to skyrocket to USD 624.12 million by 2029, with a
CAGR of 8.7% during the forecast period 2022 to 2029 [206].

The increasing popularity of fish-collagen-based products is principally due to two
main factors: (i) aging population, and (ii) environmental issues. The increase of the
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mean population age is directly correlated with the increase of age-related diseases (i.e.,
joint disorders, wrinkles, and wounds) [206,207]. In these circumstances, collagen-based
products have been revealed to be effective, quite low-cost, easily accessible, safe, non-
invasive, and readily available, and, accordingly, fish-derived-collagen awareness has
significantly increased thanks to its additional advantages compared to other collagen
types [208]. Therefore, the fish-collagen market for nutraceutical application was valued
at over USD 280 million in 2020. Moreover, the rising inclination of consumers towards
fat-free and nutritious products has further increased the product demand [204]. Thus,
the major factor that is expected to boost the growth of the marine collagen market in the
forecast period is a rise in the demand for supplements to control healthcare costs [203].
On the other hand, the environmental problems linked to the disposal of the enormous
quantity of by-products of the fishing industry and to the use of plastic have shifted focus
toward the search for eco-friendly solutions. In particular, waste recovery technologies
were developed to reduce the environmental impact on by-products and to develop new
products with added value. Local enterprises profited from this arrangement because fish is
more readily available for less money, and the collagen market is booming [207]. Therefore,
fish collagen and derivates started to be isolated, studied, and commercialized not only in
health-related sectors but also in food packaging.

Fish collagen demand is related to its applications. In North America, it is mainly
required for pharmaceutical applications [204]. In Europe and Australia, it its mainly used
in the cosmetics industry [204,207]. The boost of fish collagen for cosmetic applications
is principally due to the increasing preference for minimally or non-invasive surgical
procedures compared to traditional surgical treatments. Additionally, the ease of treatment,
the higher safety, and major accessibility have led the European population to prefer topical
collagen formulations and food supplements for anti-aging and well-being treatments [209].
In Asia and Latin America, besides age-related issues, the major exploitation of fish collagen
as a food supplement has arisen from the fact that, according to the European Nutraceutical
Association (ENA), a lack of adequate nutrition accounted for 38.6% of deaths in China,
India, and Brazil [204,207,209]. Indeed, the ENA’s in-depth investigation highlighted that
inadequate nutrition is not related to an economic gap, but to incorrect eating habits [209].

Regarding countries’ contributions to the fish-collagen market, in 2012, the CARG
of fish-collagen market by region was positive and was projected to reach +18% in North
America, +31% in Latin America, +10% in Europe, and +28% in Asia by 2016 [209]. As
shown in Figure 11, in 2019 North America (about 29%), Europe (about 30%), and Asia
(Asia pacific: 21%, China: 15%) occupy the largest share of the market [209]. Among them,
Asia is clearly expected to rule the market with about 36% of the total [207,209]. Actual
fish-collagen market distribution by midlands is not available but it is known that North
America’s contribution remained almost unchanged (31%) and that, in Europe, Germany
contributes 23.3% to the total fish-collagen market, while, in Asia, Japan contributes 6.6%
and, in Oceania, Australia’s contribution is about 2.6% [207].

The cost of fish-collagen is also application-related. The cost for the food industry (as
binders, stabilizers, emulsifiers, film-formers, and fat replacers) was reported to be between
EUR 8–12/kg, for the nutraceutical industry (for joint diseases) it was about EUR 10–12/kg,
and for cosmetic applications it was reported to be about EUR 20–25/kg but could reach
also EUR 40/kg [210]. However, the quality of the product obtained from marine life
forms (USD 44539/metric ton) costs relatively higher than that from bovine sources (USD
33457/metric ton) [210] due to the complex and cost-intensive process of extracting collagen
from marine organisms and by-products of the fishing industry. Moreover, fish waste has
been somewhat decreased as a result of changes made to fishing regulations to combat
overfishing, which limited the production of fish collagen and related goods. The high cost
of fish collagen and the lack of awareness about its benefits among consumers are some of
the major challenges faced by manufacturers [203]. These disadvantages allowed bovine
collagen to have a leadership position as it holds a great cost advantage in lower-value
products (e.g., food) [210].
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Figure 11. Fish-collagen market segmentation by Continent in 2019 [207].

The major players operating in the marine collagen market are Ajinomoto (Tokyo,
Japan), Amicogen Deyan Biotech (Jinseong-myeon, South Korea), Ashland (Wilmington,
CA, USA), Athos collagen (Surat, India), BDF Biotech (Girona, Spain), BHN (Tokyo, Japan),
Certified Nutraceuticals (Pauma Valley, CA, USA), Cobiosa (Madrid, Spain), ETChem
(Suzhou, China), Gelita (Eberbach, Germany), Juncà Gelatines (Girona, Spain), Hangzhou
Nutrition Biotechnology (Hangzhou, China), HealthyHey Nutrition (Mumbai, India), Hi-
Media Laboratories (Maharashtra, India), Italgel (Cuneo, Italy), Lapi Gelatin (Empoly,
Italy), Nippi Incorporated (Burnaby, Canada), Nitta Gelatin (Kokin, India), Norland Prod-
ucts (Jamesburg, NJ, USA), ProPlenish (Armadale, Australia), Rousselot (Gent, Belgium),
Seagarden (Husøyvegen, Norway), Tessenderlo Group (Ixelles, Belgium), Weishardt Group
(Graulhet, France), among others.

7. Challenges in the Industrial Implementation of Collagen Derived from Fish Waste

The collagen extraction process is a multistep, time-consuming procedure, which is a
disadvantage in the industrial production of it. The issues and related challenges of fish
collagen extraction are manifold and are principally linked to the extraction process and to
the protein chemical-physical properties.

One of the main troubles is its low extraction yield, a parameter that is both species-
related (i.e., taxonomy, age, tissue, and living conditions) and process-related (i.e., time,
volumes, instrumentation, sample-volume ratio, types of acid and enzyme used and their
concentrations, temperature, pH, ionic strength, and so on [211]). Several attempts were
made in order to improve collagen extraction yield. The major steps forward have been
made by optimizing solute and solvent concentrations and times in extraction steps 3–5.
In particular, the implementation of a discarding phase of non-collagenous components
(i.e., step 3 in Table 1) with NaOH 0.05–0.1 M, and an extraction phase (i.e., step 4 in
Table 1) with an acetic acid concentration of 0.6 M for 36 h [212] brings a collagen yield
increase. Regarding the enzymatic extraction, a pepsin concentration of 1200–1300 U/g is
revered as the most effective in increasing collagen yield [98]. However, if, on one hand, the
enzymatic extraction is able to significantly increase the yield of collagen, on the other hand,
it significantly increases the time of the process and decreases the native conformation
degree [213,214]. This consequence may not be industrially advantageous since it can lead
to a higher cost of the process and therefore to a higher final cost of the product. For this
reason, it is necessary to make a cost/benefit assessment before choosing whether or not to
perform the enzymatic extraction. In addition to the ‘standard extraction process’ steps
improvements, some innovative attempts have been made. Several authors demonstrated
how the application of ultrasound increased yield and reduced processing time, as well
as being greener compared to conventional extraction methods [79,109,213]. Huan et al.
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developed a novel rapid extrusion-hydro-extraction process for collagen from fish scales at
room temperature [215] as an alternative to traditional methods.

Regardless of the process, temperature affects all extraction steps, from the tissue
separation to the final collagen precipitation and recovery. Because of fish collagen’s low
denaturation temperature (<37 ◦C), the need to carry out the entire extraction process at low
temperatures (4–10 ◦C), to preserve its native structure and thus its structural properties
and bioactivity, makes the procedure expensive. The low denaturation temperature of
fish collagen is due to fish’s evolutionary adaptation to the characteristics of the aquatic
environment in which they live. For this reason, it is not possible to intervene in this aspect.
The only thing that can be done is to carefully select the fish species. In particular, the
selection of a fish species that lives in a tropical environment—and therefore will have colla-
gen with a physiologically higher denaturation temperature (e.g., 32–36 ◦C in catfish [215],
36–38 ◦C in carp [2,216], 32–37 ◦C in Tilapia [121], and 43 ◦C in lizardfish [217])—compared
to a fish species living in cold waters, could be a solution. With this in mind, Pinedo et al.
investigated the properties of collagen extracted from a hybrid fish line that, although
similar to those of the original strains, was allowed to obtain a more controlled fish growth
and, thus, a higher yield [81].

Despite the presence of various issues, it is clear how scientific and industrial research
is moving towards the optimization of the extraction process and industrial implementation.
In this regard, an advanced pilot plant automation was recently designed to maximize
collagen extraction [218]. Therefore, since it is not possible to reduce the time and costs of
the extraction process by optimizing it from the point of view of temperature control, a
way to increase the denaturation temperature of marine collagen and make it more suitable
for a wide range of applications is to induce post-synthesis crosslinking of the products.
The increment of fish collagen denaturation temperature is another important issue since
it is particularly relevant in some clinical applications. The application of crosslinking
treatments also helps in the resolution of other two issues related to fish-collagen use which
are the low mechanical properties and the low resistance to degradation, which make it
unusable in some applications. Indeed, physical (e.g, UV [219,220], dehydrothermal treat-
ment [219,221], chemical (e.g, methacrylation [222], pullulan [223], carbodiimide [221,224],
N-hydroxysuccinimide-activated adipic acid [225]), and enzymatical (e.g., transglutami-
nase [225]) treatments were performed to enhance collagen properties. Maher et al. made a
considerable step forward by successfully printing methacrylated fish collagen and realiz-
ing a 3D construct with desired properties, despite the fact that the applicated treatment
was not able to increase the resistance to degradation on par with collagen extracted
from mammals [222]. Another strategy commonly adopted to improve collagen prop-
erties is to blend it with other biomaterials with higher mechanical properties, such as
chitosan [77,226–228], poly(lactic acid) [228,229], alginate [230], polyvinyl alcohol [227,231],
and cellulose [195,231].

8. Conclusions

Natural biopolymers have unique biophysical and biochemical properties, including
biocompatibility, biodegradability, increased body fluid adsorption capacity, increased
gel-forming ability, non-toxic and non-immunogenic capabilities, as well as antifungal,
antibacterial, and anticancer activities. One of these biopolymers is collagen, which could
be obtained from various sources such as fish, mammalian, and agro-food waste. By
turning these wastes into new products with a high functional value, recycling these
by-products can assist in decreasing the pollution caused by these sorts of wastes. A
potential substitute for bovine collagen is thought to be fish collagen. Fish collagen is cited
as an important biomaterial due to its wide range of biological characteristics, including
remarkable biocompatibility, high levels of cell adhesion, exceptional biodegradability, and
low antigenicity. This review provides a general overview of collagen and its properties,
types of sources and extraction methods, and diverse applications in a variety of industries,
with a spotlight on fisheries and aquaculture sources.
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Abstract: In this study, we compare the reinforcing efficiency of pineapple leaf fiber (PALF) and
cultivated flax fiber in unidirectional poly(butylene succinate) composites. Flax, known for robust
mechanical properties, is contrasted with PALF, a less studied but potentially sustainable alternative.
Short fibers (6 mm) were incorporated at 10 and 20% wt. levels. After two-roll mill mixing, uniaxially
aligned prepreg sheets were compression molded into composites. At 10 wt.%, PALF and flax
exhibited virtually the same stress–strain curve. Interestingly, PALF excelled at 20 wt.%, defying its
inherently lower tensile properties compared to flax. PALF/PBS reached 70.7 MPa flexural strength,
2.0 GPa flexural modulus, and 107.3 ◦C heat distortion temperature. Comparable values for flax/PBS
were 57.8 MPa, 1.7 GPa, and 103.7 ◦C. X-ray pole figures indicated similar matrix orientations in both
composites. An analysis of extracted fibers revealed differences in breakage behavior. This study
highlights the potential of PALF as a sustainable reinforcement option. Encouraging the use of PALF
in high-performance bio-composites aligns with environmental goals.

Keywords: pineapple leaf fiber; flax; poly(butylene succinate); unidirectional composites; microstructure;
mechanical properties

1. Introduction

In recent decades, escalating global concern over climate change has prompted a
significant shift towards sustainable and environmentally friendly practices across various
industries. One of the pressing issues we face today is the increasing level of carbon dioxide
(CO2) in the Earth’s atmosphere, contributing to the greenhouse effect and subsequent
climate change. As scientists and researchers strive to combat this challenge, exploring
alternative materials and manufacturing processes becomes crucial in reducing our reliance
on petroleum-based products while simultaneously addressing CO2 emissions using dif-
ferent concepts such as carbon capture utilization and storage (CCUS) using expensive
modern technologies [1,2].

Plants, through the process of photosynthesis, have the remarkable ability to convert
CO2 into organic compounds, effectively sequestering this greenhouse gas and mitigat-
ing its impact on the environment. Leveraging the inherent qualities of natural fibers in
composite materials offers a promising avenue to not only decrease dependence on fossil
fuel-derived resources, but also actively sequester CO2. By incorporating these natural
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fibers into polymer matrices, composites can be fabricated with improved mechanical
properties [3–5] while simultaneously contributing to carbon capture and reduced envi-
ronmental impact [6], similar to using wood, but much easier and with lower production
cost. Although there are different types of natural fibers with a range of mechanical proper-
ties [4,7–10], perhaps it is fair to say that flax and hemp are the most successful commercial
examples [11,12].

This study aims to conduct a comparative analysis between two types of natural fibers:
flax and pineapple leaf fiber. Flax fiber, derived from the stem of the flax plant (Linum
usitatissimum), has long been recognized for its mechanical strength and versatility [13,14].
On the other hand, pineapple leaf fiber, obtained from the waste of pineapple cultivation,
has emerged as a potential alternative due to its abundance and renewability [15–19].
Although these two fibers have been studied for a long time, there is still some discrepancy
in their reported mechanical properties (cf. Table 1 in [4], Table 2 in [15]). PALF has
been used successfully in reinforcing different polymer matrices [20–22] despite the much
lower than expected mechanical properties [23] compared to those of flax [24]. So far,
there has been no direct comparison in the reinforcement efficiency of the two fibers, and
thus this is the main objective of the present work. They are used to reinforce bio-based
poly(butylene succinate) (PBS), which provokes an intensive interest among industry
and researchers [25,26] and has been employed in automotive applications [27]. Here,
we seek to investigate the influence of fiber content on the performance of the resulting
composite materials.

Through this comparative study, we aim to contribute to the growing body of research
dedicated to sustainable materials and their potential applications. By examining the
mechanical properties of flax and pineapple leaf fiber composites, we can gain insights
into their suitability for various engineering and manufacturing applications while also
addressing the urgent need for carbon sequestration.

2. Materials and Methods

2.1. Materials

Poly (butylene succinate) (PBS, BioPBS FZ91PM/FZ91PB), produced from the poly-
merization of bio-based succinic acid and 1,4-butanediol, was used as the polymer matrix.
The material was supplied by PTT MCC Biochem Company Limited (Bangkok, Thailand)
and had a density of 1.26 g/cm3 and a melt index of 5 g/10 min (190 ◦C, 2.16 kg). Its
reported molecular weight (Mw) was approximately 170 kDa [28].

Flax fiber (LINTEX, ~6 mm in length) was supplied by Dehondt Composites (Port-
Jérôme-sur-Seine, France). According to the Alliance for European Flax-Linen and Hemp,
the European flax is dew retted and mechanically scutched [29]. The fiber was supplied
already cut to the specified calibrated length intended for composite reinforcement [30].
Pineapple leaf fibers (PALF, ~6 mm in length) were prepared from fresh pineapple leaves
using the procedure presented in the literature [17]. Fresh pineapple leaves were collected
from Bang Yang District, Phitsanulok Province, Thailand. The leaves were cut across their
length into pieces 6 mm long, ground with a stone grinder, and dried to yield the whole
ground leaf (WGL). The WGL was further processed by crushing it with a high-speed
blender, followed by sieving to achieve the separation between the non-fibrous component
and the PALF. The loose particulate non-fibrous component, with a particle size smaller
than approximately 1 mm2, was able to pass through the sieve. In contrast, the curly and
entangled PALF remained on the sieve, highlighting its distinctive physical properties. For
visual reference, photographs of both PALF and flax fibers are presented in Figure 1.

2.2. Composite Prepreg Preparation

Prior to the melt-mixing process, all materials were dried overnight in a hot air oven
at 80 ◦C. The PBS pellets were then heated and melted on a two-roll mill (W100T, Dr. Collin
GmbH, Maitenbeth, Germany) for 2 min at a speed of 30 rpm. The front and back roll
temperatures were 125 ◦C and 100 ◦C, respectively. Subsequently, a predetermined amount
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of fiber (10 and 20 wt.% of total weight (PBS + fiber)) was gradually added over a period
of 3 min. The mixing speed was then increased to 48 rpm, and the mixing continued for
another 10 min to achieve a homogenous molten mixture.

Figure 1. Photographs of (a) PALF and (b) Flax fibers.

The resulting molten mixture was carefully pulled out with slight stretching to main-
tain the alignment of the fiber parallel to the machine direction. It was then allowed to cool
and solidify, forming prepreg, as illustrated in Figure 2. The composites were designated
as 10PALF, 20PALF, 10Flax and 20Flax, denoting the respective content of the fiber in the
composites.

Figure 2. Fiber alignment on a two-roll mill during the uniaxial composite prepreg preparation.

2.3. Compressed Sheet Preparation

Composite sheets were prepared by stacking ten layers of prepreg between two flat
metal sheets and a 3 mm spacer to prevent the excessive flow of the material and the
disturbance of the fiber alignment. The stacked prepregs were preheated for 5 min under
slight pressure. Then, they were pressed under a pressure of 1500 psi for 5 min, followed
by cooling under the same pressure for 5 min. The compression molding was carried out at
a temperature of 140 ◦C to destroy the matrix orientation and allow only fiber contribution
to be observed [31].
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2.4. Characterizations
2.4.1. Fibers’ Chemical Composition

The chemical compositions of PALF and flax fibers were determined according to
standard methods [32–35] through a certified local laboratory. Chemical composition is
reported in terms of cellulose, holocellulose, acid-soluble lignin and acid-insoluble lignin.

The surface chemical compositions of PALF and flax fibers were observed using
Fourier-transform infrared spectroscopy in an attenuated total reflectance mode (ATR-FTIR,
Frontier, Perkin Elmer, Waltham, MA, USA). Spectra were recorded with 16 scans over the
range of 4000 to 500 cm−1 with a resolution of 4 cm−1.

2.4.2. X-ray Diffraction

X-ray diffraction patterns of the composites were recorded using an X-ray Diffractome-
ter (XRD) (D8 DISCOVER, Bruker AXS GmbH, Karlsruhe, Germany) over the 2θ range
between 5◦ and 80◦ with a step size of 0.02◦. The X-ray wavelength was 1.54 Å (Ni-filtered
CuKα). Pole figures for different samples were obtained with a cradle sample stage on the
same machine. The data were analyzed with DEFFRAC.TEXTURE software (V4.1).

2.4.3. Scanning Electron Microscopy (SEM)

Fibers’ shapes and sizes and the fractured surfaces of composites were observed
using a scanning electron microscope (JSM-IT500, JEOL, Tokyo, Japan) with an accelerating
voltage of 10 kV. Prior to observation, a thin layer of platinum was coated on the samples.

2.4.4. Thermal Properties

The melting and crystallization behavior of the composites were determined with a
differential scanning calorimeter (DSC) (Q200-RCS90, TA Instruments, New Castle, DE, USA).
The samples were first heated from 25 to 200 ◦C, held for 5 min to completely melt all the
crystals, cooled to −70 ◦C and then heated again to 200 ◦C. The heating and cooling rate was
10 ◦C/min under a nitrogen atmosphere. The positions of the melting peak (Tm), enthalpy
of fusion (ΔHf) and crystallization peak (Tc) were determined for each sample using the
instrument software. The degree of crystallinity (Xc) was calculated using Equation (1).

Xc =

⎛
⎝ ΔHf

ΔH0
f (1−Wf

)
⎞
⎠ × 100% (1)

where ΔH0
f is the enthalpy of fusion for 100% crystalline PBS, which is taken as 110.3 J/g [36],

and Wf is the weight fraction of fiber in the composites.
In addition, the heat deflection temperature (HDT) was determined with a Gotech

testing machine (HV-3000-P3C, Gotech Testing Machines Inc., Taichung City, Taiwan). The
specimen sizes were 120 × 13 × 3 mm3. The test was performed following ASTM-D648
under the three-point bending mode with a span of 100 mm under a constant load of
0.455 MPa and a heating rate of 2 ◦C/min. HDT was determined as the temperature at
which the specimen bends to 0.25 mm.

2.4.5. Mechanical Properties

Flexural testing: The test was carried out on a universal testing machine (Instron 5569,
Instron, High Wycombe, UK) at a crosshead speed of 5 mm/min, 1 kN of load cell and a
support span length of 48 mm. The specimens were cut from compressed sheets into strips
12.7 mm wide with a long axis parallel to the machine direction. The average values of
flexural strength and secant modulus at 1% stain from 5 specimens were reported.

Impact testing: The test was carried out on a pendulum impact testing machine
(HIT5.5P, Zwick/Roell, Ulm, Germany) in Izod configuration. The impact specimens were
cut from compressed sheets into strips 60 mm long and 12.7 mm wide. The samples were
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notched with a Zwick/Roell manual notch cutting machine. The notches were cut across
the machine direction. Average values of 5 specimens were reported.

3. Results

3.1. PALF and Flax Characteristics
3.1.1. Fiber Composition and Structure

Table 1 displays the chemical composition of PALF and flax fiber. In general, the
chemical composition of the two fibers is very similar. PALF has a slightly higher holocellu-
lose content than flax fiber, while flax has about 10% greater cellulose content than PALF.
PALF also has about 1.5 times higher acid-soluble lignin content than flax. The greater
content of hemicellulose (the difference between holocellulose and cellulose) is reflected
in the FTIR spectra shown in Figure 3a, in which the peaks at 1731 cm−1 and 1244 cm−1

correspond to the C=O stretching of hemicellulose and lignin and the C–O stretching in
lignin, respectively [37,38]. The peak at 2918 cm−1 corresponds to the C–H stretching of
methyl groups (–CH3) in both hemicellulose and cellulose [39].

Table 1. Chemical composition of PALF and flax fibers.

Chemical Constituent (%) PALF Flax

Cellulose (%) 57.2 67.2
Holocellulose (%) 85.5 82.6

Lignin (acid soluble) 2.6 0.9
Lignin (acid insoluble) 7.8 6.5

Figure 3. ATR-FTIR spectra (a) and XRD patterns (b) of PALF and flax fibers.

The lower hemicellulose content in flax is a result of the enzymatic degradation of the
binding material during dew retting [14]. For PALF, only mechanical force was used in the
preparation of the fiber. Therefore, not much material was removed.

The crystalline structures of PALF and flax fibers were investigated using X-ray diffrac-
tion techniques. The diffraction patterns are shown in Figure 3b. Both fibers exhibited
a similar characteristic pattern to cellulose Type I [40]. However, the patterns differed
significantly in the resolution and sharpness of the peaks; flax fiber has much sharper
peaks than PALF. This indicates that the crystalline structure in flax fiber is more perfect
and possibly larger than in PALF. This difference could be the main reason for the higher
mechanical performance of flax fiber.

3.1.2. Scanning Electron Microscopy (SEM)

Figure 4 compares the size and shape of the two fibers. PALF had both large bundles
and fine elementary fibers. The fibers were not straight, but contained a lot of kinks. On the
other hand, flax fibers were rather straight and had both isolated small fibers and bundles
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of fibers. Flax featured larger fiber bundles than PALF. Additionally, both PALF and flax
fibers contained non-fibrous components. The variations in fiber size and shape can be
attributed to the specific fiber preparation techniques employed.

Figure 4. SEM micrographs of (a) PALF and (b) flax fibers.

3.1.3. Prepreg Appearance

Figure 5 displays the photographs of PALF/PBS and flax/PBS prepregs. PALF/PBS
has a pale color, while flax/PBS is brownish with a much greater number of dark spots of
non-fibrous components. Both PALF and flax fibers appear evenly dispersed throughout
the prepregs, indicating thorough mixing and alignment, as highlighted by the dark lines
within elongated red circles.

(c) (d)

Figure 5. Optical images of composite prepregs: (a) PALF/PBS and (b) flax/PBS. Images (c) and
(d) depict magnified views of the regions of interest indicated by squares in images (a) and (b),
respectively. The red elongated circles highlight the alignment of fibers. Machine direction is vertical.
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3.2. Mechanical Properties of Composites
3.2.1. Flexural Properties

Figure 6 displays representative stress–strain curves of PALF/PBS and flax/PBS
composites containing different fiber contents, and also that of PBS. With a fiber content
of 10 wt.%, the stress at different strains increased over that of PBS throughout the whole
range of strain. The composites had roughly similar failure strains to that of PBS. At 10 wt.%
content, PALF/PBS and flax/PBS composites exhibited virtually the same behavior.

Figure 6. Representative flexural stress–strain curves of PALF/PBS and flax/PBS composites contain-
ing different fiber contents.

When the fiber content was increased to 20 wt.%, the stress for the flax/PBS composite
increased slightly over that of 10 wt.%, and then the stress gradually decreased and the
composite failed at a slightly lower strain than the composite with 10 wt.% fiber. The
PALF/PBS composite with 20 wt.% fiber content exhibited a much-improved performance
but failed at a much lower strain than the flax/PBS composite.

The average values for the flexural strength and flexural modulus of these com-
posites are shown in Figure 7. The average flexural strength increased from 47 MPa to
approximately 54 MPa for both PALF/PBS and flax/PBS composites containing 10 wt.%
fiber, and to 70.7 and 57.8 MPa for PALF/PBS and flax/PBS with 20 wt.% fiber, respec-
tively. A similar trend was observed for the flexural modulus. The average flexural
modulus increased from 0.90 GPa to 1.25 GPa for both PALF/PBS and flax/PBS compos-
ites containing 10 wt.% fiber, and to 2.03 and 1.70 GPa for PALF/PBS and flax/PBS with
20 wt.% fiber, respectively.

The above results clearly indicate a better reinforcement efficiency of PALF over that
of flax, despite its inferior mechanical properties. Doubling the flax content from 10 wt.% to
20 wt.% caused the flexural modulus to increase by approximately 10%, but it caused only
a marginal change in flexural strength. PALF, on the other hand, caused both the flexural
modulus and flexural strength to increase by approximately 62% and 31%, respectively,
under a similar change. The reasons for this will be addressed later.

3.2.2. Impact Properties

Figure 8 displays the notched Izod impact strengths of PALF/PBS and flax/PBS
composites containing different fiber contents. The introduction of 10 wt.% of fiber to PBS
resulted in an impact strength reduction to approximately 70% and 64% of that of PBS
for PALF and flax, respectively. With a further increase in fiber content to 20 wt.%, the
impact strength dropped even further, to approximately 62% and 54% of that of PBS for
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PALF and flax, respectively. This indicates that PALF contributes to a smaller reduction
in the impact strength of the composite compared to flax fibers. The decrease in impact
strength in natural fiber-filled polymers is an anticipated outcome due to the increase in
material stiffness and the presence of stress concentrators within [41–43]. A more detailed
discussion on the reason for the comparatively smaller reduction in impact strength in the
PALF system will follow.

Figure 7. Flexural properties of PALF/PBS and flax/PBS composites containing different fiber
contents, (a) flexural strength and (b) flexural modulus at 1% strain. Gray bar represents neat PBS.

Figure 8. Impact properties of PALF/PBS and flax/PBS composites containing different fiber contents.
Gray bar represents neat PBS.

3.3. Thermal Properties
3.3.1. DSC

The melting and crystallization behavior of PBS in the composites is shown in Table 2.
The presence of both PALF and flax fibers has a negligible effect on the melting temperature
(Tm), degree of crystallinity (Xc), and crystallization temperature of PBS (Tc). Thus, it may
be stated that both PALF and flax fibers do not influence matrix crystallization, similar to
the results observed in other systems [44,45].
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Table 2. Thermal properties of PBS/PALF and PBS/flax composites.

Sample
First Heating Cooling Second Heating

Tm (◦C) Xc (%) Tc (◦C) Tm (◦C) Xc (%)

PBS 115.0 75.4 84.4 114.4 72.6
10PALF 114.2 78.9 81.4 114.2 75.7
20PALF 114.4 79.0 82.8 114.0 75.5
10Flax 114.8 76.2 81.0 114.8 72.9
20Flax 115.0 76.4 81.8 115.3 72.6

3.3.2. HDT

Figure 9 displays the heat distortion temperature (HDT) of the composites along with
the base PBS. At 10 wt.%, both PALF and flax had a negligible effect on HDT. However,
when the fiber content was increased to 20 wt.%, PALF caused a larger increase than flax
fiber, being approximately 10 ◦C and 6 ◦C higher than that of the base matrix. This is the
consequence of the increase in flexural modulus of the respective materials.

Figure 9. HDT of PALF and flax composites containing different fiber contents. Gray bar represents
neat PBS.

3.4. Fracture Surfaces

Figure 10 shows the impact fracture surfaces of PALF/PBS and flax/PBS composites
containing different fiber contents. Broken fibers are seen end-on, indicating a good
alignment of the fibers along the machine direction (toward the observer). For 10 wt.% fiber,
a larger number of fiber bundles can be seen in the PALF/PBS composite compared to the
flax/PBS composite. When the fiber content was increased to 20 wt.%, a smaller number of
large fiber bundles could be observed, indicating the breaking of large fiber bundles into
finer elementary fibers. This phenomenon is likely due to the increase in the viscosity of
the mixture (resulting from the higher fiber content), which facilitates higher stress transfer
and thus breaks the bundles into finer elementary fibers.
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Figure 10. Impact fracture surfaces of PALF/PBS and flax/PBS composites containing different
fiber contents.

4. Discussion

The nearly identical curves seen for 10 wt.% PALF/PBS and flax/PBS in Figure 6
signify a remarkable parity in reinforcing efficiency between the two types of fibers, even
amidst their distinct mechanical properties. Intriguingly, at a higher fiber content of 20 wt.%,
PALF exhibited significantly greater reinforcing efficiency than flax fiber. These findings
merit a more in-depth examination.

It is known that for short fiber composites, the mechanical behavior of the composite is
determined by several factors, including the mechanical properties of the reinforcing fiber,
its orientation, the fiber aspect ratio, the fiber volume fraction, and the nature of the interface
between the fiber and the matrix [46]. While we kept most starting parameters of the two
types of fibers as close as possible, such as their length, amount, and mixing procedure, the
only known parameter that was different was the mechanical properties of the fibers, with
flax having much superior values. Surprisingly, this difference in mechanical properties
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alone does not fully explain the stark difference in reinforcing efficiency. Therefore, a
deeper analysis of the internal structure of the composites, including matrix structure,
matrix orientation, and fiber dimension, is required.

4.1. Matrix Orientation via Pole Figures

The production method for uniaxial prepreg employed in this work could lead to
matrix orientation [31]. This had been destroyed during the compression molding by
using a high compression molding temperature, as previously described. XRD was used
to confirm this. Figure 11a displays the XRD patterns of composite prepregs and sheets.
Prepregs display very strong intensity, while the sheets show much less intensity, indicating
much relaxation of the polymer matrix. Pole figures for all samples were then determined
using the most intense peak, at around 22.7◦, which was associated with the (110) plane of
PBS crystalline [47].

Figure 11. (a) XRD patterns of composite prepregs and sheets; (b) X-ray pole figures for (110) plane
of PALF/PBS and flax/PBS composite prepregs and sheets compressed at 140 ◦C.
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Pole figures for all samples for the (110) plane are shown in Figure 11b. It is clearly
evident that the peak intensity of the prepregs is concentrated in the center, indicating
a preferred matrix orientation in all prepregs. The presence of a high-intensity region
supports the fact that the (110) reflection of the drawn PBS film lies on the equator [48].
However, when the sample was compressed at 140 ◦C, the previous orientation disappeared.
These results are consistent with the previous XRD and DSC findings. Notably, with an
increased fiber content in the sample compressed at 140 ◦C, a relatively weak molecular
orientation can still be observed in the case of PALF/PBS. This suggests that the presence of
fibers could slow down the relaxation of the matrix in the vicinity of the fiber, as suggested
in the literature [31]. However, it could be assumed that such a marginal orientation of PBS
in the PALF/PBS composite would play no role in enhancing the PALF/PBS composite
over that of the flax/PBS composite (cf. Figure 7).

4.2. Reinforcing Fiber in the Matrix

It has been reported that fibers such as jute, flax [49], PALF [50], kenaf [51], poplar
wood, radiata pine, and rice husk [52] can break down during incorporation into a polymer
matrix, resulting in a lower reinforcing efficiency. To determine whether such a situation
had occurred, the fibers were extracted from the composites using hot chloroform. Figure 12
displays optical images (Olympus BX51TRF, Olympus Optical Co. Ltd., Tokyo, Japan) of
PALF and flax fibers that were extracted from PALF/PBS and flax/PBS composites with
20 wt.% fiber. It is clear that PALF remained long, while flax broke into very short pieces. In
both cases, fine elementary fibers and large bundles can be seen. Thus, it is unquestionable
that such fragmented flax fibers would not be able to reinforce the composite effectively.
PALF, which remains long, can still effectively reinforce the composite [53]. The longer
PALF also gives composites with higher impact strength and HDT (cf. Figures 8 and 9). This
observation supports our previous works, where PALF has been shown to outperform short
Kevlar in reinforcing rubber matrices [22], and with an appropriate adhesion promoter the
effectiveness can be further improved [54].

Figure 12. Low magnification optical micrographs of (a) PALF and (b) flax fibers after solvent
extraction from their respective 20 wt.% composite prepregs.

As stated above, all kinds of fiber are prone to breakage during compounding with
polymer matrices due to different breakage mechanisms [55] depending on the fiber char-
acteristics, and this includes PALF. It can be easily envisaged that by reducing the stress
involved during compounding, either by increasing the temperature or reducing mixing
speed, the breakage could be reduced or minimized. Mixing with a two-roll mill involves
a much lower shear stress than with an internal mixer or screw extruder. It is clear from
the results above that flax fiber still breaks, while PALF does not. The fact that PALF can
maintain its length during mixing with thermoplastics and provide a high reinforcement
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efficiency certainly encourages its use in this form. Given that the starting length is long
enough, and large fiber bundles break into finer elementary fibers during mixing, resulting
in a significantly increased aspect ratio, composites with greatly improved properties can
be obtained. Moreover, the utilization of PALF offers a promising ecological advantage.
Compared to purposely cultivated fibers (such as flax, hemp, and kenaf), PALF exhibits
lower carbon emissions and a reduced environmental footprint. Additionally, the use of
PALF contributes to sustainable waste management practices by repurposing agricultural
waste, making it a more environmentally friendly alternative for composite reinforcement.
These ecological benefits further underscore the potential of PALF as a viable and eco-
conscious solution in advancing sustainable materials across various industries, especially
those that require higher performance or thinner parts.

5. Conclusions

In this study, we compared PALF with cultivated flax fiber as natural reinforcements in
unidirectional PBS matrix composites. PALF showed remarkable potential as a sustainable
alternative to flax fiber, well known for its high mechanical properties. PALF’s ability
to maintain length and integrity during mixing led to significant improvements in the
flexural strength and modulus, particularly at 20 wt.% fiber content. Successful PALF
dispersion in the matrix, along with fiber bundle disintegration, resulting in higher aspect
ratio, further contributed to its superior performance. PALF offers valuable ecological
benefits, with a lower carbon footprint and the utilization of agricultural waste. The study
highlights PALF’s underexplored potential as a sustainable and high-performance natural
reinforcement, paving the way for eco-friendly materials in various industries. PALF’s
effective reinforcement and ecological advantages suggest that it is a promising candidate
for developing sustainable and eco-friendly materials.
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Abstract: The world today is more oriented towards sustainable and environmental-friendly solutions
in every field of science, technology, and engineering. Therefore, novel sustainable and eco-friendly
approaches for soil improvement have also emerged. One of the effective, promising, and green
solutions is the utilization of biopolymers. However, even though the biopolymers proved to be
effective in enhancing the soil-mechanical properties, it is still unknown how they behave under real
environmental conditions, such as fluctuating temperatures, moisture, plants, microorganisms, to
name a few. The main research aim is to investigate the durability of biopolymer-improved soil on
the cyclic processes of wetting and drying. Two types of biopolymers (Xanthan Gum and Guar Gum),
and two types of soils (clean sand and silty sand) were investigated in this study. The results indicated
that some biopolymer-amended specimens kept more than 70% of their original mass during wetting-
drying cycles. During the compressive strength analysis, some biopolymer-treated specimens kept up
to 45% of their initial strength during seven wetting-drying cycles. Furthermore, this study showed
that certain damaged soil-biopolymer bonds could be restored with proper treatment. Repeating
the process of wetting and drying can reactivate the bonding properties of biopolymers, which
amends the broken bonds in soil. The regenerative property of biopolymers is an important feature
that should not be neglected. It gives a clearer picture of the biopolymer utilization and makes it
a good option for rapid temporary construction or long-standing construction in the areas with an
arid climate.

Keywords: biopolymer-treated soil; Xanthan Gum; Guar Gum; soil strength; durability;
cyclic wetting-drying

1. Introduction

The expansion of cities often causes the need to construct in an unfavorable envi-
ronment and on soils with undesirable mechanical characteristics. As a solution, soil’s
engineering properties can be improved by adding different chemical additives. Currently,
cement is one of the most commonly used additives. However, the use of cement raises
a series of environmental problems from which the contribution to CO2 concentration
on the planet is the most concerning. From the data in 2016, the production of cement
contributes approximately 7.4% to the world’s CO2 emissions [1]. Furthermore, the use
of cement can irreversibly affect the urban environment. Increased urban water runoff,
vegetation growth prevention, and heat islands are some of the side effects of using cement
as soil stabilizer [2]. Therefore, the need for a sustainable, green, and effective solution for
enhancing soil characteristics is continuously increasing.

New bio-inspired solutions for the improvement of mechanical characteristics of soil,
such as biopolymer-soil mixtures, are proved to be quite effective [2–6]. A biopolymer is
a chain of smaller molecular units extracted from nature-made materials, such as wood,
vegetable, algae, and animal shells. To the best of the authors’ knowledge, no negative
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effect of biopolymers on the environment has been reported. Throughout recent history,
biopolymers were used in the food industry, the cosmetic industry, medicine, and agricul-
ture [7–11]. In previous research, it was found that biopolymers, such as xanthan gum,
guar gum, beta-glucan, and chitosan, can improve the strength of soil [5,6,12–15]. In ad-
dition, some biopolymers proved effective in reducing the collapsibility of soil [16] and
erosion [17–19].

However, the main concern is the durability of biopolymer-amended soils while
being exposed to environmental conditions such as wind, moisture, and temperature
fluctuations. Kavazanjian et al. [18] investigated the effect of wind on erosion properties of
the biopolymer-amended soil. Biopolymer emulsion was sprayed on the surface of the soil,
and wind flow was blown over the soil surface. The major finding was that biopolymers
could reduce wind-induced detachment of soil particles, but that ultraviolet radiation and
heat can diminish their effect.

To date, the research on the durability of biopolymer-amended sand remains limited
and insufficiently investigated. Chang et al. [20] explored the properties of biopolymer-
amended sand against cyclic wetting-drying. They performed a series of unconfined
compression tests on gellan gum-improved sand specimens after each wetting and drying
cycle. Chen et al. [21] performed a series of direct shear tests on xanthan gum-improved
sand. Both of the above-mentioned research studies have found that the strength of
biopolymer-amended sand ultimately decreases due to cyclic wetting and drying. Some
limitations of each of the mentioned studies are that one type of testing was conducted and
the soil (sand) was amended with only one type of biopolymer. Some additional research
in the field of cyclic wetting-drying of biopolymer-treated soil is presented in Table 1.

Table 1. Previous research related to wetting-drying of biopolymer-treated soil.

Authors Soil Biopolymer Testing Findings

Chen et al. 2015 [22] Silty Sand Xanthan Gum
Guar Gum

Moisture retention Moisture retention capacity was higher
with the addition of biopolymers.

Wind Tunnel

- Biopolymer increased the
erosion resistance of soil

- At higher concentrations, the
loss of mass was small during
cyclic wetting-drying.

Penetration test Increased surface strength with the
increase of biopolymer concentration.

Chang et al. 2017 [20] Poorly Graded
Sand Gellan Gum Unconfined Compressive

Strength Test

- Reduction of the compressive
strength was gradual.

- The strength remained high after
10 wetting-drying cycles (i.e.,
>70% of the initial strength).

Chen et al. 2019 [21] Well Graded
Sand Xanthan Gum Direct Shear Reduction of friction angle, cohesion,

and peak shear stress was gradual.

Lemboye et al. 2021 [23]
Poorly Graded

Sand

Acacia Gum
Sodium Alginate

Pectin

Wind Tunnel

- Biopolymer increased the
erosion resistance of the soil.

- Wetting-drying increased the
loss of mass.

Penetration Test

- Biopolymer increased the
surface strength of the soil.

- Wetting-drying reduced
surface strength.

Adamczuk and Jozefaciuk,
2021 [24]

Sand
Silt Chitosan (two types) Unconfined Compressive

Strength Test

Strength changes after wetting-drying
depended on soil type, biopolymer
type, and biopolymer concentration.

The main research aim of our study is to investigate the durability of biopolymer-
improved soil on the cyclic processes of wetting and drying. Two soil types were investi-
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gated in this study, clean sand and silty sand. Additional testing variables were biopolymer
type and concentration. In particular, the soil was treated with two types of biopolymer
(Xanthan Gum and Guar Gum) at three different biopolymer concentrations (0.5%, 1%,
2%). Furthermore, plain and biopolymer-amended specimens were tested under two types
of water-durability tests. Considering that Xanthan Gum and Guar Gum emerged as
biopolymers with high potential for soil stabilization, the investigation of their durability
will have a significant impact on their utilization in civil engineering practice.

2. Materials and Methodology

2.1. Base Soil

To investigate the effect of the soil type on the biopolymer-amended soil durability,
two types of soil were investigated in this study: silty sand (SM), and poorly graded sand
(SP). The soils were classified according to the following standards: ASTM D6913-17—
Standard Test Methods for Particle-Size Distribution of Soils Using Sieve Analysis [25], and
ASTM D4318-17—Standard Test Methods for Liquid Limit, Plastic Limit, and Plasticity
Index of Soils [26].

2.1.1. Silty Sand

From the grain size distribution curve (Figure 1), the concentration of fine particles
was 39% with a liquid limit of 49, a plastic limit of 29, and an index of plasticity of 20.
According to the Unified Soil Classification System (USCS), the soil is classified as silty
sand (SM).

Figure 1. Grain size distribution of the soils used in this study.

2.1.2. Clean Sand

The sand was characterized by a high percentage of quartz and high uniformity. The
coefficient of uniformity and coefficient of curvature were calculated as 1.46, and 0.93,
respectively (Figure 1). The percentage of fine particles was below 5%. Therefore, the soil
was classified as poorly graded sand (SP), according to USCS.
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2.2. Biopolymers

To study the influence of the biopolymer type on the biopolymer-amended soil dura-
bility, two types of biopolymers were used in this study: Xantham Gum and Guar Gum.

2.2.1. Xanthan Gum

Xanthomonas campestris bacterium creates the biopolymer polysaccharide Xanthan
Gum (XG) by inducing the fermentation of a medium containing carbohydrate, such as
glucose. In other words, XG is a long-chain polysaccharide having d-glucose, d-mannose,
and d-glucuronic acid as building blocks in a molecular ratio of 3:3:2 with a high number of
trisaccharide side chains [27]. Dissolving XG in hot or warm water creates non-Newtonian
solutions with high pseudoplasticity. XG can be found in the cosmetic and food industry,
agriculture, and oil drilling industry [9], and it has been researched for civil engineering
purposes [5,6,28,29].

2.2.2. Guar Gum

Guar Gum (GG) is a galactomannan polysaccharide extracted from Cyamopsis Tetragonolba,
known as guar beans or guar. Chemically, a GG biopolymer mainly consists of a high-
molecular-weight polysaccharide galactomannan, which is based on a mannan backbone
with galactose side groups. The ratio of the two building blocks in a molecular ratio seems
to vary slightly depending on the origin of the seed, but the gum is generally considered
to contain approximately one galactose building block for every two mannose building
blocks [30]. In addition, GG shares certain similarities with XG. For instance, it can be
dissolved in hot and cold water, and in the industry is used for similar purposes as XG. It
can be found in cosmetic products, food products, oil, and gas drilling industries [30], and
it has been researched in civil engineering [6,31–34].

2.3. Specimen Preparation

The dry base soils were placed in a metal dish and combined with biopolymer powders
until uniformly mixed. The biopolymer concentrations used in this study were 0.5, 1, and
2% with respect to the mass of the plain soil. After carefully mixing the dry components
(soil and biopolymers), water was added to the mix by spraying and constant stirring. The
targeted water content was 16.5% for silty sand and 12% for the clean sand.

After achieving a uniform mixture, the soil-water-biopolymer mass was placed into
molds. Two types of molds (Mold A and Mold B) were used for two different parts of
this study.

Mold A was cylindrical with a diameter of 10.2 cm and a height of 11.6 cm. Silty sand
was placed into the Mold A in three lifts and it was compacted with a hammer with a
weight of 2.5 kg (Proctor hammer). The same type of mold is typically used for compaction
efforts for ASTM D559 and ASTM D698. Each lift was compacted by releasing the hammer
25 times from the height of 30.5 cm. After each lift, the surface was scarified to achieve
a better bond within the soil sample. Proctor hammer was omitted for the sand material
due to its nature. Sand had a low concentration of fine particles that would have hindered
the proper compaction if excessive compaction force was applied. Therefore, sand was
carefully tapped into Mold A. Additionally, tapping the sand material into the mold kept
the density of the biopolymer-treated sand close to its natural density. Specimens prepared
in Mold A were used for durability testing during cyclic wetting and drying.

Mold B was cubical, with the inner dimensions of 5 cm. Cubical specimens were used
for the testing of the compressive strength changes through the wetting-drying cycles. The
specimens made out of silty sand were compacted with a metal rod in four lifts. Each
lift was pressed 25 times. Sand specimens were gently tapped into the Mold B due to the
aforementioned reasons relating to the nature of sand.

All specimens were air-dried in the laboratory at the temperature of 21 ◦C for five
days (cubical specimens, Figure 2a) and seven days (cylindrical specimens, Figure 2b) to
increase the biopolymer-soil strength and cure the specimens.
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(a) (b) 

Figure 2. Photos of specimens for (a) unconfined compression, and (b) durability tests.

In addition, specimens made of plain silty sand were prepared in the same manner as
the specimens with biopolymer additives. The plain specimens were used for comparison
with the biopolymer-treated ones. The samples of the plain sand could not be made because
the plain sand used in this research had no cohesion. Therefore, it could not be shaped to
the desired dimensions.

2.4. Testing
2.4.1. Durability

The durability testing during cyclic wetting and drying was performed by the guidance
of the ASTM D559—Standard Test Methods for Wetting and Drying Compacted Soil-
Cement Mixtures [35]. Since ASTM D559 was originally designated for cemented soil,
this study introduced certain modifications to the procedure described in ASTM D559.
After compaction and air-drying, we measured the mass of specimens and submerged
them in water for one hour. The specimens’ mass was measured again after one hour, and
specimens were placed in the oven at the temperature of 70 ◦C for 24 h. After 24 h, samples
were taken out of the oven, gently stroked by a brush to remove all loose material, and
weighed again before submerging them into the water. The same process was repeated
ten times, where one hour in water and 24 h in the oven represents one wetting-drying
cycle. This procedure was performed on XG-treated sand, XG-treated silty sand, and
GG-treated silty sand. The cylindrical sand specimens with GG degraded after one hour
in the water. Therefore, they could not be used for the continuation of the experiment. A
similar degradation process happened with the cylindrical specimen of the plain silty sand.
They degraded after one hour in the water. Thus, the durability testing of plain silty sand
could not be continued.

2.4.2. Unconfined Compression Test

The unconfined compression test is a widely used test to determine the compressive
strength of cohesive materials. The test was performed on the plain and biopolymer-
amended silty sand. Moreover, it was performed on the XG-improved sand, whereas
untreated sand did not have any cohesion, which was required for this type of test. In
addition, sand specimens with GG were not testable for this type of experiment due to
their low resistance to water. The unconfined compression test was performed on cubical
specimens five days after the preparation and air-drying. Three samples were compressed
with an axial strain rate of 1.5%/min, which is in agreement with the ASTM D2166—
Standard Test Method for Unconfined Compressive Strength of Cohesive Soil [36]. The
remaining specimens were submerged in water at room temperature (21 ◦C) for 20 min.
They were subsequently dried in the oven at 70 ◦C for 24 h. This process is referred to as
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one wetting-drying cycle for unconfined compression specimens. Cubical samples of plain
silty sand were not tested in the unconfined compression test after wetting and drying
due to their degradation in water. After each wetting-drying period, three specimens were
tested in the unconfined compression test, while the remaining samples were placed back
in the water for 20 min. For the specimens with XG, seven cycles of wetting and drying
were carried out through seven days. The unconfined compression test was performed
after each cycle except for the fourth and sixth. Most of the cubical specimens with GG
were heavily damaged after the first 20 min in water. Therefore, the remaining specimens
with GG went through two or three cycles of wetting and drying.

Furthermore, the healing potential of the XG biopolymer was also investigated by
wetting and re-testing previously loaded specimens after their first unconfined compression
test. XG-sand cubes were placed in the water for 20 min after they were broken in the
unconfined compression test for the first time. They were subsequently placed back in
the oven and re-tested for the unconfined compression. The repeated cycle of wetting
and drying was conducted to reactivate XG molecules and investigate their regenerative
properties on the treated sand.

3. Results and Discussion

3.1. Durability

The durability of the soil was observed through the change of mass through cyclic
wetting and drying. The change of mass of the biopolymer-treated soil was calculated for
each cycle by the following equation:

% loss = (A/B) × 100 (1)

where A is the mass of the soil after each cycle; B is the mass of the dry soil after seven
days of curing in the air. Several samples were placed in the oven after the preparation and
dried for 24 h at 70 ◦C. Those samples were not tested but they were used for comparison
in mass with specimens that were air-dried for 7 days. The differences in mass for the same
biopolymer–soil mix were between 2% and 7%. Therefore, we decided that the equation
above would be appropriate for the analysis of the durability data. A visual representation
of sample degradation through time is shown on biopolymer-treated silty sand in Figure 3.

 

Figure 3. Degradation of silty sand treated with 1% XG (upper row) and 1% GG (bottom row) due
to cyclic wetting and drying.

Figure 4 shows the results of the mass percentages of biopolymer-soil remaining after
each cycle. Plain soil samples degraded when submerged under the water for one hour
and could not be tested in the designed experiment. The results from Figure 4 indicate that
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the presence of biopolymers slowed the degradation process for both types of soil. Figure 4
also indicates that the resistance of the soil to cyclic wetting and drying depends on the
type of the soil, type of biopolymer additive, and concentration of biopolymer additive.
Different biopolymer types, like different soil types, show different reactions with water,
which affects the behavior of the soil–biopolymer mixture when exposed to water.

Interestingly, the silty sand with XG showed the best resistance for cyclic wetting and
drying at a concentration of 1% XG (Figure 4a). At that concentration, the specimens kept
most of the mass up to the sixth wetting-drying cycle. After that, the loss of mass was more
noticeable. The same soil type with 0.5% and 2% XG lost more soil mass which indicates
that 1% XG could be the optimal water-resistance concentration for this type of soil. There
are two reasons behind this: the binding properties of XG and the absorptive properties of
the composite material (silty sand and XG). XG is a glue-like binding agent that bridges
soil particles. In the mixture with 0.5% XG, soil particles have a weaker biopolymer bond
when compared with mixtures with 1 and 2% XG. Therefore, samples with 0.5% XG lost
approximately 65% of their initial mass after the first wetting cycle. The plain specimens of
silty sand had the weakest particle bond which is the reason they degraded after the first
cycle. On the other hand, a question emerges concerning why samples with the highest
XG concentration (2%) did not show the best water resistance. The reason for that is the
aforementioned absorptive properties of silty sand and XG. The XG attracts and binds
water molecules, which further increases the absorbing potential of already swelling plain
soil. In other words, the higher presence of XG caused more trapped water. Therefore, to
achieve the same water content after each drying for the specimens with 1 and 2% XG,
specimens with 2% XG would require a higher drying temperature or longer drying time.
The constant higher presence of water can cause the reduction of negative pore pressures
that can lower the apparent cohesion and cause the degradation of the soil mass. That
resulted in the faster degradation of specimens with 2% XG. However, the loss of the mass
under all biopolymer concentrations was significantly reduced when compared with the
loss in mass of the plain soil.

In the case of silty sand amended with GG (Figure 4b), the specimens with higher
concentrations have kept more of their soil mass during ten cycles of wetting and drying.
When compared with higher concentrations, the samples treated with only 0.5% GG had
significantly higher losses of mass between each cycle. Unlike the samples with 1% XG,
the samples with 1% GG had a slight gradual loss of mass after each wetting-drying cycle.
The samples with 2% GG showed a slight mass increase through the cyclic wetting-drying.
That is because of the absorptive properties of silty sand and GG, similar as XG-treated
silty sand. The samples with 2% GG lost some amount of soil during wetting-drying,
but they also absorbed some water that did not completely evaporate during 24 h in the
oven at 70 ◦C. Therefore, due to the higher absorptive properties of GG at 2% than at
0.5 and 1%, a longer period of drying or a higher drying temperature would be more
appropriate for silty sand with 2% GG. Both GG and XG demonstrate a water-absorption
nature. However, comparing results of silty sand with 2% GG and 2% XG indicates that GG
chains release water molecules somewhat easier than XG chains. Even though XG and GG
need to absorb water to activate their bonds with soils, releasing water molecules stiffens
the soil–biopolymer bond, which gives GG-treated silty sand an edge over the XG-treated
silty sand at a concentration of 2%.

For the clean sand specimens amended with XG (Figure 4c), the loss of mass is
relatively low throughout the testing for higher concentrations when compared with silty
sand. The reason for that is the fact that the sand has a higher porosity and lower water
absorption capacity than silty sand. In other words, water absorption happens only due to
the presence of XG. Higher porosity makes the water evaporation relatively faster in the
sand than in silty sand. The cementitious effect of hardened XG gave the sand relatively
good resistivity to water. However, sand with only 0.5% XG went successfully through
only six cycles of wetting and drying before it became wholly degraded.
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Figure 4. Change in mass for (a) Silty sand—XG, (b) Silty sand—GG, (c) Clean sand—XG.

3.2. Unconfined Compression Test

Figure 5 shows the relationship between the compressive strength and the number
of wetting and drying cycles for silty sand (Figure 5a,b) and clean sand (Figure 5c). In all
figures, the first point, at cycle zero, represents the compressive strength of specimens tested
after five days of air-drying in the laboratory at room temperature. The plain silty sand
samples degraded after 20 min in water and could not be tested through cyclic wetting and
drying (Figure 5a,b). Plain clean sand samples were not testable because of non-existing
cohesion that was needed to fabricate the specimens for this type of testing (Figure 5c).
Both types of soil showed fast degradation in water for 0.5% of additives. Therefore, soils
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amended with 0.5% of biopolymers could not be used for a detailed comparison with soil
amended with higher biopolymer concentrations. The exception was the sand treated with
0.5% XG that showed a slightly higher level of water resistance (Figure 5c).

 

Figure 5. Change in compressive strength for (a) Silty sand—XG, (b) Silty sand—GG, (c) Clean
sand—XG.
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The change in the compressive strength of biopolymer-improved soil with wetting-
drying cycles strongly depends on the biopolymer concentration, biopolymer type, and
water content. Lower biopolymer concentration in soil results in a reduced number of
biopolymer links and subsequent biopolymer–particle bonding. In other words, soils with
a lower biopolymer concentration will have smaller compressive strength. On the other
hand, a higher percentage of biopolymer causes greater water absorption. The decrease
in the water content and degree of saturation increases the surface tension forces between
soil particles, which subsequently increases the soil strength (Figure 6). It is noticeable that
the biopolymer bond started to weaken after the first wetting and drying cycle because of
constant water absorption and the thinning of the biopolymer links. For the specimens
made out of the silty sand mixed with 2% XG, the increased biopolymer concentration
resulted in higher water absorption than samples with 1% XG. The higher presence of
the trapped water caused a more rapid decrease in the compressive strength because of
reduced tension forces and loosened biopolymer links.

Figure 6. Interaction of water and soil particles: (a) a higher degree of saturation—lower surface
tension forces, (b) lower degree of saturation—higher surface tension forces.

Figure 5b shows the decrease in the compressive strength for GG-treated silty sand
with wetting-drying cycles. The vast majority of the 1% GG-treated cubicles were severely
damaged and unusable for the unconfined compression test. Therefore, undischarged spec-
imens went under two cycles of wetting and drying, where the change of their compressive
strength was investigated. It is noticeable that after two cycles of wetting and drying,
the compressive strength of 1% GG-treated cubicles decreased by 75%. In the case of 1%
XG-treated silty sand, the decrease of the compressive strength by 75% would be estimated
to happen after the fourth cycle of wetting and drying. The specimens with 2% GG showed
better resistivity to water and higher strength through cyclic wetting and drying. The
first points, at cycle zero, which represent the specimens after five days of air drying,
indicate lower strength for the specimens with 2% GG. This trend was already observed
with the samples treated with XG. The reason behind that is that higher concentrations of
biopolymer need more air-drying time to completely harden and achieve the maximum
strength. The same phenomena happened for the treated sand as well (Figure 5c).
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Figure 5c represents the change of the compressive strength of XG-treated sand with
wetting-drying cycles. During seven cycles of wetting and drying, sand with 1% XG kept
46% of the initial strength, while the sand with 2% XG kept 75% of the initial strength.
However, the biopolymer-amended sand samples did not sustain their shape and strength
at the lowest biopolymer concentration. At the concentration of 0.5% XG, they lost 70% of
the initial strength after the second cycle and completely degraded during the third cycle.

3.3. Regenerative Properties of Biopolymers

Xanthan Gum is one of the partially reversible bond-based biopolymers. That means
that it can be brought to the previous state by reapplying the processes that initially induced
the change of that state. That reversible nature of XG was examined in biopolymer-treated
sand samples that were tested under the unconfined compression test. After the third
wetting-drying cycle, that was used to investigate the change in the compressive strength.
The broken specimens were used to investigate the healing properties of XG. The broken
specimens were submerged for 20 min and dried in the oven for 48 h, as described previ-
ously. After that, the same specimens were tested again under the unconfined compression
test. The same process was repeated one more time. The results of two XG-treated sand
specimens are summarized in Figure 7. The repeated process of wetting-drying stiffened
the soil-biopolymer bond, and the XG-treated sand specimen regained some level of the
initial strength, which is presented in Figure 7. Higher magnitudes of the compressive
strength and the level of the regained strength were achieved for the higher concentration
of XG. That is not surprising since a higher concentration of XG causes faster and broader
linking of XG molecules with each other and with the surrounding sand particles.

Figure 7. Compressive strength of regenerated sand XG-treated specimens.

That reversible nature of XG is schematically represented in Figure 8. The sand
particles bonded by XG-links (Figure 8a) broke during the unconfined compression test
Figure 8b). After the broken specimens of XG-treated sand were put back together and
submerged in water, the XG linkages loosened their structure, which allowed them to
interact with the nearby sand particles again (Figure 8c) and mend the broken bonds
(Figure 8d).
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Figure 8. Healing cycle of biopolymer-treated sand: (a) sand particles bonded by XG-links,
(b) breakage of the dry XG-links due to the applied mechanical loading, (c) XG- linkages loosen their
structure in the contact with water which allows them to interact with the nearby sand particles; and
(d) sand particles bonded again by new XG-links.

4. Conclusions

Recently, biopolymers XG and GG have been shown to be promising environmentally
friendly soil stabilization additives. However, they are prone to environmental influence,
especially moisture changes. To best to the authors’ knowledge, the previous research
studies have not comprehensively investigated the effect of wetting-drying cycles on the
strength and mass loss of the different biopolymer-treated soils. Therefore, the main aim of
this study is to investigate the effect of wetting-drying cycles on the strength and mass loss
of the biopolymer-stabilization. The types of soil used in this study were: silty sand and
pure sand. In addition, two types of biopolymers (xanthan gum, and guar gum) and three
biopolymer concentrations (0.5%, 1%, 2%) were used as testing variables in this research.

The first experimental study was focused on observing the change of the mass of the
plain and biopolymer-treated soil during cyclic wetting and drying. It was shown that XG
reduces the loss of mass for both tested soil types, while GG was only effective when mixed
with silty sand. For the silty sand, the most effective concentration of XG to reduce the mass
loss during the cyclic wetting and drying process was found to be 1%. The highest used
concentration of XG (2%) caused higher entrapment of water, which ultimately led to faster
loss of mass. On the other hand, the lowest concentration of XG (0.5%) resulted in too weak
biopolymer-soil bonds, which degraded faster. That points to an optimum concentration of
XG that works the best with a certain type of soil. For the GG-treated silty sand, the loss
of mass was more prominent for lower concentrations. For the XG- treated sand, the loss
of mass was relatively low for concentrations of 1% and 2%, which can be explained by
higher porosity of sand, which makes water evaporation easier in comparison to the silty
sand. A low concentration of 0.5% XG caused weak bonding between soil particles that
rapidly degraded.

The second experiment investigated the change of the compressive strength of biopolymer-
treated soil with wetting-drying cycles. XG proved able to reduce the loss of compressive
strength in the silty sand and sand, while GG was only mildly effective in the silty sand.
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However, the increase in the GG concentration reduced strength loss. The concentration
of 1% XG was more effective than 2% in reducing the strength loss in the silty sand due
to higher water absorption for higher concentrations of XG. The XG-treated sand showed
extremely good resistivity to the loss of the compressive strength through cyclic wetting
and drying. The higher concentrations of XG resulted in the higher compressive strength
of sand. The concentration of 0.5% XG and GG was shown to be mildly or non-effective for
the proposed type of testing.

The broken XG-treated sand specimens were re-submerged, dried, and subsequently
tested in the unconfined compression test to study the healing properties of XG-treated
sand. It was shown that re-wetting and drying could restore some level of the compressive
strength of XG-treated sand. The reason behind it is the regenerative nature of XG, which
loosens its structure in water and re-attaches to the nearby soil particles. The healed soil-
biopolymer bond stiffens while the sample is subsequently dried and mends the cracks in
sandy specimens. Sand samples with higher concentrations of XG were shown to regain
more of their lost strength.

This research study showed that, even though biopolymers tend to be susceptible to
water, certain biopolymer types and concentrations can significantly increase the durability
of soil to water. It was also shown that the presence of water could activate the regenerative
properties of XG, which accentuates its potential for soil stabilization. This research gives
a clearer picture of XG and GG utilization, presenting a good option for rapid temporary
construction (e.g., embankments) or long-standing construction in areas with an arid
climate. The degradation of XG- and GG-treated soil due to longer exposure to water points
to a practical way of disposing of the temporary construction elements that are made of the
mentioned materials. Due to the non-hazardous nature of these biopolymers, watering and
decomposing the XG- and GG-treated soil should not raise environmental concerns. XG
and GG also showed favorable characteristics that can be utilized in dust control, erosion,
and subgrade stabilization. However, since the water susceptibility of biopolymers is an
important factor for their use in industry, this field of research still requires a significant
amount of investigation.
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Abstract: To mitigate the negative environmental effects of the overuse of conventional materials—such
as cement—in soil improvement, sustainable engineering techniques need to be applied. The use of
biopolymers as an alternative, environmentally friendly solution has received a great deal of attention
recently. The application of lignin, a sustainable and ecofriendly biobased adhesive, to enhance soil
mechanical properties has been investigated. The changes to engineering properties of lignin-infused
soil relative to a lignin addition to soil at 0.5, 1, and 3.0 wt.% (including Atterberg limits, unconfined
compression strength, consolidated undrained triaxial characteristics, and mechanical properties
under wetting and drying cycles that mimic atmospheric conditions) have been studied. Our findings
reveal that the soil’s physical and strength characteristics, including unconfined compressive strength
and soil cohesion, were improved by adding lignin through the aggregated soil particle process.
While the internal friction angle of the soil was slightly decreased, the lignin additive significantly
increased soil cohesion; the addition of 3% lignin to the soil doubled the soil’s compressive strength
and cohesion. Lignin-treated samples experienced less strength loss during wetting and drying cycles.
After six repeated wetting and drying cycles, the strength of the 3% lignin-treated sample was twice
that of the untreated sample. Soil treated with 3% lignin displayed the highest erosion resistance and
minimal soil mass loss of ca. 10% under emulated atmospheric conditions. This study offers useful
insights into the utilization of lignin biopolymer in practical engineering applications, such as road
stabilization, slope reinforcement, and erosion prevention.

Keywords: lignin biopolymer; erosion; soil strength; triaxial test; wetting and drying cycles; silt

1. Introduction

Global climate change has dramatically influenced the environment, leading to irre-
versible changes in the limited resources we rely on. This has urged fundamental sustain-
able measures to be taken to reduce the consequences of these effects. A major impact of
climate change that is significantly affecting the environment around us is extreme weather
events, which results in intense localized rainfall in some geographic areas and drought
in others. Intense rainfall events may cause instability in the ground properties, bringing
a sudden increase in pore water pressure in soil which incurs a reduction in local soil
strength, severe runoff, soil erosion, and eventually landslides and slope failures.

To improve the mechanical properties of soil and soil stability, a range of chemical
treatments, including the addition of stabilizers to the soil, are often used. Portland
cement has traditionally been the most commonly used additive to enhance soil properties.
Although Portland cement has been widely used in different geotechnical engineering
practices, its application for soil enhancement has been associated with a negative impact

Polymers 2023, 15, 1556. https://doi.org/10.3390/polym15061556 https://www.mdpi.com/journal/polymers
265



Polymers 2023, 15, 1556

on the environment, alongside the increase of carbon dioxide (CO2) emissions during
cement production, as cement industries are believed to be responsible for up to 8% of
global CO2 emissions annually [1]. The application of cement for civil and geotechnical
engineering purposes is believed to have contributed to several environmental concerns,
including the increase in soil pH level [2], cement dust accumulation in soil resulting
in soil infertility [3], urban runoff, heat islands, prevention of vegetation growth, and
groundwater contamination [4].

Recently, research has been undertaken to use biopolymers, such as organic poly-
mers that occur in abundance in nature and can be extracted from natural resources, as
environmentally friendly additives in geotechnical engineering applications [5].

The improvement of soil strength by adding biopolymers, such as xanthan gum, guar
gum, beta glucan, chitosan, and lignin, has been attempted before [4–13]. Bagheri et al. [5]
examined the effect of xanthan gum on soil strength and confirmed substantial improve-
ment in soil compressive strength within a certain curing time. Through lab studies,
Soldo et al. [4] investigated the impact of xanthan gum, beta glucans, guar gum, chi-
tosan, and alginate biopolymers on silty sand soil. They reported significant increases in
biopolymer-treated soil strengths over a longer period. The effectiveness of gellan gum
biopolymer against soil permeability [14] and dextran for surface erosion [13] were investi-
gated. Ham et al. [13] added a microbial biopolymer, dextran, to the fine silica sand and
showed that the biopolymer can increase erosion resistance. Zhang et al. [15] performed
the shear-wave velocity test and unconfined compression test to assess the small-strain
shear modulus and unconfined compressive strength of lignin-stabilised silty soil. They
found that a small-strain shear modulus and the unconfined compressive strength of
lignin-treated soil logarithmically increased with curing period.

To increase the effectiveness of biopolymer treatment, in situ influencing factors must
be taken into consideration. Although lignin has been shown to boost soil strength [10,15],
prior research largely focused on analyzing basic strengthening behavior and confirming
viability. In particular, in situ three-dimensional stress conditions have not received sig-
nificant consideration. In addition, studies that address changes in mechanical strength
of lignin-treated soils under saturated conditions have been limited, including those con-
cerned with the erosion resistance of biopolymer-treated soil. Furthermore, the earlier
reports mostly evaluated the shear behaviour of biopolymer-treated soils by means of
direct shear tests using dried soil samples that may not adequately represent the under-
ground conditions.

Lignin was chosen for use in the current investigation because it has been demon-
strated to be one of the most economically advantageous materials among all available
biopolymers in geotechnical engineering [16].

This study aims to address the mentioned gaps by performing a thorough study to
examine the effect of lignin biopolymer agent on the soil mechanical properties subjected
to various conditions. A range of laboratory experiments, including Atterberg limits tests
and unconfined compressive strength (UCS) tests for the lignin-treated soil samples were
conducted to obtain the engineering performance, soil strength, and plasticity behaviour.
To investigate the effect of lignin additive on the soil shear strength and shear parameters
and simulate in situ three-dimensional stress conditions, CU triaxial tests were performed.
The durability and strength of lignin-treated soil under wetting and drying cycles were
examined. The erosion resistance and soil loss of biopolymer-treated specimens exposed
to natural atmospheric conditions were also examined. Finally, scanning electron mi-
croscopy (SEM) analyses were conducted to evaluate the microstructure mechanism of
such treatment approaches.

The outcome of this study provides an enhanced understanding of the engineering
behaviour of lignin-treated soil subjected to different conditions and facilitates the use of
such sustainable techniques in civil and geotechnical practices.
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2. Materials and Methods

2.1. Materials

Regarding soil, a low-plasticity silt soil (USCS classification: ML) according to ASTM
D2487-17 [17] has been obtained from the Gold Coast area, Australia, with the grain size
distribution as shown in Figure 1a obtained following the ASTM D422-63 [18]. The soil
sample displayed plastic and liquid limits and a plasticity index of 26.9, 38, and 11.1,
respectively, as measured in accordance with ASTM D4318-17 [19]. The specific gravity of
the soil was 2.77, according to the ASTM D854-14 [20]. The standard proctor compaction
test following ASTM D698-12 [21] was performed to obtain the maximum dry density of
(1.72 g/cm3) and optimum moisture content of (21.7%) (Figure 1b).

 
(a) (b) 

 
(c) 

Figure 1. (a) Grain size distribution. (b) Compaction test result. (c) X-ray diffraction (XRD) patterns
of soil.

The mineral compositions of the soil were supplied by X-ray diffraction (XRD) analysis
(Figure 1c). As seen from the soil XRD patterns, quartz is the main mineral with additional
inclusions of kaolinite and calcite.

Regarding biopolymers, the lignin (LIG) was calcium lignosulphonate obtained from
Dustex, Australia. The material was a brown viscose liquid with a pH (10% solution) of
5.4 ± 3.0, dry matter of 55.0 ± 1.0%, and a density of 1285 kg/m3. The LIG was a mixture
of water (51%) and calcium lignosulfonate (49%).
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2.2. Specimen Preparation

Initially, the soil was oven dried, and then the gravel was removed by crushing and
sieving to 2.36 mm. Three concentrations of soil to LIG mixtures at 0.5 wt.%, 1.0 wt.%, and
3.0 wt.% were used in the study.

The wet mixture approach, as described by Ta’negonbadi et al. [10], was used to
prepare LIG soil mixture. The LIG liquid was first added to the water to reach the desired
moisture content, and then the diluted solution was sprayed and thoroughly mixed with
the dry soil to prepare the homogenous blend.

The obtained mixtures were wrapped with double-layer plastic wrap and kept in a
controlled temperature room for 24 h to prevent the formation of aggregations and ensure a
uniform combination of biopolymer with soil particles. The soil mixtures were placed into
a cylindrical metal mold (diameter 50 mm, length 150 mm) and evenly compacted in five
layers to prepare the samples. The samples with the same diameter and length of around
110 mm were extruded from the mold following each compaction set. Each sample’s dry
density was guaranteed to be greater than 95% of the maximum dry soil density.

2.3. Experimental Measurments

Atterberg limits tests were conducted for the untreated and specified concentrations
of LIG-treated soil to evaluate the impact of the biopolymer additive on the soil plasticity.

Regarding UCS tests, the samples were cured in a controlled temperature room for
0, 1, 4, 7, 10, 14, 28, and 35 days. The UCS tests in accordance with [22] were carried out
for the cured samples. It is worth noting that three samples for each test were tested to
minimize errors. From the outcome of UCS tests, the optimum curing time for treated and
untreated samples was chosen for the following experiments.

Triaxial tests were used to examine how saturation conditions affected the strength
of soil treated with LIG biopolymer. Consolidated undrained (CU) triaxial tests for the
saturated samples were performed at confining pressures of 50, 100, and 200 kPa.

Regarding wetting and drying cycles tests, the durability of biopolymer-treated sam-
ples over six wetting/drying cycles was investigated. Polyvinyl chloride (PVC) molds
were constructed with a diameter approximately equal to the sample (51 mm) and a higher
length of 130 mm, allowing the sample to expand during the wetting cycle. Each wetting
and drying cycle was initially started by placing the cured sample into a PVC mold, and
then the mold was submerged in water for 24 h. The sample was then dried under room
temperature conditions for the given optimum curing time. The UCS test was conducted
following each cycle’s completion to determine each sample’s compressive strength.

Regarding the field experiment, five samples, including two untreated and three
treated with the given concentrations of LIG, were exposed to the environment for 30 con-
secutive days, and soil mass loss of each specimen after exposure to the atmospheric
conditions was measured and calculated. Daily temperature, relative humidity, and rainfall
were recorded to evaluate the effect of environmental conditions on each sample’s integrity.

Regarding SEM analysis, sample morphological examination was performed by using
a scanning electron microscopy (SEM) analytical system (TESCAN Mira3, TESCAN Orsay
Holdings, Czech Republic) under an acceleration voltage of 5 kV. Magnifications at 2500×
and 15,000× were used and reported herein for the untreated, and 3% LIG-treated samples.
The samples were platinum sputter coated (ca. 5 nm) immediately before collecting SEM
image data.

3. Results and Discussion

The following provide the results and thorough examinations of the impact of LIG
biopolymer on the soil.

3.1. Atterberg Limits

The results of Atterberg limits tests considering different percentages of LIG are
presented in Table 1.
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Table 1. Results of Atterberg limits tests.

Soil Reference Liquid Limit, LL (%) Plastic Limit, PL (%) Plasticity Index, PI (%)

Pure soil 38.0 26.9 11.1
0.5% LIG 36.9 26.1 10.8
1% LIG 36.1 25.6 10.5
3% LIG 34.6 25.6 9.0

The presence of LIG did not significantly affect PL, while the LIG-treated soil ex-
perienced a slight reduction in LL (Table 1). This can be related to the clay particles
flocculation [23]. By increasing the content of LIG, the LL slightly decreased while the PL
remained almost unchanged. As the soil has some negative charges from clay minerals,
LIG may neutralize the negative charges on the surface of soil particles. This brings less
thickness to the double electric layer between the soil particles [24]. All LIG-treated sam-
ples were placed below the A-Line in the plasticity chart, indicating a slight change in soil
plasticity (Figure 2).

Figure 2. Plasticity chart for the untreated and LIG-treated soil.

3.2. Unconfined Compressive Strength (UCS)

A series of UCS tests for the specified percentages of LIG-treated soils were conducted
to ascertain the optimum curing time and analyze the compressive strength of the stabilized
samples. Figure 3a displays the changes in UCS for the untreated and LIG-treated soils
over various curing times.

  

(a) (b) 

Figure 3. (a) Changes in UCS for the LIG-treated soil with curing time. (b) Variation of water content
with curing time.

Increased biopolymer concentration resulted in increased UCS. While the specimens
treated with 0.5% and 1% LIG reached their peak strength after 10 days of curing, the
3% LIG-treated specimen reached its maximum strength after 14 days of curing. The
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UCS considerably increased within a certain curing time for all LIG concentrations. It
demonstrates that additional curing time slightly affects the soil strength. Since moisture
content has a significant impact on soil behaviour, the moisture content of each specimen
at the end of UCS tests was measured and represented in Figure 3b. A significant drop in
water content corresponded to a substantial increase in the soil strength (Figure 3b). When
the treated samples dried, the LIG biopolymer acted like a glue leading to a noticeable
increase in soil strength.

The curing time corresponding to the highest UCS was considered the optimum and
used for the following tests.

3.3. Shear Strength
CU Triaxial

The effect of LIG biopolymer on the stress-strain curves and shearing-induced pore
water pressures for the pure soil, LIG treated specimens are shown in Figure 4.

   
(a) (b) (c) 

   
(d) (e) (f) 

Figure 4. Results of CU triaxial tests, deviatoric stress-axial strain curves for (a) 50 kPa confining
pressure; (b) 100 kPa confining pressure; (c) 200 kPa confining pressure; and pore water pressures for
(d) 50 kPa confining pressure; (e) 100 kPa confining pressure; (f) 200 kPa confining pressure.

As shown in Figure 4, LIG causes a reduction in the brittleness of soil. Pure soil
exhibited brittle behaviour, and peak deviator stress is clearly defined; however, there is no
well-outlined peak of shear stress for LIG-treated samples.

The soil treated with 3% LIG experienced slightly higher strength than pure soil,
especially at lower confining pressures (Figure 4a). An approximate 10% increase in peak
deviator stress was observed once the soil was treated with 3% LIG at 50 kPa confining
pressure. This relatively small strength enhancement is attributed to the increase in soil
cohesion. In addition, the absolute values of pore water pressures developed upon shearing
for soil treated with 3% LIG were marginally higher than the shearing-induced pore water
pressures in pure soil (Figure 4d). This implies higher suction upon the shearing stage,
which resulted in higher deviatoric stress in 3% LIG treated soil. The higher negative
pressure causes an increase in effective stress applied to the soil particles and leads to
increased soil shear strength.
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To combine the obtained results of shearing of pure soil and LIG-treated soil at various
confining pressures, the maximum deviatoric stresses are shown in Figure 5.

Figure 5. Results of CU triaxial tests, changes in maximum deviatoric stresses at various confin-
ing pressures.

Plotted failure envelope curves were used to derive the soil shear parameters for
untreated and LIG-treated soil (Figure 6).

τ

σ

Figure 6. Effective shear stress vs. effective normal stress curves.

While soil friction angle reduced to some extent, a significant increase in soil cohesion
occurred due to the LIG additive. Typically, the angularity of soil particles, soil gradation,
and normal stress affect the soil friction angle. The LIG additive covers soil particles,
smoothening the surface of particles, which causes a reduction in soil grain angularity.
This results in a reduction in overall friction angle of soil. Table 2 provides the calculated
shear parameters.

Table 2. Effective friction angle and cohesion of pure soil and LIG-treated soil.

Soil Reference Effective Cohesion, c′ (kPa) Effective Internal Friction Angle, φ′ (◦)

Pure soil 24 28.9
1% LIG 38 24.0
3% LIG 53 22.5
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3.4. Wetting and Drying Cycles

Figure 7 shows the changes in UCS values over six wetting and drying cycles. As the
number of cycles increased, the UCS of the untreated soil gradually dropped. Following a
dramatic reduction in the second cycle, the soil strength for the 1% LIG-treated soil was
slightly decreased by increasing the wetting and drying cycles. For the highest dosage of
LIG, as the number of cycles increased, there was a noticeable decline in soil strength. To
clarify the effect of wetting/drying cycles and to better understand the rate of strength
reduction over each cycle, the reduction factor (Rf) defined as Equation (1) and changes in
Rf, (ΔRf), were computed and summarized in Table 3. We have

R fi
=

( |Si − S0|
S0

)
× 100; ΔR f = R fi+1

− R fi
, (1)

where Si is the UCS after each cycle, and S0 is the UCS at cycle 0 (before starting the experiment).

 
Figure 7. Changes of UCS with wetting and drying cycles.

Table 3. Values of reduction factor and difference in reduction factor during each wetting/drying cycle.

Cycle
Rf (100%)

Cycles
ΔRf

Pure Soil 1% LIG 3% LIG Pure Soil 1% LIG 3% LIG

0 0.0 0.0 0.0 0–1 19.0 50.1 30.3
1 19.0 50.1 30.3 1–2 3.2 5.3 13.1
2 22.2 55.4 43.4 2–3 16.3 4.8 13.0
3 38.5 60.2 56.4 3–4 0.3 1.6 −1.0
4 38.9 61.8 55.4 4–5 7.8 3.6 8.6
5 46.7 65.4 63.9 5–6 6.4 −0.7 1.1
6 53.1 64.7 65.0

In all samples, the highest Rf occurred during the first cycle. As seen after the second
cycle, the ΔRf were relatively low, confirming that further wetting/drying cycles did not
significantly affect the soil strength. The LIG-treated samples showed higher soil strength
than the pure soil sample despite UCS reduction in all specimens. The reason is that after
each wetting cycle, once the sample was exposed to the drying cycle, the LIG reattached
soil particles and mended the cracks in samples, leading to stronger grain- bonding. This
proves the capability of LIG biopolymer in reduction of soil strength loss in comparison
with the untreated soil.
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3.5. Exposure to Atmosphere Conditions

Five samples, including two untreated and three treated with the given concentrations
of LIG, were first prepared and placed under atmospheric influences. Daily temperature,
relative humidity, and rainfall in the field were recorded (Figure 8). Figure 9 shows the
samples exposed to natural atmospheric conditions within 30 days of testing. Even though
all samples lost some soil mass during rainfall events, they kept their shapes after two weeks
of exposure to the atmospheric conditions. While the untreated samples were damaged
and lost almost 22% of their soil masses, the LIG-treated samples kept their shapes. The
3% LIG-treated sample remained nearly intact after 30 days of atmospheric condition
exposure. The soil mass loss after 30 days of atmospheric exposure is given in Figure 10.
The LIG-treated samples lost less soil mass compared to pure soil samples, confirming the
applicability of such treatment technique in improving soil erosion resistance.

Figure 8. Recorded daily temperature, relative humidity, and rainfall in the field.

  

(a) (b) 

  

(c) (d) 

Figure 9. Samples exposed to the atmospheric conditions at (a) day 1, (b) day 14, (c) day 21, and
(d) day 28.

3.6. SEM Analysis

SEM images of untreated and 3% LIG-treated soil are presented in Figure 11. The
structure of soil changed due to lignin additive. The structure of pure soil has changed
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from a clumpy and grained-based form (Figure 11a,b) to a combined and more conjunct
configuration (Figure 11c,d).

Figure 10. Soil mass loss after exposure to atmospheric conditions.

  
(a) (b) 

  
(c) (d) 

Figure 11. SEM images of the (a) pure soil with 2500× magnification; (b) untreated soil with
15,000× magnification; (c) LIG-treated soil with 2500× magnification; (d) LIG treated soil with
15,000× magnification.
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The structure of pure soil is uneven, flaky, and disjointed. There are more obvious
chunks of soil particles with larger spaces (Figure 11a,b). However, in treated soil, the
pores among soil particles are partially filled with LIG, and a clear biopolymer coating
of soil particles’ surfaces and boundaries are seen. The soil particle aggregations by the
LIG coating of the grains verify the soil strength improvement by adding biopolymer
(Figure 11c,d).

4. Conclusions

The major goals of this study were to create an environmentally friendly biopolymer-
based soil improvement method and to conduct an experimental investigation into the
impact of LIG biopolymer on the mechanical properties and erosion resistance of soil. To
achieve these goals, various laboratory and field experiments on three different concen-
trations of LIG soil mixtures were performed. The following represents a summary of the
most significant findings.

- The effect of LIG additive appeared to be insignificant on the soil PL, and a slight
reduction in LL and plasticity index was seen.

- The soil compressive strength significantly increased with increasing curing time and
LIG dosage. After 14 days of curing, the compressive strength of 3% LIG-treated
samples did not go under major changes, and further curing did not affect their
strengths. A similar trend was seen for 0.5% and 1% LIG-treated specimens after
10 days of curing.

- At lower confining pressures of CU triaxial tests, the 3% LIG-treated soil experienced
slightly higher shear strength than the pure soil. The LIG additive caused significant
improvement in soil cohesion and a slight reduction in soil friction angle.

- Despite biopolymers susceptibility to water, during wetting/drying cycles, the LIG
biopolymer showed its capability to improve the strength and durability of soil to water.
While all samples experienced compressive strength reduction during wetting and drying
cycles, the LIG treated samples showed significantly higher strength than pure soil.

- The LIG-treated samples lost less soil mass compared to pure soil samples confirming
the applicability of such treatment technique in improving soil erosion resistance.

- This study showed that the LIG biopolymer, a byproduct of paper and sugarcane
factories, can effectively improve soil strength and erosion resistance under various
conditions. The durability of LIG additive to water during wetting/drying cycles
proves its potential application for quick temporary constructions in an arid climate
area. Additionally, lower soil mass loss of LIG-treated samples verifies its application
in erosion-prone areas.

- As the durability of biopolymers against soil erosion is an important factor and needs
further investigation, large-scale field tests should be linked in future studies.
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Abstract: This work investigated the addition of spent coffee grounds (SCG) as a valuable resource to
produce biocomposites based on polylactic acid (PLA). PLA has a positive biodegradation effect but
generates poor proprieties, depending on its molecular structure. The PLA and SCG (0, 10, 20 and
30 wt.%) were mixed via twin-screw extrusion and molded by compression to determine the effect of
composition on several properties, including mechanical (impact strength), physical (density and
porosity), thermal (crystallinity and transition temperature) and rheological (melt and solid state).
The PLA crystallinity was found to increase after processing and filler addition (34–70% in the 1st
heating) due to a heterogeneous nucleation effect, leading to composites with lower glass transition
temperature (1–3 ◦C) and higher stiffness (~15%). Moreover, the composites had lower density (1.29,
1.24 and 1.16 g/cm3) and toughness (30.2, 26.8 and 19.2 J/m) as the filler content increased, which is
associated with the presence of rigid particles and residual extractives from SCG. In the melt state,
polymeric chain mobility was enhanced, and composites with a higher filler content became less
viscous. Overall, the composite with 20 wt.% SCG provided the most balanced properties being
similar to or better than neat PLA but at a lower cost. This composite could be applied not only to
replace conventional PLA products, such as packaging and 3D printing, but also to other applications
requiring lower density and higher stiffness.

Keywords: polylactic acid (PLA); spent coffee grounds (SCG); biocomposites; rheological properties;
mechanical properties

1. Introduction

Polylactic acid (PLA) is a well-known biodegradable thermoplastic polymer and is
vastly used for packaging and 3D printing applications. It is polymerized by polycon-
densation or ring-opening polymerization from the lactic acid monomer. Moreover, lactic
acid can be fermented from natural sugars such as glucose or sucrose, including the sug-
ars from spent coffee grounds fermentation [1]. The PLA molecular structure and molar
mass directly affect the polymer’s properties. In particular, thermal properties, such as
melting temperature and glass transition temperature, are strongly related to the molec-
ular structure, as well as the thermo-mechanical history of the polymer [2]. Despite its
positive effect on the environment due to its biodegradability, PLA is reported to have
low ductility, toughness, resistance to moisture, rate of crystallization, and glass transition
temperature [3].

To improve the properties, several efforts have been made to fill PLA with different
natural fillers as a disperse phase to modify the polymer chain mobility and consequently
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enhance its properties [3–6]. Most of the PLA have low crystallinity (3–10%), and filler addi-
tion was reported to significantly improve PLA crystallinity by reorganizing the polymeric
chains and influencing the crystallization rate via heterogeneous nucleation. For example,
PLA filled with sisal (10 wt.%) was compared with polypropylene (PP) composites [7]. The
results showed that the PLA composite had a 270% increase in crystallinity, while the PP
composite was only improved by 12%. Moreover, a recent review concluded that PLA with
improved properties could be developed by using different natural fillers, depending on
the application requirements, since natural fibers are diversified and abundant [8].

Spent coffee grounds (SCG), as a residue of coffee beverages, is a valuable resource
rich in polysaccharides, polyphenols, and proteins being widely studied for different ap-
plications, including composite filler [9]. A recent review discussed the valorization of
SCG for biopolymers synthesis and as composites filler, highlighting the great versatility
of SCG in improving different polymers properties [10]. Other works investigated PLA
filled with different SCG concentrations and treatments to compare with other fillers and
additives, showing promising results in improving PLA properties and biodegradabil-
ity [11–14]. Although various techniques have been used to characterize the composites,
none of the works focused on the effect of SCG addition on the material’s crystallinity
and viscoelastic properties. Combined dynamic mechanical analysis (DMA) and rheology,
performed respectively in the solid and melt state of PLA filled with SCG, were not found
in the current literature.

Moreover, PLA/SCG composites are a recent topic of research. According to the
Scopus database, only 21 documents were published on this subject between 2013 and
2023 (May). The data show an increased tendency over the years. This subject is achieving
scientific relevance, considering the number of citations peak in 2022 (177) [15].

Thus, the main objective of this work is to investigate the effect of spent coffee grounds
content (0, 10, 20, and 30% wt.) on PLA crystallinity, as well as to determine the effect
of crystallinity on the thermo-mechanical and viscoelastic properties of the composites
produced via extrusion followed by compression molding. Although some previous
works discussed the subject of PLA/SCG composites, the novelty of this work focuses
on the characterizations being done in both the solid and melt state after SCG addition,
as crystallinity and viscoelastic proprieties, which directly affect PLA processing and
applications, are important for their applications.

2. Materials and Methods

2.1. Materials

Pellets of PLA 2003D were supplied from NatureWorks (Minnetonka, MN, USA),
while the spent coffee grounds (SCG) were collected as a post-consumer residue (mixture)
from coffee shops on the campus of Laval University. Raw SCG was previously dried in an
oven at 60 ◦C for a week to ensure that the moisture was completely removed.

2.2. Composite Preparation

The materials were first dried in an oven at 60 ◦C for 24 h and then mixed in a twin-
screw extruder Leistritz ZSE-27 (Remscheid, Germany) having a screw diameter of 27 mm
diameter, a L/D ratio (length/diameter) of 40 and 10 heating zone. The PLA pellets were
fed in the first zone of the extruder, while the SCG was fed in the fourth zone via a side
stuffer. The composition was determined by controlling the specific flow rate for each
component (PLA and SCG) by calculating the weight/time ratio (SCG = 0, 10, 20, and
30 wt.%). The extruder was operated at the same constant mass flow rate of 100 g/min
and a screw speed of 60 rpm for each composition. The temperature profile in the extruder
was controlled at 175 ◦C (zone 1), 185 ◦C (zones 2–9), and 165 ◦C (last zone). A circular
die (2.7 mm in diameter) was used to form the melt into a filament shape. The materials
were cooled in a water bath close to the die exit (about 10 cm) and then pelletized using
a model 304 pelletizer (Conair, Stanford, CT, USA). Then, the pellets were dried in an
oven at 60 ◦C for 48 h before use. Finally, the pellets were molded in an SC7620 automatic
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hydraulic press (Carver, Wabash, IN, USA) at 210 ◦C for 7 min with a constant force of
2 tons and compressing pressure in the mold of 0.5 MPa. The mold and plates were cooled
with water circulation for about 3 min until getting to 70 ◦C. The plates were produced
(210 × 210 × 2.4 mm3) and cut into different specimens for characterization, as described
next. The preparation of the composites is illustrated in Figure 1.

Figure 1. Preparation of the composites: (1) PLA pellets and raw SCG, (2) the extruder, (3) the
composites’ extruded pellets, (4) the hydraulic press, and (5) the obtained specimens.

2.3. Characterization
2.3.1. Differential Scanning Calorimetry (DSC)

Dual scan analysis was carried out on a DSC Q20 (TA Instruments, New Castle, DE,
USA) with a sample weight of around 5 mg in a temperature range from 0 to 200 ◦C
under constant nitrogen flow (40 mL/min). The heating and cooling rate was 10 ◦C/min.
Melting and cold crystallization temperatures (Tm and Tcc), as well as melting and cold
crystallization enthalpies (ΔHm and ΔHcc) and crystallization degree (Xc) were determined
from the thermograms (heat flow as a function of temperature). The crystallinity degree
was calculated as:

Xc=[ ΔHm−ΔHcc
f × ΔHm100%

] 100 (1)

where ΔHm100% is the enthalpy of a fully crystalline PLA sample (93.7 J/g), while f is the
weight fraction of PLA (matrix) in the samples [16–18].

2.3.2. Thermo-Gravimetric Analysis (TGA)

TGA was carried out on SII Nanotechnology INC equipment model Exstar
6000—TG/DTA series (Tokyo, Japan) with a sample weight of around 10 mg. The analy-
sis was performed in a platinum pan under a constant nitrogen flow (100 mL/min) in a
temperature range from 30 to 600 ◦C and a heating rate of 10 ◦C/min. Thermal degrada-
tion temperature (Tonset) was determined via DTG curves where an inflection point was
observed in the baseline.

2.3.3. Dynamic Mechanical Analysis (DMA)

DMA was carried out on a RSA3 (TA Instruments, New Castle, DE, USA) using
rectangular specimens (82.3 × 12.5 × 2.4 mm3) cut from the molded plates. A three-point
bending geometry was selected with a span of 40 mm. Two types of characterization were
performed after strain sweep verification to stay in the linear viscoelastic range of the
materials. First, temperature sweeps were done from 25 to 80 ◦C with a heating rate of
0.5 ◦C/min and a frequency of 1 Hz. Then, frequency sweeps were performed at room
temperature (23 ◦C) between 0.01 and 25 Hz with a strain of 0.01%.

2.3.4. Rheology

The shear rheological properties in the melt state were studied using a rotational
rheometer (ARES, Rheometric Scientific, TA Instruments, New Castle, DE, USA) with a
parallel plate geometry (25 mm in diameter). All the analyses were performed under a
nitrogen atmosphere. First, strain sweep tests (0.01 to 100%) were performed at a frequency
of 1 Hz to determine the linear viscoelastic zone of the samples. Then, frequency sweeps
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(0.01 to 40 Hz) were performed at a deformation of 5% using three temperatures: 180, 190,
and 200 ◦C.

2.3.5. Impact Test

The Charpy impact strength was performed on a manual impact testing machine
Wolfgang Ofist using a 4 J pendulum, type A. Seven rectangular “V” notched specimens
(82.3 × 12.5 × 2.4 mm3) of PLA and its composites were tested at room temperature
according to ASTM D6110. The “V” notch was produced by a manual milling machine
Vigorelli (type 1), using a bi-angular milling cutter.

2.3.6. Density and Porosity

The density of PLA and the composites (ρr) was measured by a helium gas pycnometer
Ultrapyc 1200e (Quantachrome Instruments, Boynton Beach, FL, USA) at room temperature.
The samples were previously dried in an oven at 60 ◦C for 24 h and weighed. To calculate
the porosity, the apparent density (ρa) of the samples was measured via the Archimedes
principle using water and calculated as:

ρa =
w0 ρ f

w0 − w1
(2)

where ρ f is the density of the fluid (water), while w0 and w1 are the samples’ weight in air
and immersed in water, respectively.

The porosity of the samples was calculated from the real (ρr) and apparent density
(ρa) as:

Porosity =

(
1 − ρa

ρr

)
× 100 (3)

2.3.7. Scanning Electron Microscopy

Morphological analysis of the composites was carried out on the fractured surface
of samples after impact testing. The specimens were previously dried and fixed on metal
support using carbon adhesive tape before being coated (metalized) with gold. The images
were taken with a Zeiss EVO LS-15 scanning electron microscopy (Cambridge, UK) com-
bined with EDS/EBDS Oxford INCA Energy 250 system (Oxford Instruments, Oxfordshire,
UK) operating at 5 kV.

2.3.8. Statistical Analysis

One-way ANOVA and grouping information using the Tukey method to calculate
the statistical significance of impact test results were carried out using the statistical soft-
ware Minitab 18.1 (Minitab Inc., State College, PA, USA). A significance index of 95%
(p-value < 0.05) was used.

3. Results and Discussions

3.1. DSC and TGA

The DSC curves are presented in Figure 2, and the thermal parameters are summarized
in Table 1. The first heating scan eliminates the thermal history from PLA and its composites,
providing different values from the second heating scan. The thermal history is directly
related to the compression molding conditions, mainly the cooling rate [19]. The cooling
scan did not present thermal events, but a crystallization peak appeared in the heating
scan, called cold crystallization. According to Table 1, PLA melting temperature (Tm)
was determined as the endothermic peak at around 150 ◦C, while cold crystallization
temperature (Tcc) occurred at around 122 ◦C. However, Tcc was not observed in the second
heating scan (Figure 2b) due to a slow crystallization rate and low crystallinity degree (3.4%).
For the composites, SCG addition generated the presence of two Tm in both heating scans.
These peaks are related to the melting of the original crystals and the newly formed crystals
due to the melt-recrystallization process or the presence of a dual lamellae structure formed
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by the various heating scans [20]. Moreover, Tcc was well-defined around 112–123 ◦C
for the composites in both heating scans. This shows that the polymeric chains were
more organized after SCG addition due to a heterogeneous nucleation effect [21]. This
observation can be confirmed by the significant improvement (34–70% in the 1st heating) of
the composites’ crystallinity compared to the neat PLA, especially in the second heating scan
(about 1500%) (Table 1). The literature also reported PLA crystallinity increases after SCG
addition, but the differences were not as high (93% at 15 wt.% and 66% at 20 wt.%) [11,22].
Although composites usually present higher crystallinity as the filler content increases,
there is always a maximum related to chain mobility and spatial hindering. In our case, the
maximum (70.3%) was observed for PLA/20SCG. This trend can also be related to particle
agglomeration in PLA/30SCG acting as defects.

(a) (b)

Figure 2. DSC curves for PLA and the composites: (a) first heating and (b) second heating.

Table 1. Thermal parameters obtained via DSC and TGA curves.

Sample

1st Heating 2nd Heating TGA

Tm1
(◦C)

Tm2
(◦C)

Tcc
(◦C)

ΔHm
(J/g)

ΔHcc
(J/g)

Tg

(◦C)

Xc
(%)

Tm1
(◦C)

Tm2
(◦C)

Tcc
(◦C)

ΔHm
(J/g)

ΔHcc
(J/g)

Tg

(◦C)

Xc
(%)

Tonset
(◦C)

Residue600◦C
(%)

PLA 150.4 - 120.5 19.9 −18.5 58.3 41.0 150.0 - - 3.2 - 59.9 3.4 291.3 0.6

PLA/10SCG 146.0 154.7 102.1 25.2 −21.1 55.5 54.9 147.7 154.9 112.5 25.6 −24.3 58.9 59.2 259.3 2.9

PLA/20SCG 145.5 155.1 101.4 28.7 −24.0 57.1 70.3 150.4 155.7 123.6 25.4 −22.5 58.1 63.9 252.7 4.8

PLA/30SCG 144.2 153.9 100.0 24.8 −17.7 56.7 64.8 149.5 155.4 123.9 20.5 −16.6 57.5 56.6 230.7 8.4

Finally, the glass transition temperature (Tg) of neat PLA was found to be around 59 ◦C
in the first and second heating scans. This result highlights that the thermal processing
of the specimens did not significantly modify the PLA structure (degradation), leading to
similar Tg of the matrix and the composites in the first and second heating scans. However,
the composites presented slightly lower Tg values (2–3 ◦C difference) than the neat PLA
in both scans due to higher polymer chain mobility associated with the presence of rigid
particles releasing extractives from SCG. A similar trend of decreasing Tg was reported for
PLA composites using treated SCG [22] and PLA with waste paper [23]. Another work
used PLA with grapevine biochar (1 and 10 wt.%) and concluded that the filler acted
as a nucleating agent by increasing the crystallinity and reducing the Tg values of the
composites [24]. However, different behavior was identified for PLA/SCG (1–7 wt.%) 3D
printed composites in which the Tg was the same for all samples, mostly influenced by
the filler content and the processing conditions [25]. These results show the effect of SCG
content, as well as the extrusion/compression steps, on the PLA’s crystallinity and chain
mobility. Although the presence of rigid fillers should limit polymer chain mobility, SCG
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extractives can be released, leading to increased mobility as well as acting as nucleating
agents/plasticizers, especially for a higher SCG concentration.

TGA curves are presented in Figure 3, and the thermal parameters are presented
in Table 1. The thermal degradation temperature (Tonset) was found to decrease as the
filler content decreased (11% for PLA/10SCG and 21% for PLA/30SCG). This behavior
is not in agreement with the results reported by previous works, such as PLA filled with
SCG [26,27], PLA filled with rice straw hydrochar [28], and polypropylene (PP) filled with
SCG [29,30]. Moreover, the Tonset values show that the composites were not degraded in the
extrusion/compression processing (T < 210 ◦C). Residual weight at 600 ◦C also increased
with increasing filler content, which is related to extractives, mostly polysaccharides [31],
and ashes from the natural filler. Some works reported that SCG residual weight was in the
range of 5–25% [31,32].

Figure 3. TGA curves for PLA and the composites.

3.2. Dynamic Mechanical Analysis (DMA)

In the solid state, DMA results are presented in terms of storage modulus (E′), loss
modulus (E′′), and tan (δ) (= E′′/E′) in Figure 4. Figure 4a shows that for E′, the values
at 30 ◦C were selected for comparison. In this case, PLA/10SCG and PLA/20SCG pre-
sented higher values (2.32 and 2.39 GPa, respectively) than PLA/30SCG (1.84 GPa) and
PLA (2.07 GPa), indicating that composites with intermediate SCG contents (10–20%) are
slightly stiffer and store more energy than neat PLA and 30 wt.% SCG. This trend can
be related to the DSC results (Table 1), showing that PLA/20SCG presented the highest
crystallinity. Similar storage modulus increases were reported for injection-molded PLA
composites filled with SCG and bamboo (30 wt.%) [32] and PLA composites filled with
nanocellulose from sugarcane bagasse (1–5 wt.%) [33]. However, recent work reported that
PLA/SCG (20 wt.%) with and without lactic acid oligomers had a lower storage modulus
compared to neat PLA, which was associated with a plasticization effect caused by the SCG
remaining oil [26]. Around 50–60 ◦C, the storage modulus significantly decreases for all
samples, which corresponds to the glass transition range where the material significantly
losses stiffness. For the loss modulus (E′′), Figure 4b shows that the maximum energy
dissipation can be determined from the maximum on the E′′ curve. By increasing the
SCG content, the peak temperature slightly decreased from 61.0 ◦C to 58.2 ◦C. Moreover,
two transitions were identified in E′′ curves. The first one (51–55 ◦C) corresponds to a
secondary transition related to the motion of localized links (bending and stretching) and
the relaxation of lateral groups from the polymeric chain, while the second transition
(58–61 ◦C) corresponds to the glass transition temperature (Tg). Finally, the damping factor
(tan δ) followed the moduli trends: chain mobility restriction caused by SCG addition
directly influenced the damping properties of the polymer [34]. Gonzalez-Lopez et al.
(2019) observed a similar trend in PLA composites filled with agave fibers (10–30 wt.%)
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and stated that lower tan (δ) with increasing filler concentration may be related to better
polymer/filler interaction/adhesion [35]. Other studies supported this observation, such as
PLA/polyester/kenaf laminated composite and PLA/silk composite [36,37]. As reported
by Hassan et al. (2014), the tan δ peak shifts to higher temperatures, combined with a
decreased peak intensity, indicating a restriction of molecular mobility due to improved
interactions between the filler and matrix [38].

(a) (b)

(c) (d)

Figure 4. DMA curves for PLA and its composites: (a) storage modulus as a function of temperature,
(b) loss modulus as a function of temperature, (c) tan (δ) as a function of temperature, and (d)
Cole–Cole plots.

Cole–Cole plots (E′′ as a function of E′) are presented in Figure 4d. It was noticed
that semicircular curves are associated with homogenous systems and well-dispersed
fillers in a polymeric matrix [33,39]. According to the curves, PLA/10SCG shows the
most semicircular arc, similar to PLA, indicating a homogenous composite and good
SCG dispersion. However, higher filler content has a more irregular curve, especially for
PLA/30SCG. This indicates a more heterogenous structure with poorly dispersed filler.
This is also related to lower crystallinity (Table 1) and lower E′ (Figure 4b) compared to the
other composites.

To complete the analysis, Figure 5 compares the glass transition temperature (Tg) from
DSC (1st heating) and DMA. The Tg from DMA was determined from E′ curves whose
value decreased as the filler content increased: 51.8 ◦C for PLA, 51.3 ◦C for PLA/10SCG,
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50.6 ◦C for PLA/20 SCG, and 49.7 ◦C for PLA/30SCG. This trend is also observed in
the Tg obtained by DSC, emphasizing the effect of filler addition, especially with increas-
ing filler content [40]. The relation between Tg and crystallinity as a function of filler
content is also presented in Figure 5d. It was clearly identified that as the crystallinity
increased, the Tg from DSC and DMA decreased, supporting the SCG effect observed on
the polymeric chains.

Figure 5. PLA crystallinity (DSC) and Tg (DSC and DMA) as a function of SCG content.

3.3. Rheology

The rheological properties in the melt state are reported in Figures 6 and 7 in terms
of complex viscosity (*), storage modulus (G′), loss modulus (G′′), and damping factor
(tan δ = G′′/G′). Figure 6 is used to determine the effect of temperature, while Figure 7
compares the effect of SCG content.

Figure 6 presents the complex viscosity as a function of frequency for different tempera-
tures. As expected, the viscosity decreases with increasing temperature due to higher chain
mobility and less interaction between them (more internal energy). However, the effect of
frequency is different with increasing SCG content. For the neat PLA (Figure 6a), typical
shear-thinning behavior for the neat polymer is observed with a Newtonian plateau at a low
frequency and a power-law (decreasing trend) at a higher frequency. Then, PLA/10SCG
and PLA/20SCG mainly have a Newtonian behavior (almost constant viscosity) and a
slight shear-thinning behavior at a higher frequency (above 10 Hz). This behavior can be
related to several factors, including complex interactions. First, the presence of rigid SCG
particles modifies the chain mobility, especially as filler content increases.

The second factor is that higher filler content generates more shear in the extruder,
possibly modifying the PLA molecular structure (more polymer degradation). However,
this effect should be limited since negligible variations of the thermal properties were
observed via DSC (Figure 2) and DMA (Figure 4). There is also a possibility that residual
molecules (extractives such as mono/polysaccharides, carbohydrates, lipids, oils, proteins,
etc.) are present from the SCG particles themselves (they were only dried and not washed
before use) [41], i.e., low molecular weight materials that can act as plasticizers. Actually,
this can be associated with the small bump around 155 ◦C that can be seen in TGA curves
(Figure 4). As the SCG content increases, their concentration also increases, leading to
different effects/trends on the PLA behavior. The effect is more important in the melt state
(Figure 6) than in the solid state (Figure 4), and this is why both characterizations are needed
to obtain complete information on these samples. Finally, PLA/30SCG presents a highly
non-Newtonian behavior which is related to its higher filler content. The disappearance of
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the Newtonian behavior (low frequency) has been associated with the presence of rigid
particles having interactions between them, i.e., particle–particle contact [42].

(a) (b)

(c) (d)

Figure 6. Complex viscosity as a function of frequency at different temperatures (180, 190, and 200 ◦C)
for (a) PLA, (b) PLA/10SCG, (c) PLA/20SCG, and (d) PLA/30SCG.

According to Figure 7a, all the composites have a lower viscosity than the neat PLA
at 200 ◦C. In fact, viscosity decreased as the filler content increased, which could be
related to increased polymeric chain mobility in the melt state [43]. A similar trend was
reported for PLA filaments filled with waste paper (5–15 wt.%) [23], PLA filled with
biochar (1–7.5 wt.%) [42], and PLA filled with different waxes, such as beeswax, candelilla,
carnauba, and cocoa (3–15 wt.%) [44]. A lower viscosity also suggests that the filler acted
as a plasticizer from the presence of extractives, as described above [27]. This reduced
viscosity would improve the processability of these materials [22].

The storage modulus (G′), loss modulus (G′′) and loss tangent (tan δ) are presented
in Figure 7. All the samples show that G′ and G′′ increase with frequency due to their
viscoelastic nature, but the neat PLA again has higher values. At high frequencies (above
10 Hz), G′ and G′′ decrease with increasing filler content. In the melt state, PLA is more
rigid than the composites. However, as the filler content increases, the composites become
less rigid [45]. Nizamuddin et al. (2021) reported on G′ and G′′ behavior for PLA/rice
straw hydrochar composites (5–20 wt.%), in which the values increased with filler content
justified by the reduction of chain mobility leading to higher flow resistance [28]. Another
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work investigated PLA filled with cocoa (3–15 wt.%) and observed that at lower frequencies,
G′ increased with increasing filler content, but at higher frequencies, a reversed trend was
observed as G′ decreased with filler content, which was justified by the plasticizing effect
of the natural fillers extractives [44].

(a) (b)

(c) (d)

Figure 7. Viscoelastic properties as a function of frequency (200 ◦C) for PLA and the composites:
(a) complex viscosity, (b) storage modulus, (c) loss modulus, and (d) tan (δ).

The value of tan (δ) can be compared to unity to determine the viscous/elastic behavior
of the materials [46]. According to Figure 7d, all the samples showed increased tan (δ)
at a lower frequency, followed by a decrease at a higher frequency. PLA/10SCG and
PLA/20SCG behave similarly to PLA at high frequency and then decreasing tan (δ), while
PLA/30SCG shows an increasing tan (δ) trend for most of the analysis performed. At
lower frequency (0.1 Hz), PLA has the highest tan (δ), indicating a more viscous behavior,
while at higher frequency (40 Hz), PLA, PLA/10SCG, and PLA/20SCG present a stiffer
behavior and PLA/30SCG a more elastic behavior. This decreasing tan (δ) trend with
increasing frequency can be associated with chemical interaction between the polymer and
the filler [28]. In this case, PLA/30SCG shows poor polymer-filler interactions, which is
consistent with the density/porosity results as described next.

3.4. Impact Strength and Density

The real and apparent densities of the composites are presented in Figure 8a. It can be
seen that the composites have a lower density than PLA, especially the apparent density.
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The density decreased with increasing filler content as the polymer fraction was reduced,
and natural fibers are known to be low-density materials. The density of SCG was reported
to be 0.45 g/cm3 [47]. Such behavior (decreasing composites density) was also identified
in PLA composites filled with nettle (10 and 25 wt.%) [48]. Furthermore, it was possible
to calculate the porosity of the materials from density values. The results show that the
composites have higher porosity than PLA. PLA/10SCG presented the lowest porous
content (4.7%), while PLA/20SCG presented the highest value (7.9%), indicating poor
dispersion and possible interfacial voids. In addition to the filler addition, the specimens’
processing also influenced the porosity of the materials since neat PLA presented 3.4%
of porosity. González-López et al. (2019) also reported a decreasing density trend with
increasing porosity for PLA/agave composites as the filler content increased (10–30 wt.%),
but porosity values were higher than in our work: about 35% for 20 wt.% composite and
60% for 30 wt.% composite [35]. Another work used SCG with high-density polyethy-
lene (HDPE) and found that both density and porosity increased as the filler increased
(10–30 wt.%), as 55% of porosity for the 30 wt.% composite [49].

(a) (b)

±

±

±

±

Figure 8. Properties of PLA as a function of SCG content: (a) density and porosity, and (b) impact
strength and crystallinity.

PLA has a well-known low toughness. From the PLA 2003D datasheet, a value of
16 J/m is reported [45]. Nevertheless, after extrusion/compression processing, PLA was
found to have good impact strength (26.5 J/m). Although PLA/10SCG might have a
slightly higher value, the composites present a slightly decreased impact strength with
increasing filler content (Figure 8b) [11]. PLA filled with agave fibers (10–30 wt.%) was also
reported to show lower impact strength with a reduction of 24% for 10 wt.% composite and
41% for the 30 wt.% composite [35]. In some cases, it was reported that filler addition could
improve PLA toughness, but an optimum content of around 20 wt.% was observed [3].
Therefore, adding SCG could improve not only the crystallinity (DSC) and stiffness (DMA)
of PLA but also its toughness (PLA/10SCG).

Statistical analysis (ANOVA) of the impact test has been carried out, and the results are
shown in Table 2. As the F value (8.40) is greater than the Fcritical value (3.01), the decision
is to reject the null hypothesis (H0) (all means are equal) for a significance level of 0.05. In
addition, considering that the p-value is less than the significance level (α = 0.05), the H0
was rejected since the p-value represents the probability against the null hypothesis. This
result indicates that the impact strength of all the samples differs significantly. However,
to determine whether the mean difference between any pair of groups is statistically
significant, grouping information using the Tukey method and a significance level of 95%
were carried out, which are presented with the letters a and b in Figure 8b. In these results,
group a contains PLA, PLA/10SCG, and PLA/20SCG, while group b contains PLA/30SCG.
The differences between the means of the PLA, PLA/10SCG, and PLA/20SCG, which share
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the same letter, are not statistically significant. The PLA/30SCG does not share any letters,
indicating a significantly lower mean value for impact strength than the other samples.

Table 2. ANOVA test for impact results of PLA and its composites.

Source of Variation SS Df MS F p-Value Fcritical

AG 450.254 3 150.0847 8.396984 0.000543 3.08787
WG 428.9673 24 17.87364
Total 879.2214 27

Note: AG—among groups; WG—within groups; Df—degrees of freedom; SS—sum of squares; MS—mean square;
F—F-test for one-way ANOVA; Number of observations = 7; Number of samples = 4.

Comparing toughness and crystallinity results, it is possible to identify that both
properties increased for PLA/10SCG compared to PLA. Nevertheless, a different trend was
observed for the other composites; PLA/20SCG presented the highest crystallinity leading
to similar toughness compared to PLA despite presenting a higher porosity. Moreover,
PLA/30SCG presented a high crystallinity but lower toughness compared to PLA, which is
related to the filler content and the formation of agglomerates acting as stress concentration
points, mainly for PLA/30SCG. Overall, it can be concluded that the final properties
represent a balance between complex interactions.

3.5. Scanning Electron Microscopy

SEM images of the composites are presented in Figures 9 and 10. According to these
images, it is possible to identify that PLA/20SCG and PLA/30SCG presented a higher
volume and size of voids than PLA/10SCG, which can be seen at lower magnification
(Figure 9). These images confirm the relatively high amount of porosity reported in Figure 8
for PLA/20SCG (7.9%) and PLA/30SCG (5.6%).

  
(a) (b) (c) 

Figure 9. SEM images (magnification of 50×) for (a) PLA/10SCG, (b) PLA/20SCG, and
(c) PLA/30SCG.

In addition, small voids were observed all over the matrix for all composites, but they
are more evident for PLA/20SCG and PLA/30SCG (Figure 10). It can also be seen that SCG
dispersion decreases with increasing filler content as less space is available between the par-
ticles leading to more particle–particle contact and agglomeration. Although PLA/30SCG
has the highest filler concentration, the particles are very challenging to identify.

It can be concluded that the composites’ morphology mostly influenced their thermo-
mechanical and viscoelastic behavior, especially for PLA/20SCG and PLA/30SCG.
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(a) (b) 

(c) (d) 

  
(e) (f) 

Figure 10. SEM images with different magnifications (500× and 2000×) for (a,b) PLA/10SCG,
(c,d) PLA/20SCG, and (e,f) PLA/30SCG.

4. Conclusions

PLA and its composites based on spent coffee grounds (SCG) were successfully pre-
pared via twin-screw extrusion and compression molding. For the range of SCG content
investigated (0–30 wt.%), a series of characterizations were performed with a focus on
crystallinity, thermo-mechanical (solid state), and viscoelastic (melt state) properties.

The results showed that SCG can act as nucleating agents (solid particles) and plasti-
cizers (extractive release). This led to several differences between the neat matrix (PLA)
and the composites (effect of SCG content), as well as complex interactions.

For example, the thermal processing significantly increased the PLA crystallinity,
which was further improved with filler addition. Although rigid particles limit polymeric
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chain mobility, SCG extractives caused a higher crystallinity and lower Tg, which is related
to higher polymeric chain mobility. Furthermore, as the crystallinity increased, the density
and toughness decreased as the filler content increased, while the composite with the lower
filler content (10 wt.%) provided a higher toughness than PLA. However, in the melt state,
polymeric chain mobility was enhanced, and composites with a higher filler content became
less viscous due to the increased chain mobility. This behavior might also be associated
with possible residues/extractives acting as plasticizers in the composites.

Although PLA/20SCG showed a higher porosity (7.9%), it provided the best-balanced
performances having similar or even better properties than neat PLA and all the other
composites. For example, higher crystallinity (38.6%), higher storage modulus at 30 ◦C
(2.38 GPa) and at high frequencies (4.3 GPa at 10 Hz), lower viscosity (19.3 Pa·s at 10 Hz),
lower density (1.16 g/cm3) and comparable impact strength (26.8 J/m). Nevertheless,
PLA/30SCG presented high crystallinity and low density that could influence, to a greater
extent, the biodegradability of the material since it was reported that the presence of a
biofiller could accelerate the biodegradation process [11].

This work represents a follow-up on previous studies in our groups and the literature.
These materials are interesting because they are fully biobased. In the future, more work
will focus on the effect of the SCG morphology (particle geometry and size) and composi-
tion (washing, extraction, surface modification, etc.) on the final biocomposites’ properties.
The effect of processing conditions (temperature, pressure, time, velocity, etc.) and method
(injection molding, rotomolding, etc.) should also be compared for commercial and in-
dustrial applications. The presence of additives (coupling agents) can also be investigated
to improve these results. Finally, it would be interesting to investigate the possibility of
recycling and composting these materials.
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Abstract: In recent years, the demand for environmental sustainability has caused a great interest in
finding novel polymer materials from natural resources that are both biodegradable and eco-friendly.
Natural biodegradable polymers can displace the usage of petroleum-based synthetic polymers due to
their renewability, low toxicity, low costs, biocompatibility, and biodegradability. The development of
novel starch-based bionanocomposites with improved properties has drawn specific attention recently
in many applications, including food, agriculture, packaging, environmental remediation, textile,
cosmetic, pharmaceutical, and biomedical fields. This paper discusses starch-based nanocomposites,
mainly with nanocellulose, chitin nanoparticles, nanoclay, and carbon-based materials, and their
applications in the agriculture, packaging, biomedical, and environment fields. This paper also
focused on the lifecycle analysis and degradation of various starch-based nanocomposites.

Keywords: biodegradability; carbon nanotubes; graphene; life cycle analysis; nanocomposites;
packaging; remediation; starch

1. Introduction

In recent days, nanocomposites have gained much attention over traditional composite
materials and are widely used in food, packaging, biomedical applications, electronics, en-
ergy storage, optics, the automotive industry, bio-sorbants for environmental remediation,
textiles, and many other applications [1,2]. Polymer nanocomposites consist of polymer
matrices embedded with nanofillers [3]. Petroleum-based polymers are produced in huge
amounts globally. Petroleum-based polymers are non-biodegradable, non-renewable, and
produce hazardous substances which can threaten human health and the environment [4].
Furthermore, the depletion of these non-renewable petroleum-based fuels demands alter-
native resources [5].

Thus, biopolymer-based nanocomposites can be a sustainable alternative for petroleum-
based nanocomposites in many applications due to their biodegradability, eco-friendliness,
renewability, relatively inexpensive, low toxicity, abundancy, and improved thermal,
mechanical, physical, barrier, and functional properties [3,4]. Various natural biopoly-
mers, including starch, cellulose, pectin, lignin, chitin/chitosan, alginates, hyaluronic acid,
gelatin, terpenes, gelatin, gluten, and polyhydroxyalkanoates (PHAs) from plants, ani-
mals, algae, microorganisms and synthetic biopolymers, including polycaprolactone (PCL),
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poly(butylene succinate) (PBS), poly(lactic-co-glycolic acids) (PLGA), and polylactic acids
(PLA), have been used in nanocomposite materials for various applications [1–3,6–8].

Starch is one of the most abundant natural polymers globally. Starch and its nanocom-
posites have been extensively studied for their abundance, low cost, ease of processibility,
and chemical and physical properties [1,4]. Furthermore, starch can be used in natural or
modified form. Native starch has drawbacks, such as poor mechanical properties, high hy-
drophilicity, and high biodegradability. Thus, researchers are exploring starch modification
techniques to improve its properties and develop novel composites [1].

Starch can be modified into nanoparticles and can also undergo various physical
(milling, blending with other polymers, extrusion, plasticizers, etc.) and chemical (substitu-
tion, graft co-polymerization, cross-linking, oxidation, etherification, esterification, dual
modification, etc.) modifications to produce materials with novel properties [9–12].

Starch can be reinforced with starch nanoparticle/starch nanocrystals and nano poly-
mers such as nanoclay (montmorillonites [MMTs], halloysites nanotubes [HNTs]), carbon
nanotubes (CNTs), and nanofibers and nanowhiskers (cellulose, chitin) and metal and
metal oxides (TiO2 NPs, ZnO NPs, etc.) to achieve desirable properties and produce po-
tential green sustainable nanocomposite materials [4,7,13]. The addition of nanofillers and
additives with antioxidant and antimicrobial properties has been shown to improve or
minimally affect biodegradation of starch-based nanocomposites [5,14,15]. Lifecycle assess-
ments on starch and starch-based composites ensure their lower environmental impact and
sustainable alternative for petrochemical-based polymers [16–18].

This review mainly discusses the starch-based nanocomposites in regard to starch
and its nanostructures, various starch-based nanocomposites mainly reinforced with nano
polymers, such as nanoclay, carbon-based materials, nanocellulose, and chitin NPs), and
their applications, particularly in the fields of agriculture, packaging, biomedicine, and the
environment. Moreover, this paper highlights the lifecycle analysis and degradation of
various starch-based nanocomposites in order to analyze their environmental impact.

2. Starch

Starch is a polysaccharide and is renewable, inexpensive, biodegradable, and read-
ily available. Starch contains two polymers (glucans) known as amylose (10–30%) and
amylopectin (70–90%). Amylose is a linear chain of D-glucose units linked by the α-(1,4)
glycosylic bonds, while amylopectin is a highly branched and high molecular weight
chain composed of D-glucose repeating units linked by α-(1,4) glycosylic bonds and α-(1,6)
glycosidic bonds. The amylopectin chain contains 10–60 glucose units, and the side chains
consist of 15–45 glucose units with about 5% of α-(1,6) branching points [6,7]. Amylose
and amylopectin are radially arranged in an alternating concentric (amorphous and semi-
crystalline) ring in starch granules. Amylopectin is radially arranged in granules and
contributes to its crystalline nature (double helices region), and single helices amylose is
randomly distributed among amylopectin clusters. Amylose and the branching point of
amylopectin form the amorphous region [19–21]. Figure 1 illustrates the structure of the
starch granule and the chemical structure of amylopectin and amylose.

Starch is a primary energy source in plants, which is stored in various parts, including
the roots, tubers, seeds, and stems [6]. Various plant sources, such as corn, potato, wheat,
cassava, rice, corn, barley, rye, millet, peas, mung beans, lentils, arrowroot, sago, sorghum,
banana, yam, and many others, are utilized to obtain starch [22–24].

Starches from different sources show variation in their chemical composition (α-
glucans, moisture, lipids, proteins, and phosphorylated residues), the structure of glucan
components (amylose and amylose), and starch granule size and shape due to genetic and
environmental factors [25,26].

Starch granules’ size and shape can vary with the content, structure, and arrangement
of amylose and amylopectin [25]. Starch granules are found in various sizes ranging from
2–150 μm and packed with amylose and amylopectin content. Regular starch granules
contain amylose in the range of 15–30% but can be varied in the range of 0–78%. Waxy
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starch contains lower or no amylose, whereas high-amylose starch consists of more than
50% amylose [7,23]. Table 1 shows the amylose contents of various starch sources.

Figure 1. Starch granule structure and the chemical structure of amylopectin and amylose.

Table 1. Amylose and amylopectin contents of starch from various sources.

Starch Source Amylose (%) Reference

Arrowroot 35.52 [27]
Banana (pulp) 16.36–26.2 [28–30]
Banana (peel) 25.7 [29]

Barley (regular) 24.7 [31]
Cassava 2.5–32.12 [28,32,33]

Corn 0–79.05 [28,32]
Maize (normal) 22.7–28.9 [31,34]
Maize (waxy) 0.18 [34]

Maize (high amylose content) 35.5–64.8 [34]
Potato 18.6–31.9 [28,31–33]
Rice 0.1–28.7 [20,35]

Sweet potato (normal) 30.4 [36]
Wheat 6.2–22.8 [31,32]

Starch-based hydrogel is formed via gelatinization of starch during heating with
excess water and followed by three-dimensional network formation by retrogradation [37].
Gelatinization of starch is an irreversible process that occurs through the absorption of
water and disruption of the crystalline structure of starch granules by hydrogen bond
breakage, swelling, the disintegration of starch granules, leaching of amylose that increases
viscosity and solubilization of starch molecules [32,35,37].

Amylose and amylopectin content, amylopectin structure (molar mass or chain
length), and starch granule size influence the chemical, physical, optical/transparency,
and functional properties (water uptake, swelling, gelatinization, pasting [pasting vis-
cosity and temperature], retrogradation, and susceptibility to enzymatic hydrolysis of
starch [7,20,23,36,38].

Amylopectin contributes to water absorption, swelling, and pasting of starch granules,
whereas amylose hinders the swelling property in the presence of lipids, thus preventing
gelatinization power [32,38]. Furthermore, short-chain amylopectin showed better swelling
power than that of long-chain amylopectin, indicating that starch with higher crystallinity
reduces the swelling power [38]. Smaller granule size increases hydration, thus increasing
the swelling, viscosity, and gelatinization properties [26].

Amylose content is negatively correlated with swelling power, gelatinization tempera-
ture, and the enthalpy of gelatinization required to disrupt the crystalline structure [35].
Waxy starch has a higher degree of crystallinity and higher gelatinization temperature
than starch with high amylose content [31,35]. Amylose in starch has a high tendency for
retrogradation due to its linear structure. However, the retrogradation properties of starch
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are mainly determined by the degree of crystallinity and gelatinization temperature than
the amylose content [35].

Amylose–amylopectin ratio also influences thermal, mechanical, and barrier proper-
ties. Basiak et al. [23] reported that potato starch, containing lower amylose (20%) than that
of wheat (25%) and corn (27%) starch, exhibited greater mechanical properties and lower
water solubility, water vapor, and oxygen permeability. Other than that, optical properties
were influenced by the amylose/amylopectin ratio: the potato (lower amylose) film was
transparent, whereas corn and wheat films were opalescent.

However, applications of starch have been limited due to their poor performance,
such as through their brittleness, high water sensitivity, poor gas and moisture barrier,
susceptibility to retrogradation, high viscosity, and limited solubility [13,39]. Therefore,
plasticizers, chemical modifiers, and incorporating nanofillers, such as starch nanoparticles,
nanoparticles, nanoclay, nanofibers, and others, have been used to improve the properties
of starch [39].

3. Nanomaterials and Nanocomposites

Nanomaterials are referred to as materials which have at least one of their dimensions
less than 100 nm. Based on the definition, a thin film with <100 nm thickness is a nanoma-
terial as one of the dimensions is nanometric. Likewise, nanomaterials such as nanofibers,
nanowires, and nanorods have two dimensions on the nanoscale, whereas quantum dots,
nanoparticles, dendrimers, and fullerene have three dimensions in the nanometer range
(Figure 2) [40].

Figure 2. Examples of various types of nanomaterials based on the number of dimensions in the
nanometer range.

Nanomaterials can be classified based on dimensionality (number of dimensions
with a length larger than 100 nm), as shown in Figure 3: 0D, 1D, 2D, and 3D. Zero di-
mension (0D), including spheres, hollow spheres, clusters, quantum dots, and metals,
have no dimension of particles larger than 100 nm, i.e., all dimensions in the nanoscale.
One-dimensional (1D) nanomaterials, such as nanorods, nanowires, nanofibers, and nan-
otubes, have one dimension, not in the nanoscale (>100 nm) and the other two are in the
nanoscale, whereas two-dimensional (2D) nanomaterials, including thin film, nanocoatings,
nanoplates, and nanolayers, have two dimensions, not in nanoscale and another one in
nanoscale. Three-dimensional (3D) is the combination of nanocrystals in different direc-
tions which have various dimensions above 100 nm. Figure 3 depicts the classification of
nanomaterials based on dimensionality [40–42].

Nanomaterials can be synthesized by two approaches: top-down and bottom-up
approaches (Figure 4). In the top-down method, the bulk material is restructured into
nanomaterials using mechanical grinding/milling, ball milling, polishing, lithography,
and other means. While in the bottom-up method, nanomaterials are assembled from
atomic range particles/molecules or nanoclusters through the sol–gel method, spinning,
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molecular self-assembly, pyrolysis and condensation, vapor phase deposition, and other
methods [40,41].

Figure 3. Classification of materials based on dimensionality.

Figure 4. Nanoparticle synthesis methods: top-down and bottom-up approach.

Composite materials consist of two or more dissimilar materials, which are composed
of two major constituents: (1) a matrix as a continuous phase (polymer, ceramic, or metal)
and (2) reinforcement materials as an un-continuous phase. Bionanocomposites are com-
posite materials that are composed of biopolymers and particles with at least one dimension
in the nanometer range (1–100 nm). Bionanocomposites can also be referred to as green
composites or biohybrids, or bioplastics [3,43].

Nanocomposites can be classified into three categories based on the morphology of
reinforced nanoparticles: (1) particulate/iso-dimensional (silica, metal NPs, metal oxides),
(2) layered (monolayered clays, layered double hydroxides), and (3) elongated (cellulose
nanofibrils [CNF], carbon nanotubes [CNTs]) nanoparticles [3,44]. Particulate reinforcements
are used to enhance resistance to flammability and reduce permeability and cost, whereas lay-
ered reinforcements are used for their superior mechanical behavior [43]. Furthermore, based
on the degree of dispersion of particles in the matrix, layered nanocomposites have three sub-
classes, including intercalated, exfoliated, and flocculated/phase-separated nanocomposites
(micro-composites) [3,6,43]. Flocculated/phase-separated nanocomposites are formed without
a partition between individual layers due to the particle–particle interactions, polymer chains
are intercalated between sheets of layered nanoparticles in intercalated nanocomposites, and
exfoliated nanocomposites are formed by partition between individual layers (Figure 5) [43].
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Figure 5. Classification of the nanocomposites.

4. Starch Nanoparticles (SNPs)

Starch nanoparticles (SNPs) are mainly synthesized by the methods of hydrolysis (acid
or enzymatic), regeneration, and physical treatments (milling, high-pressure homogeniza-
tion, gamma radiation, and ultra-sonication) [45].

SNPs are mainly used as fillers in a polymer matrix to improve their reinforcing effect
and mechanical and barrier properties [13]. Nanoparticles have a large surface area/volume
ratio, allowing a great interaction capacity, which makes them potential reinforcement mate-
rials [46]. SNPs are non-toxic and can be used to prepare nanocomposite, absorbent, carrier
(encapsulation), and emulsion stabilizers for food and non-food applications [45,47,48].

Santana et al. [46] reported the SNP obtained from ultrasound showed a significantly
higher yield than SNP synthesized by acid hydrolysis. In addition, incorporating SNPs
reduced the water vapor permeability of starch film [46]. Lin et al. [49] prepared de-
branched starch nanoparticles (DSNPs) by reverse emulsification using debranched waxy
corn starch (98% of amylopectin), which showed a higher crystallinity and melting tem-
perature than that of native waxy corn starch. Furthermore, the addition of debranched
starch nanoparticles (5 wt.%) into corn starch films improved the tensile strength by 85.9%
and decreased water vapor permeability and the oxygen transmission rate by 30.94% and
79.31%, respectively.

In another study, starch NPs prepared by acid hydrolysis containing Ag NPs showed
good antibacterial activity against Staphylococcus aureus, Salmonella typhi, and Escherichia
coli which has the potential to be used as a coating material for food packaging [50].

5. Starch-Based Nanocomposites

Native starch or thermoplastic starch (TPS) has poor mechanical properties (fragility/
brittleness), low thermal stability, hydrophilicity, high water vapor permeation, poor re-
sistance to external factors (humidity, tearing, picking, etc.), and a lack of compatibility
with hydrophobic polymers [7,12,51]. Therefore, starch is blended with other natural
and synthetic polymers or incorporated with various nanomaterials to enhance the physi-
cal, mechanical, and barrier properties [7]. Compared with bulk materials, nanoparticles
have a surface area/volume ratio and possess unique physical, mechanical, optical, mag-
netic, electrical, and other properties [42]. Hence, recently, bionanocomposites can be a
promising material to enhance mechanical and barrier properties [52]. Starch reinforced
with nanofillers, including nanocellulose, chitin nanoparticle, nanoclay, and carbon-based
materials, are discussed below.
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5.1. Starch/Nanocellulose Composite

Cellulose is the primary component of the plant cell wall and can be extracted from
plants, invertebrates, marine animals, algae, fungi, and bacteria [53]. It is the most abundant
natural polymer and is popular for its mechanical properties, reinforcement capabilities,
low density, renewability, low toxicity, and biodegradability [54]. Cellulose is the polymer
of D-glucose units linked by β-(1,4)-glycosidic bonds, and higher hydroxyl groups (-OH
and -CH2-OH) at equatorial positions give higher stability (Figure 6) [55]. Cellulose fibres
are formed with strong inter and intramolecular hydrogen bonds and aggregate with highly
ordered (crystalline) and disordered regions (amorphous) [56]. Nanocellulose is a nanos-
tructure of cellulose and has drawn much attention over the past years due to its excellent
characteristics, including its high aspect ratio (length to diameter), improved mechanical
and thermal properties, crystallinity, flexibility, renewability, abundance, biocompatibility,
and biodegradability [55,57].

Figure 6. Cellulose chemical structure and schematic diagram of the formation of cellulose nanocrys-
tals and cellulose nanofibrils.

Nanocellulose can be produced by top-down and bottom-down processes
(Figure 6) [53,54] using various techniques, including enzymatic techniques, chemical
hydrolysis, and mechanical treatments, including high-pressure homogenization, grinding,
cryo-crushing, micro-fluidization, and high-intensity ultrasonication [46,53,54]. These syn-
thetic techniques and conditions influence the dimensions, composition, and properties
of nanocellulose. Nanocellulose can be generated in three forms: (1) cellulose nanofibrils
(CNFs) and (2) cellulose nanocrystals (CNCs) from woods and other lignocellulosic ma-
terials using a top-down process, and (3) bacterial cellulose (BC) from the biosynthesis of
bacteria using a bottom-to-top process. Figure 7 summarizes the three forms of cellulose
and synthesis methods [53,55].

Figure 7. Types of nanocelluloses.

Nanocellulose is widely used in various applications, such as biomedical engineering,
the automotive industry, electronics, food packaging, cosmetics, construction, textiles,
wood adhesives, and wastewater treatment applications [53,57].

Othman et al. [58] prepared the corn starch (CS) film reinforced with nanocellulose
fiber (NCF) and thymol, a compound extracted from the essential oil of thyme, which has

299



Polymers 2022, 14, 4578

antioxidant and antimicrobial properties. They reported that adding 1.5% of NCF improved
the thermal stability, mechanical, and barrier (water vapor and oxygen) properties of corn
starch film. The CS/NCF/thymol composite reported improved thermal stability and
flexibility. However, a significant reduction was observed with tensile strength, Young’s
modulus, and barrier properties [58]. In another study, starch from an unripe plantain
bananas reinforced with cellulose nanofibers from banana peels improved the mechanical
and water vapor barrier properties [59]. Starch/CNC nanocomposites were reported to
improve the tensile strength (2.8 to 17.4 MPa), Young’s modulus (112 to 520 MPa), and
water barrier properties, as well as reduce the water solubility (26.6 to 18.5%) and contact
angle 38.2 to 96.3◦ [60].

5.2. Starch/Chitin Nanoparticles Composites

Chitin is the second most abundant natural polysaccharide next to cellulose and is
found in the shell of crustaceans (crab, lobster, and shrimp), the exoskeleton of arthropods,
molluscan shells of squid, mushrooms, the cell wall of algae and fungi (yeast and mold).
Chitin is composed of N-acetyl-2-amido-2-deoxy-β-D-glucose (N-acetylglucosamine) units
linked with a β-(1,4)-glycosidic bond, in which acetamide groups (−NHCOCH3) consists
at the C2 of cellulose monomer. Chitosan is derived from the alkaline deacetylation of chitin
(Figure 8). Chitin crystals are found in three forms: α-chitins (which contain antiparallel
cellulose chains), β-chitins (parallel cellulose chains), and γ-chitin (among three chains,
two of them are in the same direction, and one is in the opposite direction) [61–63].

Figure 8. Chemical structure of chitin and schematic diagram of the formation of chitin nanowhiskers.

Chitin nanomaterial can be prepared through top-down and bottom-up approaches.
Chitin fibrils consist of amorphous and crystalline regions and thus can be converted into
three types of nano-chitins in a top-down approach: nanocrystals (via acid hydrolysis),
nanofibers (via mechanical treatments), and nanowhiskers (consecutive acid hydrolysis at
a high temperature and mechanical treatments) [39,62].

Nano-chitin has been widely studied for its high aspect ratio, high surface area, good
mechanical properties, lightweight/low density, good chemical stability, renewability,
non-toxicity, and antibacterial properties, and it is used in biomedicine, packaging, water
treatment, green electronics, cosmetics, and many other applications [61,63].

A combination of chitin nanofibers and starch nanoparticles showed higher emulsion
stability over a range of pHs and temperatures and can be used as an emulsion stabilizer in
various products, such as food, paint, coating, cosmetics, and pharmaceuticals [48].

Chang et al. [64] reported chitin nanoparticles (CNPs) exhibited lower crystallinity
than chitin whiskers. At a low level of CNPs, tensile strength, storage modulus, glass
transition temperature, and water vapor barrier properties of plasticized potato starch/CNPs
nanocomposite due to good interfacial interaction between CNPs’ nanofiller and starch matrix.

By adding 5 wt.% chitin nanofibers (CNF) obtained from the fungus Mucor indicus,
Young’s modulus and the tensile strength of TPS were enhanced by 239% and 216%, respec-
tively, and moisture absorption was reduced from 51% to 38%. However, the addition of
CNF at a higher level increased moisture absorption and reduced the mechanical properties
of TPS [39]. In another study, Heidari et al. [61] reported that CNF/TPS nanocomposite
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films were more permeable to water vapor than pure CNF film. CNF at higher levels
lowers the dispersion of nanofiller and tends to agglomerate, which leads to poor water
vapor barrier and mechanical properties. In addition to that, the presence of excessive
NH2 groups at the CNF surface may increase the affinity to water, thereby increasing water
absorption [39,61].

5.3. Starch/Nanoclay Nanocomposites

Clay is a polymer composite of two-dimensional layered mineral silicates. The single
layer is formed by the edge-linked octahedral sheet of aluminum or magnesium oxide
sandwiched between two tetrahedral silicate sheets. As shown in Figure 6, three types
of polymer-based nanocomposites can be obtained based on the polymer and silicate
layers. Silicate clay is characterized by important physical properties, such as a cation
exchange capacity and specific surface area [65,66]. Polymer/nanoclay composites are used
in the automotive industry, aeronautical industry, packaging, flame-resistant materials,
biomedical applications, and wastewater treatment [67,68]. Nanoclays can be categorized
into several classes: smectite, chlorite, kaolinite, illite, and halloysite [68].

Plate-like montmorillonite (MMT) (smectite), a multilayer-aluminosilicates, has been
widely studied as a reinforcing material in polymers due to its excellent cation exchange
capacity, swelling behavior, and large surface area [68,69]. MMT also improved the thermal
stability, mechanical, optical, and barrier properties, even at their lower concentration [70].

Mohan et al. [15] reported that the incorporation of MMT nanoclay into corn starch-
based film resulted in a significant reduction in water absorption (by 22%), moisture uptake
(40%), oxygen permeation (30%), and swelling thickness (31%) in comparison to corn starch
film. Furthermore, the concentration of MMT nanoclay determines the structure of the
nanocomposite. X-ray diffraction (XRD) analysis revealed that the intercalated nanoclay
structure forms at a higher concentration (>2%), whereas the exfoliated structure forms at a
lower concentration in the polymer matrix [15]. In another study, MMT addition was also
shown to improve the tensile strength and biodegradability in cross-linked PLA/maleated
TPS nanocomposite [71]. Biodegradable nanocomposites fabricated from cross-linked
wheat starch (CLWS)/sodium montmorillonite (Na-MMT)/TiO2 NPs showed an exfoliated
structure. Incorporating Na-MMT and TiO2 NPs reduced the water vapor permeability
and water solubility of the CLWS film, whereas thermal stability, tensile strength, and
Young’s modulus were increased. TiO2 NPs showed better UV-blocking properties than
Na-MMT [69]. Maize starch/glycerol (20%)/Na-MMT (10%) nanocomposite also showed
intercalated structures and improved tensile properties [66].

Iamareerat et al. [72] prepared nanocomposite film with plasticized cassava starch
incorporated with sodium-bentonite and cinnamon essential oil. The addition of sodium-
bentonite nanoclay (0.5–0.75%) decreased the water vapor permeability in plasticized
cassava starch with 2% glycerol film. Further addition of cinnamon essential oil into
the CS/glycerol (2%)/sodium-bentonite (0.75%) showed better antibacterial activity and
significantly inhibited microbial growth in pork meatballs, despite the increase in water
vapor permeability.

Halloysites clay nanotubes (HNTs), aluminosilicate hollow cylinders, have a lower
hydroxyl group on the surface than other silicates such as MMT, making them a promising
reinforcement material for polymers [68,73]. Furthermore, HNTs exhibit exfoliated struc-
tures due to their high aspect ratio [73]. Dang et al. [73] revealed that the addition of mod-
ified or unmodified HNTs into the TPS/poly(butylene adipate-co-terephthalate) (PBAT)
blend improved the thermal and mechanical properties without loss of ductility of the
plasticized wheat starch matrix [74]. Another investigation on PVA/starch/glycerol/HNTs
nanocomposites revealed that their hydrophobic nature and biodegradability decreased
with the addition of HNTs [75].
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5.4. Starch/Carbonaceous Nanocomposites

Fullerenes, diamonds, carbon nanotubes (CNTs), graphene, and their derivatives are
common carbon allotropes used in carbon-based nanocomposites [76].

CNTs found in two forms, single-walled (SWCNT) or multi-walled carbon nanotubes
(MWCNT), have been widely studied as reinforcing fillers for TPS nanocomposite films [77].
CNTs have a larger surface area, excellent electrical conductivity, mechanical and thermal
properties and they also have a higher volume-to-area ratio compared to that of other
nanoparticles and they are widely used in various biomedical applications, environmental
pollution control, sensing and detection, the automobile industry, and secondary food
packaging. Direct contact food packaging materials are limited by their migration and
potential toxicity [76,78,79].

Electrically conductive biocomposite films have gained popularity in various elec-
tronic, biomedical, and food packaging applications [22]. Potato starch-based film rein-
forced with MWCNT and ionic surfactants (sodium cholate, SC; cetyltrimethylammonium
bromide, CTAB) decreased the contact angle and showed improved antioxidant properties
(30.2 and 12% of scavenging activity, respectively) due to the presence of MWCNT. Surfac-
tant SC showed better dispersibility of MWCNT in a potato starch matrix with improved
mechanical properties and crystallinity [22].

Starch plasticized with ionic liquids reduces the retrogradation resulting in increased
film stability and it has the potential use in ionically conducting solid polymers. The
addition of nanofiller MWCNT at 0.5 wt.% in starch plasticized with ionic liquid, 1-ethyl-3-
methylimidazolium acetate ([emim+][Ac−]) significantly increased the tensile strength by
327%, Young’s modulus by 2484%, and elongation at break 82% (from 30 to 69%). Moreover,
electrical conductivity was increased with MWCNT content (wt.%) and reached a maximum
(56.3 S/m) at 5 wt.% MWCNT. MWCNT/starch plasticized with [emim+][Ac−] showed
electroconductive properties because of its ionic nature of ionic liquids and the excellent
electrical conductivity of MWCNT [77]. A starch–iodine complex matrix reinforced with a
small amount of MWCNT (0.055%) reduced the water vapor permeability by 43% [78].

Graphene is a two-dimensional material arranged in a hexagonal lattice. Plasticized
starch incorporated with reduced graphene oxide (rGO), a derivative of graphene, exhibited
increased conductivity and dielectric properties, which could make it a potential candidate
for producing sustainable bio-friendly electronic devices [80].

Investigation of poly(lactic acid) (PLA)/thermoplastic starch (TPS)/graphene
nanoplatelets (GNP) blends revealed that the addition of GNP increased the crystallinity of
the PLA/TPS blend, and the maximum crystallinity (68.39%) was observed with PLA
(70%)/TPS (30%)/GNP (1%). Further increases in GNP resulted in the reduction of
compatibility [81].

6. Applications of Biodegradable Starch-Based Nanocomposites

Biodegradable starch-based nanocomposites have been used in agriculture, packaging,
biomedical, environment, and many other fields (Figure 9).

6.1. Agriculture

In recent years, biodegradable films have been developed for agricultural purposes,
particularly for mulching applications, the coverings of a greenhouse, and the controlled/slow
release of agrochemicals such as fertilizers and pesticides [82–84].

Agricultural mulches are used to prevent the hindrance caused by the weeds’ growth,
maintain soil wetness, and regulate soil temperature [85]. Interaction with water (water
vapor permeability, contact angle, and water solubility/resistance) and environmental
factors (thermal stability) are important parameters in mulch films. Mulch films must have
a very low water vapor permeability to maintain the soil moisture by reducing the water
loss by evaporation. Since mulch films are exposed to outdoor conditions, improving the
thermal stability is therefore essential [83,86].
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Figure 9. Applications of starch-based nanocomposites.

Pesticides protect the crop from pests, pathogens, weeds, and insects by destroying,
attacking, mitigating, or repelling activity, whereas fertilizers are essential in agriculture to
increase crop yield. However, in conventional applications, the efficiency of reaching their
target sites is relatively low as they are hindered by immobilization, erosion, volatilization,
leaching, surface runoff, or scavenging by soil. In addition, water is also an essential factor
in crop growth and driving off fertilizers. Therefore, management of nutrient/pesticide
active compounds and water loss is essential for crop production. To reduce the loss
and improve their utilization efficiency, slow-release fertilizers or controlled-release pes-
ticides with improved water retention and water holding capacity can be formulated by
incorporating nanomaterial into biopolymers [82,84,87,88].

Merino et al. [83] investigated the water and light interaction with corn starch-based
mulch film. The study revealed that the addition of chitosan/bentonite nanofiller into native
and oxidized thermoplastic corn starch improved the water resistance, radiometric, and
antibacterial properties without having a significant effect on the water vapor permeation
and mechanical properties [83]. In another study, Merino et al. [86] reported that the
addition of bentonite/chitosan into both matrixes, native and oxidized thermoplastic corn
starch, increased the crystallinity (3.0 and 3.4%) and slightly increased thermal stability in
comparison to the addition of natural bentonite.

Superabsorbent hydrogels are widely used in bi-functional (retain and supply wa-
ter and nutrient over a long period) slow-release fertilizers due to their water retention
properties. The addition of natural char nanoparticles (NCNPs) into corn starch-g-poly(AA-
co-AAm) encapsulated urea provided high biodegradability and improved the soil water-
retention capacity along with the slow release of urea [84]. Chitosan (CS)/sago starch
(ST)/nano zeolite (NZ) nanocomposite released 64% of phosphorus and 41.93% of urea after
14 days and increased the water retention capacity. Furthermore, CS/ST/NZ nanocompos-
ites showed better growth indexes in Philodendron spp. compared to the direct application of
urea, suggesting the efficacy of nanocomposites in slow-release fertilizer formulation [88].
Urea encapsulated with starch (10%)/PVA (5%) with crosslinker acrylic acid (2%) and
citric acid (2%) showed higher nitrogen-releasing efficiency, 70.10 and 50.74%, respectively,
as well as improved growth factors in spinach plants [89]. Modified starch (esterified
with dicarboxylic acid chloride)/organobentonite-based composites regulate the effective
controlled release of encapsulated pesticide atrazine [90].

6.2. Packaging

Food packaging protects food from humidity, high/low temperatures, and other
physiological factors and aids in food quality monitoring and control in the food supply
chain and during storage (gas sensors, electronic nose) [91]. Starch has been used in food
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packaging applications because of its strong mechanical properties, transparent/translucent
appearance, and tasteless and flavorless characteristics [69]. Brittleness and poor water
vapor barrier properties limit their applications. Nanoparticle reinforcement can improve
the mechanical properties, hydrophobicity, water vapor and oxygen barrier, UV barrier,
thermal properties, and other functional properties (antioxidant, antimicrobial, etc.) of
starch which makes nanoparticles a potent material for edible film/coating, active and
intelligent/smart packaging for protecting or maintaining and monitoring the quality of
food materials [91–93].

Organic or inorganic nanofillers have been widely studied for food packaging applications,
whereas organic nanofillers include nanoclay (MMTs, HNTs), natural biopolymers (chitosan,
cellulose), and natural antimicrobial agents (nisin), and inorganic nanofillers includes metals
(Ag, Au, Cu), and metal oxides (ZnO, TiO2, Ag2O, MgO, CuO, SnO2) [44,52,91].

The suitability of a film for packaging materials is mainly assessed by water vapor and
oxygen barrier properties and good heat salability [94]. Furthermore, a film with improved
mechanical strength and flexibility protects against shock and other physical damage. TiO2
NPs reinforcement in potato starch-based composite films led to a reduction in water
solubility, moisture uptake, and water vapor permeability, and an increment of UV barrier
properties and tensile strength of the film, showing its potential for food packaging [92]. Na-
MMT and TiO2 NPs reduce the hydrophilicity and improve mechanical, water vapor, and
UV barrier properties in cross-linked wheat starch, which makes them a suitable material
for food packaging [69]. UV barrier packaging film from starch/kefiran/ZnO NPs showed
improved tensile strength, Young’s modulus, and thermal stability (increased melting
temperature), which are beneficial to the packaging system [95]. Starch NPs/Ag NPs
showed increased antibacterial activity against Staphylococcus aureus, Salmonella typhi, and
Escherichia coli and can be used as an antibacterial food coating material [50]. Linseed polyol
increased the contact angle, water absorption capacity, thermal stability, and biodegradation
of polyvinyl alcohol/corn starch film. Further addition of Ag NPs showed antimicrobial
behavior against Proteus mirabilis, Candida albicans, Escherichia coli, Enterococcus faecalis,
Staphylococcus aureus, Klebsiella pneumoniae, among others, which shows the potential
applications in antimicrobial packaging [96]. Poly(ethyl methacrylate)-co-starch (PEMA-co-
starch)/graphene oxide/Ag NPs (2 wt.%) nanocomposite film showed improved thermal
stability, chemical resistance, tensile strength, oxygen barrier properties, and antimicrobial
properties against Escherichia coli, Pseudomonas aeruginosa, Staphylococcus aureus, and Bacillus
subtilis [97].

Plasticised corn starch films reinforced with nanocellulose improved the mechanical
strength, flexibility, and water vapor and oxygen barrier properties that have a beneficial
effect on reducing the oxidation of oil during storage. This film showed good heat salability,
which further prevents oxygen and water vapor transmission. Moreover, the storage study
ensures that this plasticized corn starch-based nanocomposite can be used as an alternative
packaging material for storing edible oils at ambient conditions (27 ± 3 ◦C temperature,
65 ± 5% RH) for more than three months without affecting the oil quality in terms of
rancidity, viscosity, and color [94].

Starch from potato, wheat, and corn blended with carboxyl methylcellulose (CMC)/Na-
MMT has potential applications in food packaging [98]. Cellulose nanocrystals (CNC) ob-
tained from sugarcane bagasse blending with starch improved mechanical, water resistance,
and water barrier properties and decreased surface hydrophilicity (contact angle > 90◦),
which makes this starch/CNC nanocomposite a potential food packaging material [60].
Heidari et al. [61] developed edible food packaging using chitin nanofibers (CNF)/
TPS nanocomposite.

TPS/MMT/carvacrol essential oil showed biocidal effects against Escherichia coli due
to the synergistic antibacterial effect of carvacrol essential oil and MMT suggesting the ap-
plications in antimicrobial packaging [99]. Packaging material fabricated with sweet potato
starch (SPS)/MMT/thyme essential oil (TEO) was studied by Issa et al. [100]. They reported
that the addition of MMT improved the mechanical and water barrier properties of SPS,
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whereas biodegradability decreased. However, incorporating TEO decreased the tensile
strength, elongation, Young’s modulus, and water barrier with improved biodegradability
in SPS/MMT. The nanocomposite made from cassava starch/glycerol (2%)/Na-bentonite
(0.75%)/cinnamon essential oil (2.5%) exhibited antibacterial activity against Escherichia coli,
Salmonella typhimurium, and Staphylococcus aureus, and significantly inhibited the microbial
growth in pork meatballs stored under ambient and refrigeration conditions [72].

The addition of potassium sorbate, a commonly used preservative, into starch/nanoclay
films controlled the migration of sorbate, resulting in the retention of antimicrobial activity
for a long period [101]. Chen et al. [102] also developed a controlled-release active film from
starch/polyvinyl alcohol (PVA) incorporated with cinnamaldehyde and microfibrillated
cellulose (MFC). The addition of MFC was found to improve the tensile strength, crys-
tallinity, hydrophobicity, and antimicrobial activity (against S. putrefaciens) with reduced
flexibility. The oxygen and water vapor permeability reduced at 1.0 and 2.5% MFC but
increased at higher concentrations. In addition, MFC, at 1 and 7.5%, controlled the release
of cinnamaldehyde.

Smart packaging materials for monitoring the spoilage of milk packed in a bottle were
developed by incorporating pH indicators, including bromocresol green (BG) and methyl
orange (MO), into a starch/nanoclay nanocomposite [93]. Further nanometals (TiO2, SnO2,
Ag2O, MgO, ZnO, CuO) can be used in gas sensors to monitor food quality [91].

6.3. Biomedical

Biodegradable polymers, including starch-based bionanocomposites, are widely used as
scaffolds for tissue engineering, drug delivery systems/drug carriers, wound dressing, surgi-
cal sutures, and implants due to their mechanical properties, biocompatibility, biodegradability,
and also the generation of non-toxic, biodegradable products [103–105].

Biopolymers in the repair of healing tissues accelerate treatment processes and elim-
inate implant removal surgery. Furthermore, implant materials and their biodegradable
products must be non-cytotoxic and biocompatible [105]. Incorporating bioactive beta-
tricalcium phosphate (β-TCP) nanoparticles (at 10%) into thermoplastic starch (TPS) drasti-
cally improved the mechanical properties and showed excellent biocompatibility with no
cytotoxic effect for bone tissue engineering materials [105]. Waghmare et al. [106] fabricated
starch-based nanofibrous scaffolds by electrospinning for wound healing applications.

Hydroxyapatite has been used widely in biomedical applications due to its biocom-
patibility and osteoconductive (cell regeneration process) properties. However, brittleness
and lack of flexibility limit the applications. The combination of hydroxyapatite with starch
materials can reduce brittleness, and the polar nature of starch encourages a good adhesion
between starch and hydroxyapatite. Sadjadi et al. [107] synthesized a nanocomposite
from starch/nano-hydroxyapatite, which possesses mechanical and biological properties
identical to natural bone.

Abdel-Halim and Al-Deyab [108] reported that Ag NPs/starch/polyacrylamide nanocom-
posite hydrogel showed antimicrobial activity against fungi (Aspergillus flavus and Candida
albicans) and bacteria (Staphylococcus aureus and Escherichia coli). PVA/starch incorporated
with Ag NPs synthesized from green methods (Diospyros lotus fruit extract) has the potential
to be used in wound dressing as it shows increased swelling and moisture retention capacity
and reduced water vapor transmission that prevents the wound from dehydration and better
antimicrobial activity against Escherichia coli and Staphylococcus aureus [109].

The ternary blend was developed by mixing polylactic acid (PLA)/starch (S)/poly-
ε-caprolactone (PCL) with nano-hydroxyapatite (nHAp) for controlled release of antibac-
terial triclosan. The incorporation of nHA (3%) improved the hydrolytic hydrophilicity,
hydrolytic degradation, antibacterial activity (against Escherichia coli and Staphylococcus
aureus), and drug release of PLA/S/PCL film. An increase in nHA content (1–7%) im-
proved the biodegradation (13–10 months), and the antibacterial triclosan release rate of
PLA/S/PCL/nHA film at 37 ◦C in buffer solution was increased (0.12–0.18 μg/mL every
day), which is in the range of MIC of triclosan (0.025–1 μg/mL). Furthermore, the degra-
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dation and release time of PLA/S/PCL/nHA (3 wt.%) nanocomposite showed similar
profiles that ensure continuous drug release during the application [110]. Mallakpour and
khodadadzadeh [111] also developed starch/MWCNT modified with glucose (MWCNT-G)
nanocomposites for slow release of zolpidem drug delivery. Gao et al. [112] developed
spherical core-shell Ag/starch NPs using green synthesis for slow-released nano silver as
an antibacterial material which can be used in pharmaceutical and biomedical applications.

Nezami et al. [113] fabricated pH-sensitive magnetic nanocomposite hydrogel using
graft copolymerization of itaconic acid (IA) and starch in the presence of magnetic Fe3O4
NPs (St-IA/Fe3O4) for the controlled-release of guaifenesin (GFN) with low cytotoxicity. A
nanocomposite with magnetic Fe3O4 NPs at 0.83% significantly enhanced the drug release
from 54.1 to 90.4% within 24 h in pH 7.4 [113].

Starch-based-fluorescent organic nanoparticles (FONs) reported high water dispersibil-
ity and excellent biocompatibility (cell viability was 99.69% at the concentration of FONs
100 μg/mL after 24 h). Thus, FONs are a promising candidate for biomedical applications
that can be potentially used as fluorescence probes and carriers for delivering biologically
active components [114].

6.4. Environment

Extensive agricultural and industrial practices lead to the accumulation of various con-
taminants, including heavy metals and metalloids (Cr6+, Hg2+, Zn2+, Pb2+, Co2+, Cd2+, Cu2+,
etc.), dyes, organic substances (pesticides, herbicides, fertilizers, aliphatic and aromatic hydro-
carbons, volatile organic compounds [VOCs], oil spills), pathogenic microbes (virus, bacteria,
fungi), and toxic gases (nitrogen oxides, SO2, CO) in water, soil, and air [115].

Starch-based nanocomposites with various nanofillers, including metal (Ag, Au, and
Pd NPs), bimetal (Ag/Au), metal oxides (TiO2, ZnO, Fe2O3, MnO2), nanoscale zero-valent
iron (nZVI) (Fe0), carbonaceous materials (CNTs [SWCNTs and MWCNTs], graphene,
graphene oxide), nanoclays (MMTs, HNTs, bentonite), and polymers (chitin, cellulose
nanowhiskers) are used in materials as recyclable and reusable filters, absorbents, reduc-
tants, photocatalysts, coagulants and flocculants, disinfectants, and gas sensors to detect
or remediate contaminants, such as dyes, heavy metals ions (As, Pb2+, Cr6+, Cu2+, Cd2+,
Hg2+, Ni2+, Co2+, etc.), various aromatic derivatives, fertilizers (urea), and other organic
pollutants [116–124].

Green synthesis of Ag/Au bimetallic nanocomposite using graft copolymer hydrox-
yethyl starch-g-poly(acrylamide-co-acrylic acid) reported catalytic activities that involve
the reduction of 4-nitrophenol to 4-aminophenol and degradation of azo dyes (congo red,
Sudan-1, and methyl orange) by cleavage of −N = N-bond thus can be used in water
treatment [122]. Gomes et al. [125] analyzed a starch/cellulose nanowhiskers hydrogel
composite and highlighted the outstanding capacity for methylene blue dye removal.

Starch-graft-poly(acrylamide) (PAM)/graphene oxide (GO)/hydroxyapatite NPs (nHAp)
nanocomposite was developed as a recyclable adsorbent for efficient removal of malachite
green (MG) and other cationic dye from aqueous solution. The introduction of nHAp im-
proved the biocompatibility of the PAM/GO composite, whereas the biodegradability, poros-
ity, water content, and water uptake decreased with increasing nHAp content. Adsorption
capacity increased with agitation time, pH, nHAp content, and initial dye concentration,
and the optimum conditions were 60 min, pH 10, 5% nHAp, and 100 mg/L. PAM/GO and
nHAp at 1–5 wt.% reported excellent porosity (31–11%), degradability (41–11% after 15 days),
the maximum adsorption capacity of 297 mg/g, excellent regeneration capacity after five
consecutive adsorption-desorption cycles of dye with high removal efficiency (77–86%) [126].

Adsorption is a basic principle of mechanism in targeted drug delivery, controlled re-
lease of pharmaceutically active compounds, and treatment of chemical water pollution [11].
The degree of the time dependency of kinetic coefficient (kobs) and the influencing fac-
tors (pH, temperature, initial concentration of tetracycline) are important to explore the
suitability of materials in adsorption-based applications. Monodispersed starch stabilized
magnetite nanoparticle (MSM) showed 70% absorption of antibiotic tetracycline within the
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first 5 min and reached 90% after 1 h. The degree of the time dependency of the kinetic
coefficient (kobs) had a negative correlation with the initial tetracycline concentration [11].

Chitin nanowhiskers (CNW) are better nano-adsorbents due to their high surface/volume
ratio and abundant hydroxyl and acetamide functional groups on the surface [63]. MMT is
hydrophilic and has a high specific area [127]. The bean starch/Na-MMT nanocomposite
showed high absorption capacity for heavy metals Ni2+ (97.1% at pH 4.5, initial concentration
of 100 ppm) and Co2+ (78.03% at pH 6, initial concentration of 140) in comparison to the starch
matrix (72 and 74.2%, respectively) [116]. Yang et al. [123] studied the material nZVI loaded
on biochar stabilized by starch to remediate Cr6+.

Enzyme immobilization is an emerging technology for environmental remediation
which gives many advantages over free enzymes, which include the efficiency and stability
of catalytic enzymes and their enhanced recovery and reusability [128]. Further, the im-
mobilized enzyme can be used as biosensors and biocatalysts to degrade dye from textile,
leather, coloring, and printing industries [129]. Immobilized peroxidase on polymer/Fe3O4
magnetic NPs has been successfully used to remediate wastewater containing different
dyes in the textile industry [128]. Immobilized phenoloxidases other than peroxidase,
including laccase and tyrosinase, are also used to degrade dyes and phenolic pollutants,
and lipases are used to remediate oily wastewater [130]. Mehde [131] reported that mag-
netic NPs/tannic acid/starch/cross-linked enzyme aggregates-peroxidase are used to
remove different types of dyes, such as methylene blue, Congo red, indigo carmine, and
malachite green.

6.5. Other Applications

Plasticized starch/reduced graphene oxide (rGO) nanocomposites with improved con-
ductivity and dielectric properties can be used in bio-friendly flexible electronic devices [80].
The maize starch/glycerol (20%)/Na-MMT (10%) nanocomposite showed improved tensile
properties, which can be used in lightweight architectural constructions [66]. Starch-based
nanocomposites can also be used in lithium batteries, fuel cells, dye-sensitized solar cells,
and electrically conductive biocomposite film for various other purposes [22,77].

Table 2 summarizes the studies reported on various biodegradable starch-based
nanocomposites in regard to their applications and properties.

Table 2. Starch-based nanocomposites using various biodegradable polymers in regard to their
applications and properties.

Starch-Based Nanocomposites Application Properties References

Native (TPS) or oxidized (TPS-ox)
corn starch/chitosan
(CS)/bentonite (Bent)

Mulch film

The addition of 4% CS/Bent improved water resistance
(decreased water solubility), radiometric, and
antibacterial properties. Decreased mechanical
property (tensile strength and elastic modulus:

TPS-ox > TPS-ox/CS/Bent > TPS > TPS/CS/Bent).

[83]

Native (TPS) or oxidized (TPS-ox)
corn starch/chitosan
(CS)/bentonite (Bent)

Mulch film

The addition of 4% CS/Bent increased the crystallinity
(3.30 and 3.00%) and led to a slight increase in thermal

stability (Tmax 139.2 and 126.9 ◦C) in TPS and
TPS-ox, respectively.

[86]

Corn starch-g-poly(AA-co-
AAm)/natural char nanoparticles

(NCNPs)/urea

Bi-functional
slow-release fertilizers

Provided improved biodegradability, soil
water-retention capacity (35.6% and 33.2% at

pH 4.5 and 5.5, respectively, after 6 days), water
absorbency (215.1 g/g) along with the slow release of

urea (73% in deionized water and 37% in NaCl).

[84]

Urea encapsulated with starch
(10%)/PVA (5%) with crosslinker

acrylic acid (2%) and citric acid (2%)
Slow release of fertilizer

Releasing efficiency of starch/PVA/acrylic acid and
starch/PVA/citric acid were

70.10 and 50.74%, respectively.
Improved the growth factors in spinach plants

[89]
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Table 2. Cont.

Starch-Based Nanocomposites Application Properties References

Corn starch/Debranched starch
NPs (DSNPs) Food packaging

Addition of 5% DSNPs increased the tensile strength
(from 0.95 to 1.73 MPa) and decreased the water vapor
permeability (7.11 to 4.91 × 10−10 gPa−1h−1m−1) and
oxygen transmission rate (394 to 81.61 cm3/m2·day)

[49]

Starch NPs/Ag NPs Coating material for
food packaging

Antibacterial activity against Staphylococcus aureus,
Salmonella typhi, and Escherichia coli. [50]

Cross-linked wheat starch
(CLWS)/sodium montmorillonite

(Na-MMT)/TiO2 NPs
Food packaging material

Showed exfoliated structure.
Adding Na-MMT (5%) and TiO2 NPs (1%) into CLWS
showed reduced water vapor permeability (from 9.1 to

4.8 × 10−5 g/m.d.Pa) and water solubility
(100–50.35%), and increased thermal stability, tensile

strength (2.49–5.56 MPa), and Young’s modulus
(0.71–1.09 MPa) in comparison to native wheat starch.

CLWS/Na-MMT/TiO2 NPs showed better
UV-blocking properties than CLWS/Na-MMT.

[69]

Sweet potato starch
(SPS)/montmorillonite

(MMT)/thyme essential oil (TEO)
Food packaging

The addition of MMT improved the tensile (44.91%),
Young’s modulus (135.69 MPa), and water vapor

barrier (0.022 gm/m2/day) and hindered the
biodegradability of SPS.

The addition of TEO decreased the mechanical and
water vapor barrier properties of

SPS/MMT nanocomposites.
The addition of MMT and TEO improved water

resistance by 50%.

[100]

Starch (potato, wheat, and corn,
high amylose corn) carboxyl

methylcellulose (CMC)/Na-MMT
Food packaging

Corn starch/CMC/Na-MMT nanocomposite showed
higher tensile strength, glass transition temperature,
thermal stability, crystallinity, lower solubility, and

water vapor permeability.

[98]

Cassava
starch/glycerol/Na-bentonite

nanoclay/cinnamon essential oil

Antimicrobial food packaging
pork meatballs

Antibacterial activity against Escherichia coli, Salmonella
typhimurium, and Staphylococcus aureus.

Improved the antimicrobial efficacy in pork meatballs
stored under ambient and refrigeration conditions.

[72]

Starch/polyvinyl alcohol
(PVA)/cinnamaldehyde
(Cin)/micro fibrillated

cellulose (MFC)

Controlled-release active
packaging film

MFC improved the tensile strength, crystallinity,
hydrophobicity, and antimicrobial activity (against

S. putrefaciens) with reduced flexibility.
The oxygen and water vapor permeability reduced at 1
and 2.5% MFC and increased at higher concentrations.

MFC at 1 and 7.5% controlled the release of Cin.

[102]

Corn starch (CS)/nanocellulose
(NC)/glycerol (GL)/polyvinyl

alcohol (PVOH)
Packaging material for edible oil

Optimum composition for CS-based nanocomposite:
0.89% NC, 2.53% GL, and 1.89% PVOH.

Tensile strength 8.92 MPa, elongation at break 41.92%,
bursting strength 556 kPa, and WVP

7.07 × 10−10 g/m.s.Pa, oxygen transmission rate
3.56 × 10−5 cm3/m2 d.Pa.

Good heat salability.

[94]

Starch from unripe plantain
bananas/cellulose nanofibers

from banana peels
Food packaging

Homogenized nanocomposite at five times higher
pressure increased the tensile strength (from

7.3–9.9 MP), Young’s modulus (478.6–663.1 MPa),
decreased the elongation at break (32.2–20.7%),

solubility (32.3–29.0%), WVP
(10.7–6.0 × 10−11 g/m.s.Pa at low RH), sorption

(2.73–2.20 × 10−7 mm2/s), and diffusion coefficient
(0.42–0.27).

[59]

Corn starch (CS)/nanocellulose
fiber (NCF)/thymol

Antioxidant and antimicrobial
food packaging

Adding 1.5% of NCF improved the thermal stability,
mechanical and water vapor, and oxygen barrier

properties of corn starch film.
CS/NCF/thymol composite reported improved

thermal stability and flexibility with decreased tensile
strength, Young’s modulus, and barrier properties.

[58]

Starch/cellulose
nanocrystals (CNC) Food packaging

Improved the tensile strength (2.8 to 17.4 MPa),
Young’s modulus (112 to 520 MPa), water resistance
(reduced solubility 26.6 to 18.5%), and water barrier

properties and decreased surface hydrophilicity
(contact angle 38.2 to 96.3◦).

[60]
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Table 2. Cont.

Starch-Based Nanocomposites Application Properties References

TPS/chitin nanofibers (CNF) from
fungus Mucor indicus

Nanocomposite for food
packaging and other applications.

Addition of 5 wt.% CNF enhanced Young’s modulus
(239%) and tensile strength (by 180%) and reduced the
elongation at break and moisture absorption compared

to the TPS film.

[39]

PVA/starch/Ag NPs from
Diospyros lotus fruit extract Wound dressing applications

Increased swelling and moisture retention capacity,
reduced water vapor transmission.

Better antimicrobial activity against Escherichia coli and
Staphylococcus aureus

[109]

Thermoplastic starch
(TPS)/beta-tricalcium phosphate

(β-TCP) NPs
Bone tissue engineering materials

Adding β-TCP at 10% improved the tensile strength
(from 1.67 to 4.8 MPa) and Young’s modulus (from

66.54 to 390.5 MPa), and decreased elongation at break
(78.56 to 18.03%) of TPS.

Exhibited non-cytotoxicity effects and excellent
biocompatibility.

[105]

Polylactic acid (PLA)/starch
(S)/poly-ε-caprolactone

(PCL)/nano
hydroxyapatite (nHAp)/

Controlled release of
antibacterial triclosan

Incorporating nHA (3%) improved the hydrolytic
hydrophilicity, hydrolytic degradation, antibacterial

activity (against Escherichia coli and Staphylococcus
aureus), and continuous drug release of

PLA/S/PCL film.

[110]

Starch-itaconic acid/Fe3O4 NPs
(St-IA/Fe3O4)

Controlled release of
Guaifenesin (GFN)

The addition of magnetic Fe3O4 NPs at 0.83%
enhanced the drug release percentage from 54.1 to

90.4% within 24 h in pH 7.4.
Adding Fe3O4 NPs improved the wound healing

ability in mice (healed after 10 days).
Exhibited low cytotoxicity for human umbilical vein

endothelial cells.

[113]

Graft copolymer hydroxyethyl
starch-g-poly(acrylamide-co-

acrylic acid)/Ag-Au
bimetallic nanocomposite

Removal of toxic azo dyes
from wastewater

Catalytic activities: reduction of 4-nitrophenol to
4-aminophenol and degradation by cleavage of −N =

N-the bond of azo dyes (Congo red, Sudan-1, and
methyl orange).

[122]

Starch-graft-poly(acrylamide)
(PAM)/graphene oxide

(GO)/hydroxyapatite NPs
(nHAp) nanocomposite

Recyclable adsorbent for efficient
removal of malachite green (MG)

dye from aqueous solution

PAM/GO and nHAp at 1–5 wt.% reported excellent
porosity (31–11%), degradability (41–11% after
15 days), the maximum adsorption capacity of
297 mg/g, excellent regeneration capacity after

five consecutive adsorption-desorption cycle of dye
(27–14% of MG dye was liberated after 5th cycle, i.e.,

77–86% removal efficiency)

[126].

Bean starch/sodium
montmorillonite (Na-MMT) Removal of Ni2+ from water

Adding Na-MMT improved the absorption yield for Ni2+

(from 72 to 97.1% at pH 4.5, initial concentration of 100 ppm)
and Co2+ (74.2 to 78.03% at pH 6, initial concentration of 140)

in comparison to the bean starch matrix.

[116]

MWCNT/starch plasticized with
ionic liquid,

1-ethyl-3-methylimidazolium
acetate ([emim+][Ac−])

Packaging, lithium batteries, fuel
cells, and dye-sensitized

solar cells

MWCNT at 0.5 wt.% increased the tensile strength,
Young’s modulus, and elongation at the break by 327%,

2484%, and 82%, respectively.
Electrical conductivity increased with MWCNT content

with the maximum (56.3 S/m) at 5 wt.% MWCNT.
Starch plasticizer [emim+][Ac−] slightly decreased the

thermal stability in comparison to glycerol in the
MWCNT/starch nanocomposite.

[77]

Starch/MWCNT/surfactants such
as sodium dodecyl sulfate (SDS),

cetyltrimethylammonium
bromide (CTAB), and sodium

cholate (SC)

Electrically conductive
biocomposite film

CTAB reduced the mechanical properties of starch,
while SC had no significant effect.

SC (18.3–25.3◦) and CTAB (20.8–32.3◦) reduced the
contact angle of starch (42.9–45.2◦).

CTAB (14.75 S/m) and SC (11.56 S/m) improved the
electrical conductivity of starch (2.03 × 10−6 S/m).

CTAB (30.2%), SDS (24.4%), and SC (12%) increased
the inhibition of free radicals more than starch.

[22].

Maize starch/glycerol
(20%)/Na-MMT (10%) nanoclay

Lightweight
architectural constructions

Showed intercalated structure and improved
tensile properties. [66]
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7. Lifecycle Analysis of Nanocomposites

With increasing fossil depletion and environmental concerns, sustainable biobased ma-
terials have gained increasing interest. For biobased materials to be sustainable, preparation
and processing should have limited environmental impacts [132].

The environmental credentials of bionanocomposites are evaluated by assessing their
material production, product manufacturing, and product end-of-life. Many tools, includ-
ing environmental impact analysis (EIA), life cycle analysis (LCA), material flow analysis
(MFA), and ecological footprint (EF), are used for analyzing the environmental impacts
of materials and manufacturing processes [133]. Life cycle assessment (LCA) is the most
widely accepted method to assess environmental impact [134]. LCA is a science-based
tool to comparatively analyze the environmental impacts of product systems concern-
ing the extraction of raw materials, manufacturing, the use of final products, and their
disposal [133,135,136].

The international organization for standardization (ISO) standardized the LCA via
ISO 14040 series [134]. The two most commonly used methods are “cradle to grave” and
“cradle to gate” [134,135]. The “cradle to gate” system covers all the steps from raw material
extraction and energy to product conversion and delivery at the factory gate, whereas
“cradle to grave” covers all phases of the lifecycle of a product, i.e., includes all steps of
“cradle to gate” and usage and disposal phase [134]. LCA can be investigated through several
environmental impact categories, such as global warming, ozone depletion, acidification,
eutrophication, resource depletion (fossil fuel), ecotoxicity, human toxicity, photo oxidant
formation, smog air, etc. [136–138]. Thus it is difficult to compare the results between
studies [138]. Furthermore, there are only very few mentions in the literature about the
environmental performance of nanomaterials based on LCA methods which also has some
limitations, including a lack of life cycle inventory data and characterization factors for
NMs’ emissions [139,140]. Figure 10 depicts the simplified framework for the LCA of
nanocomposite materials.

Figure 10. A general framework for the LCA of nanocomposite materials.

This section covers the environmental profile of starch-based nanocomposites in
comparison to nonconventional counterparts. The environmental impacts of starch-based
composites production with PBS, PLA/PBAT, PHB, PLA, PBS/fiber, and recycled-PLA were
greatly varied: non-renewable energy use (NREU) (33–72 MJ/kg, when using virgin starch),
eutrophication (1.2–1.9 g P eq./kg), greenhouse gas (GHG) emissions (1.8–3.7 kg CO2
eq./kg) and agricultural land use (0.3–1.3 m2yr/kg) (Table 3). Compared to petrochemical
polymers, LDPE and PP, virgin starch-based polymers reduced GHG emissions (up to 80%,
except starch/PBS, starch/PLA/PBAT) and NREU (up to 60%) but increased eutrophication
potential (up to 400%) and agricultural land use. Furthermore, reclaimed starch from
wastewater instead of virgin starch reduced environmental impacts [141].

The microwave-assisted technique can be an environmentally friendly alternative for
glucose-reduced and starch-stabilized Ag NPs production [137].

LeCorre et al. [132] compared the sustainability of extraction of nanofillers’ starch
nanocrystals (SNC) and organically modified nanoclay montmorillonite (OMMT). Though
global warming and acidification potential indicators of SNC were higher than those of
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OMMT, SNC has more positive impacts than OMMT, which contributes to non-renewable
energy and mineral depletion.

The choice of starch sources and plasticizers influences the environmental impacts
displayed by the production of composites. Corn starch/glycerol exhibited the lowest
impact on the ecosystem, human health, and resources [142].

Table 3. Environmental impacts of starch polymer and nanofiller compared with LDPE polymer
(Functional unit = 1 kg).
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PE waste
management

1.28 ×
10−5

3.82 ×
103

5.77 ×
10

1.39 ×
10 c

1.05 ×
10−4 [143]

Starch-based
polymers

production with
PBS, PLA/PBAT,

PHB, PLA,
PBS/fiber, and
recycled-PLA

1.8–
3.7

1.2–
1.9

d
0.3–1.3 33–72 [141]

Starch-stabilized
Ag NPs

manufacturing
via microwave-
assisted heating

1.24 ×
10−7

8.44 ×
10−2

2.37 ×
10−1

2.51 ×
10−1

1.21 ×
10−1

4.44 ×
10−6

8.02 ×
10−4

6.41 ×
102

5.85 ×
105

7.08 ×
102 [137]

Starch nanofiller
preparation using

various process
0.00 7.95–

13.07

0.5–
0.6

a

8.78–
15.51

b

0.16–
0.23

0.9–
0.16

e

2216.99–
3747.76

f
0.02

33.15–
115.82

h
16–19 [132]

Nanofiller OMMT 1.52 1.139 g 40.079 [144]

a, kg/NOx eq.; b, H+ moles eq.; c, kg PO4
3- eq.; d, g P eq./kg; e, kg benzene eq.; f, kg toluene eq.; g, g PM; h, kg

2,4-D eq. PM2.5, particulate matter of size under 2.5 μm; 2,4-D, 2,4-dichlorophenoxyacetic acid used as a herbicide
and pesticide.

8. Biodegradation of Starch

Based on ASTM, biodegradable is defined as ‘capable of undergoing decomposition
into carbon dioxide, methane, water, inorganic compounds, or biomass in which the pre-
dominant mechanism is the enzymatic action of microorganisms that can be measured by
standard tests, in a specified period, reflecting available disposal condition’ [44]. Biodegrad-
able polymers play a critical role in environmental sustainability as they take part in the
natural cycle “from nature to nature” [145]. With regard to biopolymer, to be certified as a
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biodegradable material, 90% of its mass should be decomposed in composting conditions
within 90 days [146].

The type, nature, concentration, chemical modification, and antimicrobial properties of
nanofiller, biodegradation test methods, and parameters, including temperature, moisture,
humidity, pH, quantity and type of microorganisms, etc., can influence the biodegradability
of nanocomposites [15,145,147].

Starch modification and incorporation of nanomaterials as nanofiller have been shown
to alter biodegradability. For example, the biodegradability of starch increased with the
addition of MMT at lower concentrations because of increased hydrophilicity that permits
the microorganisms to enter into the polymer. In contrast, chemical modification of starch,
nanofillers such as TiO2, graphene oxide, etc., reduce the biodegradability of starch-based
nanocomposite because of their antioxidant potential [5,14,15,148].

Crosslinked nanocomposite film produced from thermoplastic corn starch crosslinked
with oxidized sucrose and reinforced with cellulose nanofibrils from a pineapple leaf was
reported to have a 30% weight loss rate after 30 days of burial, much lower than that of ther-
moplastic starch (80%) [5]. Crosslinking thermoplastic starch is hard to decompose due to
the formation of acetal/hemiacetals and reduction of hydrophilicity and water permeability
of nanocomposite, which decrease the attraction and permeability of microorganisms into
the polymer matrix [5].

The addition of MMT into sweet potato starch (SPS) hindered biodegradability in soil
burial tests due to the strong hydrogen bond between the hydroxyl groups of SPS and MMT
and decreased water solubility that prevents water diffusion into the film [100]. However,
the effect of MMT on biodegradability is concentration dependent. In corn starch-based
film, adding MMT nanoclay at a lower concentration (1–3%) delayed the biodegradation
rate (22–23 days for complete degradation), which may be attributed to the formation of
the exfoliated structure at a lower concentration of MMT, which ensures good interaction
between MMT and the polymer matrix. The biodegradability was increased at a higher
level (>3%) of MMT due to agglomeration [15].

The cationic starch-based film incorporated with MMT and nanocrystalline cellulose
degrade faster than the pure cationic starch film in composting at 58 ◦C, which may
be attributed to hydrophilic nanocrystalline cellulose [127]. Thyme essential oil (TEO)
and MMT incorporation have also been shown to increase biodegradation in SPS/MMT
nanocomposites [100].

Incorporating fibrous TiO2 (0.01 and 0.05 wt.%) in maize starch/PVA composite films
improved the tensile strength, water vapor, and UV barrier properties with little effect on
biodegradability in soil [146]. The addition of nanoclay fillers delays the biodegradation of
corn starch when buried in a microbiological medium of pure Micrococcus luteus culture at
room temperature for 30 days [15]. Incorporating antimicrobial Ag NPs into starch/PVA
composite film reduced its biodegradability [14].

The addition of CaCO3 in starch/polyethylhexylacrylate (PEHA)/PVA composite
film improved the tensile strength, thermal stability, chemical resistance, and antimicrobial
properties, which can be suitable for packaging. Starch/PEHA/PVA/CaCO3 degraded
by 65% after 15 days in activated sludge water [149]. Food packaging material prepared
from poly(ethyl methacrylate)-co-starch/graphene oxide/AgNPs showed only a 4.5%
biodegradation in active sludge water after 180 days [97].

Poly(lactic acid) (PLA)/thermoplastic cassava starch (TPCS)/graphene nanoplatelets
(GRH) nanocomposite film showed a lower biodegradation rate than PLA film in vermi-
culite (0.11 to 0.06 d−1) and compost media (0.09 to 0.08 d−1) [148].

In slow-release fertilizer formulation, the incorporation of natural char nanoparticles
(NCNPs) into corn starch-g-poly (acrylic acid-co-acrylamide)/urea composite increased
the degradation rate (23.9% after 30 days in soil), which may be attributed to the increment
in water absorbance that promotes the soil microorganisms to enter into the polymer
matrix [84].
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The biodegradability of nanocomposite film polylactic acid/starch/poly-ε-caprolactone/
nano hydroxyapatite (nHAp) was increased with the nHAp content [110]. Hosseinzadeh and
Ramin [126] reported that the degradability of starch-graft-poly(acrylamide) (PAM)/graphene
oxide (GO) nanocomposite decreased with increasing nHAp addition in buffer solution due
to the higher crystallinity, compressive strength, and elastic modulus of nanocomposite film.

In vitro degradation tests performed in a simulated body fluid (SBF) showed that
thermoplastic starch (TPS)/beta-tricalcium phosphate (β-TCP) NPs degraded 51% after
28 days, higher than that of TPS (47%) [105]. Table 4 summarizes the recent findings about
the biodegradability of different starch-based biopolymers.

Table 4. Biodegradability of different starch-based biopolymers.

Starch-Based
Nanocomposite

Method Biodegradation Other Observation Reference

Poly(ethyl methacrylate)-co-
starch/graphene
oxide/Ag NPs

(PEMA-co-starch/
GO/Ag NPs)

Active sludge water for
180 days. 4.5% after 180 days.

GO and Ag NPs (2 wt.%) increased
thermal stability, chemical resistance,

tensile strength, and oxygen
barrier property.

Antimicrobial activity against
Escherichia coli, Pseudomonas aeruginosa,

Staphylococcus aureus, and
Bacillus subtilis.

[97]

Maize starch/PVA/TiO2

Soil burial test: buried at
2–3 cm depth in peaty soil
with 60% moisture, 98%

RH, at 30 ◦C for 3 months.

Around <20% remaining
mass after 80 days.

The addition of fibrous TiO2 (0.01 and
0.05 wt.%) decreased the elongation at

break and improved the tensile
strength, Young’s modulus UV, and

water vapor barrier properties.

[146]

Sweet potato starch
(SPS)/montmorillonite
(MMT)/thyme essential

oil (TEO)

Soil burial
degradation test.

The addition of MMT
hindered the

biodegradability (23.25%)
of SPS (48.88%).

Biodegradability of
SPS/MMT increased with

the addition of TEO
(61–63%)

The addition of MMT and TEO
improved water resistance by 50%.

The addition of MMT at 3% and TEO
at 2% improved the elongation,

Young’s modulus, and water vapor
barrier properties of SPS.

[100]

Corn
starch/glycerol/montmorillonite

(MMT) nanoclay

Microbiological medium
of pure Micrococcus luteus
culture incubating at room
temperature for 30 days.

Complete decay after
20 days in corn starch and
21–24 days in corn starch

filled with nanoclay.

Addition of nanoclay (2–3 wt.%) in
corn starch reduced water absorption

(by 22%), moisture uptake (40%),
oxygen permeation (30%), and

swelling thickness (31%).

[15]

Cationic starch
(CS)/montmorillonite

(MMT)/nanocrystalline
cellulose (NCC)

Composting conditions at
58 ◦C for 26 days.

CS/MMT/NCC
nanocomposite films

showed a higher
decomposition rate than

pure CS.
90% disintegration after

26 days.

Addition of MMT (5% wt) and NCC
(5% wt) increased tensile strength

(6.60 MPa) and modulus (2.17 GPa),
and decreased elongation at break,
water solubility (19.63%), moisture
absorption (17.73%), water vapor

permeability (4.61 gMm.m−2day.kPa),
O2 permeability

(28.72 cm3m−1d−1Pa−1).

[127]

Cross-linked poly(lactic acid)
(PLA)/maleated thermoplastic

starch (MTPS)/
montmorillonite (MMT)

Samples (1.5 × 1.5 cm) in
activated sludge for

3 months.

MTPS and nanoclay
improved the

biodegradation, while
crosslinking of PLA

reduced the
biodegradation rate.

The addition of MMT improved
tensile strength.

Increasing MTPS (wt.%) content
decreased the tensile strength and
increased the elongation at break.

[71]

Corn starch-g-poly(AA-co-
AAm)/natural char

nanoparticles (NCNPs)
nanocomposite

encapsulated urea.
Where: acrylic acid (AA),

acrylamide (AAm).

Buried in the soil at pH 7.5
for 30 days.

The degradation rate after
30 days was 23.9%.

The addition of NCNPs decreased the
leaching of nitrate and improved soil

water-retention capacity.
[84]
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Table 4. Cont.

Starch-Based
Nanocomposite

Method Biodegradation Other Observation Reference

Thermoplastic corn starch
(TPS)/cellulose nanofibrils

from pineapple leaf/
oxidized sucrose

Sample (40 × 8 × 2 mm)
buried at 10 cm depth of a
sand and soil mixture (in

equal ratio) at ambient
temperature for 30 days.

About 30% weight loss in
cross-linked films after

30 days, much lower than
TPS (80%).

- [5]

Starch/polyethylhexylacrylate
(PEHA)/polyvinylalcohol

(PVA)/nano
CaCO3 nanocomposite

Activated sludge water for
90 days.

Starch/PEHA/PVA/CaCO3
(8 wt.%) degraded by 65%

after 15 days

CaCO3 increased the tensile strength,
thermal conductivity, thermal stability,

and chemical resistance.
Antimicrobial activity against Candida

albicans, Escherichia coli,
Pseudomonas aeruginosa.

[149]

Poly(lactic acid)
(PLA)/thermoplastic cassava

starch (TPCS)/graphene
nanoplatelets (GRH)

Samples (1 cm2) buried in
inoculated vermiculite

and compost under
aerobic controlled

conditions: at 58 ± 2 ◦C,
RH 50 ± 5%, and airflow
rate 40 ± 2 cm3min−1).

The addition of GRH
decreased the

biodegradation rate from
0.11 to 0.06 d−1 in

vermiculite and 0.09 to
0.08 d−1 in

compost media.

In PLA, adding TPCS and GRH
reduced the crystallinity (34.5 to 4.5%). [148]

Polylactic acid (PLA)/starch
(S)/poly-ε-caprolactone

(PCL)/nano
hydroxyapatite (nHAp)/

In-vitro hydrolytic
degradation test, 0.15 g

samples (1 × 1 × 0.15 cm)
was hot pressed and
incubated in 50 mL

phosphate buffer with pH
7.4 at 37 ◦C.

The increase in nHAp
content (1–7%), faster the

degradation
(13–10 months).

Incorporating nHA (3%) improved the
hydrophilicity and antibacterial

activity (against Escherichia coli and
Staphylococcus aureus).

[110]

Starch-graft-poly(acrylamide)
(PAM)/graphene oxide

(GO)/hydroxyapatite NPs
(nHAp) nanocomposite

Soaked in PBS buffer
solutions (pH 7.4)

containing lysozyme
(5000 U/mL) at 37 ◦C for

15 days.

Biodegradation decreased
with increasing nHAp

content.
Degradability was 41–11%

lower than that of
PAM/GO (55%) after

15 days.

With increasing nHAp content,
porosity, water content, and water

uptake were decreased.
[126]

Thermoplastic starch
(TPS)/beta-tricalcium

phosphate (β-TCP) NPs

In vitro degradation tests
were performed in a

simulated body fluid (SBF)
for 28 days.

Degraded 51% after 28
days, higher than TPS

(47%).

Adding β-TCP at 10% improved the
mechanical properties of TPS. [105]

Starch/PVA/Ag NPs

Under controlled aerobic
composting conditions at

58 ± 2 ◦C for 45 days
(based on EN ISO 14855-1:

2012 standard).
Disintegration test under
composting conditions:

5 g of film samples
(25 × 25 mm) at 58 ± 2 ◦C

for 73 days
(ISO 20200: 2004).

Biodegradation is 58%
after 45 days, which is

higher than that of PVA
(54%) and lower than

starch (134%).
Poor disintegration

behavior in comparison
to starch.

- [14]

Polyvinyl alcohol (PVA)/corn
starch (CS)/linseed polyol

(LP)/Ag NPs

Soil burial of samples
(2 × 2 cm) at a depth of

10 cm.

Biodegradability after 4
weeks PVA < PVA/CS <

PVA/CS/LP <
PVA/CS/LP/Ag NPs

Improved contact angle (53◦), water
absorption capacity (equilibrium

swelling percentage 129%), thermal
stability (10% weight loss at 308 ◦C),

and biodegradation than PVA/CS film.
Ag NPs improved antimicrobial
behavior against Proteus mirabilis,
Candida albicans, Escherichia coli,

Enterococcus faecalis, Staphylococcus
aureus, Klebsiella pneumoniae,

among others.

[96]

9. Conclusions and Future Perspectives

In summary, starch is a natural polymer with outstanding biocompatible characteristics
and can be used as both a matrix and reinforcement material for the development of new
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bionanocomposites. Starch nanoparticles and other nanofillers, including nanocellulose,
chitin NPs, nanoclay (MMT, HNTs, bentonites), carbon nanoparticles (MWCNTs, SWCNTs,
graphene, graphene oxides), metal and metal oxides (Ag NPs, TiO2, ZnO, CaCO3, etc.),
have been widely used for the creation of new starch-based bionanocomposites and are
promising candidates for various industrial applications.

The excellent biocompatibility, complete degradability without toxic residues, low
cost, wide availability, and renewability of starch-based nanocomposites would open up
many applications in agriculture, packaging, environmental remediation, biomedicine, and
many other fields. Some of the reported applications are edible food coating, active and
intelligent food packaging, controlled/slow-released pesticides and fertilizers, mulch films,
drug carriers (controlled/target specific), wound healing, scaffolds in tissue engineering,
absorbents, filters, catalysts, or disinfectants for environmental remediation, electronic
devices, lightweight architectural constructions, stabilizers in food and paints such as
non-food applications, and many others.

Modification of starch or reinforcement with other materials to form a nanocomposite
may alter biodegradability. Therefore, regarding the biodegradability of starch-based
nanocomposites is important for them to be claimed as being biodegradable materials. Life
cycle assessment of starch-based biocomposite materials for their respective applications
provides critical information regarding the environmental and ecological benefits of the
materials over fossil-based synthetic polymers for developing sustainable nanocomposites.
However, only few studies have focused on life cycle assessment. Therefore, further
studies on life cycle assessment of starch-based nanocomposites needs to be investigated.
Nanomaterials can also enter the human body through inhalation, contact, and ingestion,
which can lead to their accumulation in the human body, Therefore, further investigations
on toxicity and risk factor analysis are necessary to find the most suitable starch-based
nanocomposite materials.
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Abstract: NDBs were fabricated from gum Arabic (GA) and polyvinyl alcohol (PVA) in different
ratios using novel techniques (casting, dehydration, and peeling). The GA/PVA blends were cast
with a novel vibration-free horizontal flow (VFHF) technique, producing membranes free of air
bubble defects with a homogenous texture, smooth surface, and constant thickness. The casting
process was achieved on a self-electrostatic template (SET) made of poly-(methyl methacrylate),
which made peeling the final product membranes easy due to its non-stick behavior. After settling
the casting of the membranous, while blind, the sheets were dried using nanometric dehydration
under a mild vacuum stream using a novel stratified nano-dehydrator (SND) loaded with P2O5. After
drying the NDB, the dry, smooth membranes were peeled easily without scratching defects. The
physicochemical properties of the NDBs were investigated using FTIR, XRD, TGA, DTA, and AFM to
ensure that the novel techniques did not distort the product quality. The NDBs retained their virgin
characteristics, namely, their chemical functional groups (FTIR results), crystallinity index (XRD data),
thermal stability (TGA and DTA), and ultrastructural features (surface roughness and permeability),
as well as their microbial biodegradation ability. Adding PVA enhanced the membrane’s properties
except for mass loss, whereby increasing the GA allocation in the NDB blend reduces its mass loss at
elevated temperatures. The produced bioplastic membranes showed suitable mechanical properties
for food packaging applications and in the pharmaceutical industry for the controlled release of
drugs. In comparison to control samples, the separated bacteria and fungi destroyed the bioplastic
membranes. Pseudomonas spp. and Bacillus spp. were the two main strains of isolated bacteria,
and Rhizobus spp. was the main fungus. The nano-dehydration method gave the best solution
for the prompt drying of water-based biopolymers free of manufacturing defects, with simple and
easily acquired machinery required for the casting and peeling tasks, in addition to its wonderful
biodegradation behavior when buried in wet soil.

Keywords: hydrophilic bioplastics; gum Arabic; polyvinyl alcohol; casting of poly-(methyl
methacrylate); dehydration; phosphorus pentoxide; peeling; microbial biodegradation

1. Introduction

Despite petroleum-based polymers’ lower density and greater mechanical character-
istics, biobased polymers have gained significant interest due to growing environmental
concerns about their sustainability and biodegradability [1–6]. Many biopolymers, includ-
ing poly-lactic acid/poly-lactide, poly–3–hydroxy-butyrate, starch, gelatin, alginate, agar
agar, guar gum, and GA, have been used in various industrial applications.

GA is a type of edible and natural exudate gum arising from the mature trunks and
branches of various acacia species, especially the Acacia senegal, A. seyal, A. nilotica, and
A. mellifera (family: Fabaceae) [7]. The GA yield can be enhanced by drought conditions,
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poor soil fertility, and injured or scratched plants to cover the huge demand for domes-
tic and industrial applications due to its water-soluble and polysaccharide nature [8–10].
Chemically, GA has hydrophilic carbohydrates (arabinogalactans) as well as hydrophobic
proteins (the arabinogalactan–protein complex and glycoproteins) that exhibit various func-
tional properties in food additives [11–15]. It is well known that D-galactose, l-arabinose,
L-rhamnose, D-glucuronic acid, and 4–O-methyl-d–glucuronic acid make up the highly
branched complexes known as arabinogalactan proteins, along with a minor amount of
proteins. While hydrophilic arabinogalactan provides steric and electrostatic stability, this
hydrophobic polypeptide chain can tie gum to oil droplets in an emulsion [15]. The benefit
of the amphiphilic nature of GA is that it prevents coalescence, which can promote film
formation and display steric stabilization. Furthermore, GAs have significant effects on
various emulsion factors, including opacity, specific gravity, zeta potential, and surface
tension [15]. GA is used primarily in the food, medicinal pharmaceutical, and wood
technology industries [15–33] and as a stabilizer, emulsifier, and thickening agent [15–18]
because of its high hydrophilicity, low fluidic viscosity, good surficial activities, and ability
to form a protective film around emulsion droplets [15]. Recently, the use of GA has been
extended into the nanotechnology and nanomedicine fields due to its biocompatibility for
both in vivo and in vitro applications and its stabilization of nanostructures. GA has been
probed for its coating properties and increased biocompatibility of iron oxide magnetic
nanoparticles [34,35], gold nanoparticles [36], carbon nanotubes [37], and quantum dot
nanocolloids [38].

PVA is a synthetic polymer with a wide range of commercial applications due to its
high crystallinity, good mechanical properties, water solubility, and adhesive
properties [39–42]. These applications extend to the industrial, medical, pharmaceu-
tical, and food sectors and include lacquers, resins, surgical threads, food packaging
materials [26,29,40], paper coating, textile sizing [43], and coating purposes [44], where
they are used in order to enhance the mechanical properties due to natural properties
such as compatible structure and hydrophilic properties [45]. Furthermore, it is used as a
thermoplastic polymer for living tissues because it is harmless and non-toxic, as well as
functioning as a cross-linker and nanofiller [46–48]. Furthermore, since PVA has excellent
chemical resistance, it is used as a good emulsifier [49]. Practically, PVA is widely blended
with other hydrophilic polymers [45], such as GA, to enhance its mechanical properties as
well as its biodegradability [42,50–56]. However, the drawbacks that are associated with the
manufacturing of bioplastic materials are the drying process for the cast GA membrane due
to the high water content of the parent material, thereby making the entire process time- and
cost-intensive. Hence, there is a need to develop an apparatus or method that overcomes
the above limitations [57]. The presence of a large number of hydroxyl, carboxylic, and
carbonyl groups in the GA/PVA blends makes it a chemical reductant and environmentally
benign medium [58]. PVA is easily degradable by biological organisms [39,58], and many
microorganisms that are able to degrade PVA and GA have been identified [59–62].

Different GA composites were prepared and characterized by several researchers
for fabricating films and membranes [63–65], as well as for the anodes of lithium-ion
batteries [66]. In addition, Silvestri et al. [67] produced nanofibers from a blend containing
GA (10 wt% solution), graphene oxide (GO), and PVA, while Lubambo et al. [68] obtained
nanofibers from guar gum. The processing of GA includes impurity removal, kibbling,
granulating, grinding, powdering, acid or enzymatic hydrolysis, clarification and discol-
oration, centrifugation (10,000–16,000 rpm/min), purification of the ceramic membrane,
desalination, and spray drying [69–73].

Several researchers examined the mechanical characteristics of bioplastic
materials [74–79]. These characteristics play a crucial role in determining the appropriate-
ness of their use in particular applications. Electrospun scaffolds, for instance, should have
adequate mechanical characteristics to withstand tension or compression pressures in bone
tissue engineering. As assessed by Masti et al. [74], the mechanical properties of their fabri-
cated bioplastic films were assessed by tensile strength (TS) and Young’s modulus (Ym),
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termed modulus of elasticity (MoE). The addition of gum acacia (GA) to the equal quantity
of PVA/CS in the blend film shows improved Ts and Ym. The increase in the Ts and Ym
of the blend due to the addition of the GA suggested that interfacial strength (adhesion)
could be improved [74,76]. The further addition of GA decreased both Ts and Ym [74,75].

Based on scientific investigations performed by Chougale et al. [76] and
Ibrahim et al. [78], their FTIR studies confirmed that due to the crosslinking and intermolec-
ular interactions caused by esterification during the heat treatment in the blend films, there
is a significant interaction between each component of their bioplastic mix. Additionally,
when compared to the transverse direction, the mechanical performance of the membranes
demonstrated an increase in the elasticity modulus in the longitudinal direction from
85 MPa to 148 MPa [78].

A particular category of polymers known as biodegradable polymers [80–93] de-
grade naturally into byproducts such as gases (CO2 and N2), water, biomass, and in-
organic salts [57] after serving their intended purpose. The abiotic and biotic compo-
nents of the biodegradation mechanism coexist naturally in the soil [2,6]. Recently, a
lot of biodegradable polymers have been created, and some known microbial enzymes
can break them down [5]. Numerous microbial communities of bacteria, fungi, and
yeasts, including but not limited to Gram-negative species, such as Escherichia coli and
Pseudomonas aeruginosa, and Gram-positive species, such as Staphylococcus aureus, can
use bioplastic as a nutrition source throughout the biodegradation process [1,3,4,55].
These include Rhizobium meliloti [5], Bacillus spp. [58], Pseudomonas spp., Aspergillus spp.,
Rhizorpous spp., Fusarium spp., Penicillium spp., Saccharomyces as yeast [59], and
Elite Aspergillus [91]. Under aerobic (composting) or anaerobic (landfill) conditions, several
petroleum-based polymers are biologically decomposable [47,94]. By combining synthetic
and natural polymers, researchers have been able to improve the processing capacity,
physicochemical characteristics, and biodegradability of synthetic polymers [1,4,6,50–53].
For various polymers, including PVA, the rates and environmental factors that influence
breakdown might vary [47,60,95–97]. Composting can take place under different condi-
tions, including anaerobic environments, underground soil layers, aqueous media, and
even in the presence of oxygen.

The aims of the present work were: (a) to invent a more reliable bioplastic membrane
that is suitable for different applications; (b) to overcome the casting, drying, and peeling
problems of the hydrophilic bioplastic (GA/PVA) blends; (c) to compare the ordinary
GA/PVA bioplastic membranes (ADBs) with those synthesized using the novel methods
in the present investigation (NDBs); and (d) to study the biodegradation behaviors of the
NDBs when buried in wet soil.

2. Materials and Methods

The management plan for the production of novel transparent NDBs is illustrated in
Figure 1.

2.1. Raw Material
2.1.1. GA

GA (~Mw: 1.827 × 106 g/mol) was harvested from the trunks and branches of
Acacia seyal trees (Figure 2(a1)) habituated at Hada Al-Sham (about 120 km apart from
Jeddah), Saudi Arabia. As shown in Figure 2A, the naturally hardened sap excreted on a
branch of an Acacia seyal tree was collected after tapping the woody tissues of the tree and
making incisions (60 cm × 5 cm). (Figure 2(a1)) and cured into crude granules (Figure 2(a2)).
The solid granules were ground using a mechanical grinding machine (Figure 2(a3)), passed
through a standard 60 mesh sieve, and retained particles of 80 mesh size (60/80 mesh)
using a vacuum-assisted sieving system (Figure 2(a4)). About 50 g of air-dried uniform GA
powder (Figure 1(a5)) was dissolved in one liter of deionized water at ambient temperature
(25 ◦C) and heated up to 80 ◦C with continuous stirring until all particles were completely
dissolved (Figure 1(a6)). Removing the insoluble components of the resultant solution
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was achieved via vacuum filtration (Figure 2(a7)) to obtain the clear GA precursor at a
concentration of 5% wt/wt (Figure 2(a8)).

Harvesting gum Arabic from Acacia senegal trees 

Grinding

Dissolving in deionized water at ambient temperature

Vacuum-filtration

Adjusting the GA concentration to be 5 %, wt/wt

Preparation of the chemical reagents precursors

GA
Steps p
1–7

PVA [Steps 2–7]

Heating the gummy-solution 

Ultra-homogenization

Step 1

Step 2

Step 3

Step 4

Step 5

Step 6

Step 7

Fabrication of the biodegradable membranes

Peeling off and rolling membranes

FTIR XRD TGA DTA AFM

Characterization of the biodegradable membranes

Dehydration of membranes

Casting blend

Figure 1. The management plan performed to study the efficiency of the novel manufacturing
processes (vibrational casting, nano-dehydration, and self-electrostatic peeling) on the quality of the
NDB membranes.
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CD
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Figure 2. Manufacturing of NDBs: (A) Harvesting and processing of the GA principle precursor:
(a1) hardened sap naturally excreted on a branch of an Acacia seyal tree; (a2) crude GA granules;
(a3) mechanical grinder; (a4) vacuum-assisted sieving system; (a5) uniform powder of crude GA;
(a6) crude solution of well-dissolved GA; (a7) vacuum-filtration device; and (a8) clear vacuum-filtered
solution. (B) PVA-modifier precursor: (b1) analytical-grade bottle; (b2) powder form; (b3) crude
solution of well-dissolved PVA; (b4) vacuum-filtration device; and (b5) clear vacuum-filtered solution;
(C) VFHF device; (D) the NDB final product.

2.1.2. PVA

PVA was used as a modifier precursor to synthesize the NDB, along with GA. PVA
used in this investigation (Figure 2B) was of ACS reagent quality (Figure 2(b1)), Mw
88,000 Da, and 88% deacetylated. About 50 g of PVA crystals (Figure 2(b2)) were dissolved
in one liter of deionized water to obtain a crude solution (Figure 2(b3)) as a result of heating
under continuous stirring at 80 ◦C until complete clearance and subsequently vacuum-
filtered (Figure 2(b4)) to obtain the clear PVA precursor at a concentration of 5% wt/wt
(Figure 2(b5)).
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2.2. Preparation of the Bioplastic Blends

The practical procedure used for the novel casting of the bioplastic blends is presented
in Figure S2. Six different bioplastic blends of GA and PVA in different ratios were prepared
by mixing their aqueous solutions (5% wt/wt each) under continuous and calm stirring
until the solution became completely homogenous (see Figure 2). It is crucial to stir slowly
and carefully to prevent the addition of too many air bubbles to the solution, which can
result in aeration defects in the final membranous product.

2.3. The Casting Platform

The practical procedure used for casting the bioplastic blends is presented at Figure S1
(see in Supplementary Materials). After mixing known concentrations of GA and PVA to
obtain a homogenous clear solution, the blend was casted on a novel platform made up
of poly-(methyl methacrylate) abbreviated as PMMA and known to be acrylic panel. We
chose this material in the current experiment as an ideal casting platform for polymers,
particularly water-based ones. This selection of PMMA was due to its non-stick surface,
which can help the bioplastic blend be peeled easily after drying and curing [57]. The
PMMA panel was irradiated using UV-waves to activate its electrostatic charges and rising
its temperature up to 50 ◦C.

As shown in Table S1 and Figures 2C and S2, the PMMA panel (180 cm in width,
2 m longitudinally, 8 mm in thickness) was fixed on the upper panel of the casting table.
Furthermore, adjacent strips of PMMA can be arranged to cover a movable belt that may
be used as a casting surface [57]. Before pouring the bioplastic blind onto the PMMA’s
substrate, vibrational forces were generated by using suitable solenoids to ease spreading
the blend in a definite velocity over the worm casting platform. After that, a mild air drying
of the molten polymeric membrane was applied in order to thicken its viscosity.

2.4. Casting the Bioplastic Blends

After obtaining complete homogeneity for the biopolymer blend, the bubble-free
ternary blend solution was poured onto a clean acrylic panel. This panel is the surficial
layer of the VFHF device (Figures 2C and S3), with a prominent frame where it is necessary
to adjust the initial thickness of the bioplastic membrane to determine its final thickness.
After that, the cast blend was allowed to dry at ambient temperature using the novel
stratified nano-dehydrator (SND) apparatus [57,98,99], as shown in Figure 3.

The novel VFHF device (Figures 2C and S2, see in Supplementary Materials) features
both the ease of casting the blend and peeling the membranes with a constant thickness
free of air bubbles. For manufacturing a NDB, the blend was poured after adjusting the
slope angle of the acrylic ground template (Figures 2C and S2) to a slight angle (about 15◦)
in order to accelerate the blended fluid movement. The slow motion of the blend protects
its matrix from forcing more bubbles inside it. After the blend reached the opposite side of
the template, the slope angle was re-adjusted to zero degrees to ensure exact horizontality
in order to obtain identical thicknesses. It is worth mentioning that the thickness of the
bioplastic sheets was controlled by two critical actions: (a) pouring a definite quantity of
blend solution onto the same template area and (b) accurate adjustment for the viscosities
of these blends [57].

In order to obtain a gentle, steady, and efficient flow for the viscous bioplastic blend,
each of the four legs of the VFHF was fixed with a vibrating magnetic solenoid (a Kendrion
OSR series shaker) that was designed with two excitation coils to generate a harmonious
vibrating movement in the blend [57]. The magnetic vibrating system (Figure S3B) consists
of a permanent magnet at the bottom, connecting the magnetic body’s two halves and
two excitation windings. The body to be vibrated, which serves as the armature, closes
the magnetic circle through an air gap. A steady pulling force between the magnetic body
and armature is produced by the permanent magnet that is integrated into the magnetic
body, biasing the system. The alternating electromagnetic field’s force effect superimposes
itself onto the permanent magnet’s force effect when an AC voltage is delivered to the
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excitation coil. The fully encapsulated bobbin and coils achieve reliable long-life service and
maintenance-free operation. In addition, OSR shaker solenoids are not susceptible to dust or
moisture when operational under rough or adverse conditions [57]. It is worth mentioning
that a permanent magnetic attachment serves to mount the OSR shaker solenoid freely and
that it is detachable from the vibrating surface. Angle mounts permanently fix the OSR
shaker solenoid to a vibrating surface. In addition, phase angle controllers were installed
separately for the fine adjustment of vibration through alternating or direct current (via
an integrated one-way rectifier), and they can be DIN-rail mounted within cabinets with
minimal space.

The three-layer dehydrant textile

The bioplastic blend

The 1st layer made of  nonwoven 

polypropylene textile

The 3rd layer made of  nonwoven 

polypropylene textile

The medium layer made of loose Egyptian cotton 

fiber floss loaded by a dehydrant

Filter filled with a dehydrant

Connection to a vacuum pump

Inlet air direction

A

B
b1 b2

Figure 3. The novel nano-dehydration technique: (A) the stratified air-dryer apparatus, and
(B) the non-woven textile of polypropylene: (b1) an optical image, and (b2) microscope image
(40×) according to Hindi and Albureikan [57].

2.5. Drying the NDBs
The Stratified Nano-Dehydrator (SND)

The most critical problem concerning the manufacturing of bioplastic sheets is their
drying process, where it is crucial to obtain high-quality products. This problem arises from
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the highly hydrophilic nature of bioplastic sheets blended with mixtures of hydrophilic GA
and PVA in different ratios.

The SND was invented to accelerate the dehydration process of bioplastic sheets [57].
As shown in Figure 3, it consists of three stratified and perforated acrylic panels (poly-
(methyl methacrylate)). These panels were arranged in a vertically alternating pattern,
with three sub-layers consisting of dehydrant-loaded fibrous materials. Each sub-layer
constitutes two non-woven polypropylene textiles, restricting an intermediate net of loos-
ened Egyptian cotton floss (ECF). All fibrous materials constructing the sub-layer are
saturated with a strong dehydrant, such as phosphorus pentoxide (P4O10), the most highly
preferred dehydrant reagent, rather than calcium chloride, magnesium sulfate, aluminum
oxide, lithium aluminum hydride, metallic sodium, or silica gel. Removing water by
P2O5 was found to be more complete, quickly, effectively, and at a faster rate than many
other dehydrants.

This cellulosic material was selected for this task due to its high content of alpha cellu-
lose, well-known for its high hydrophilicity, which is essential to attaining good affinity to
both moisture molecules as well as dehydrant crystals. The manner of loading dehydrant
onto the cellulosic fibers can be summarized as follows: (1) air-drying of cellulosic fibers
used as a core skeleton of the SND; (2) preparing dehydrant-saturated solution; (3) soaking
cellulosic fibers in the salt-saturated solution via vacuum forces to ensure complete immer-
sion and saturation of the fiber cells and penetration of the salt solution into the cell cavities,
as well as the cell wall, through the internal border pits of the cellulosic fibers; (4) discarding
excess salt solution and drying the cellulosic fibers by air-drying and finally oven-drying at
80 ◦C ± 5 ◦C for 2 h; and (5) this medium layer was inserted between the first and third
layers, which were made of non-woven polypropylene textile. The edges of the outer layers
were welded thermally due to the nature of polypropylene as a thermoplastic material.
Furthermore, the three-layer textile was reinforced upon stitching using a sewing machine.

2.6. Peeling off the Bioplastic Membranes

A self-electrostatic charged-template (SECT) made of poly-(methyl methacrylate) was
used as a casting platform, which made peeling the final product membranes easy due
to its non-stick behavior [57]. It can be used as a table cover termed an acrylic platform
(Figure 2C) or as a covering layer (by coating or adhesion) for a movable belt to give
production continuity.

The resulting transparent bioplastic sheet (Figure 2D) was peeled slowly and accurately
away from the PMMA platform, rolled, and stored under dry circumstances until used.

2.7. Characterization of the Bioplastic Membranes

The values of the different physical and chemical properties of the bioplastic sheets
were calculated as presented in Table 1.

Table 1. Arithmetic formulas for calculating different chemical and physical properties of the
bioplastic sheets.

Equation Definitions

1 CI = (App/At) × 100 App: Total planar area (mm2) of the XRD’s diffractogram.
At: The planar area (mm2) of the principle peaks arises around 2θ◦ of 20◦.

2 ML = [(W2 − W1)/W1] × 100

Wi: Initial weight of the bioplastic sample at a temperature zone, estimated from the
TGA curves.
Wf: Final weight of the bioplastic sample at the same temperature zone, estimated from
the TGA curves.
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Table 1. Cont.

Equation Definitions

3 TR = Ti − Tf
Ti: Initial temperature of a certain thermogram.
Tf: Final temperature of the same thermogram.

4 EC = Ef − Ei
Ef: Initial enthalpy of a certain thermogram.
Ei: Final enthalpy of the same thermogram.

5 TS = Ff/A
6 MoE = σ/ε
7 ε = [ΔL/Lo] = [(Lf − L�)/L�]
8 EaF = ΔLf = [(Lf − L�)/L�] × 100

Ff: Force at failure in Newton (N).

A: Cross-section area (m2) of the bioplastic sample.

σ: Tensile stress (Pa).

Lf: The length of the bioplastic sample at failure.

L�: The initial length of the bioplastic sample at failure.

9 Tan (θn
◦) = (y2 − y1)/(x2 − x1)

y = mx + C
m = Tan (θn

◦)

θ◦: The incline angle (θ) in degrees of the hourly duplication (HD) curve for microbial
populations.
x1: The 1st incubation period (hr.) for the HD curve.
x2: The 2nd incubation period (hr.) for the HD curve.
y1: The initial HD of the colony-forming units (CFUs) in mega units (MCFU).
y2: The final HD of the colony-forming units (CFUs) in mega units (MCFU).
m: The slope of the curve
C: The intersecting section of the y-coordinate for the HD’s curve.

1 Crystallinity index (%),2 Mass loss of the bioplastic membrane (g), 3 Temperature range (◦C), 4 Enthalpy change
(μV/mg), 5 Tensile strength (MPa), 6 Modulus of elasticity (GPa), 7 Tensile strain, 8 Elongation at failure (%),
9 Slope of the HD-curve.

2.7.1. FTIR

Using a Bruker Tensor 37 FTIR spectrophotometer, the chemical constituents and
functional groups of the six bioplastic membranous samples were investigated. The samples
were combined with KBr at a ratio of 1:200 wt/wt and compressed under vacuum to form
pellets after being oven-dried at 100 ◦C for 4–5 h. The materials’ FTIR spectra were captured
between 400 and 500 cm−1 in transmittance mode.

2.7.2. X-ray Diffraction (XRD)

An XRD 7000 Shimadzu diffractometer (Kyoto, Japan) was used to determine the XRD
spectra of the six bioplastic sheets. An anode generator, a copper target, and a wide-angle
powder goniometer are all parts of the system. Measurements were performed with the aid
of CuK radiation arising at 30 kV and 30 mA. The Kα1 (0.15406 nm) and Kα2 (0.15444 nm)
components of the CuK radiation are present in the resulting XRD data.

A single-channel analyzer was used to extract the data resulting from the semiconduc-
tor detector. The reception slit was 0.15 mm at the same radius, and the divergence and
scatter slits were each 10 m wide. Several droplets of diluted amorphous glue were used to
mount dried bioplastic sheets (weighing around 0.5 g) onto a quartz platform. Each sample
was scanned in the 2θ◦ range between 5◦ and 40◦. Every experiment was run in reflection
mode, with increments of 0.05◦ and a scan speed of 4◦/min [57,98].

The crystallinity index (CI) was computed by dividing the diffractogram area of
crystalline cellulose by the entire area of the original diffractogram after smoothing the
resulting crystalline peaks from the diffraction intensity profiles. Using Microsoft Excel
(USA), the area under the curve was calculated by adding adjacent trapezoids [98–103].

2.7.3. Thermal Analysis

Since DTA typically complements TGA with information on phase transitions [93], the
TGA and DTA of each blend were conducted simultaneously. These characterizations were
carried out for TGA and DTA for all six bioplastic blends [57,98,99,101] using a Seiko and
Star 6300 analyzer, Central Laboratory, Faculty of Science, Alexandria University, Egypt.
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Using a heating rate of 20 ◦C/min under a nitrogen atmosphere, heating scans were
carried out from 30 ◦C up to the final maximum temperature of 450 ◦C [57,98,101].

Determination of the NDB mass loss estimated from the TGA curves was achieved as
illustrated in Table 1.

2.7.4. Surface Topography (ST)

Atomic force microscopy (AFM) was used to examine the surfaces of the six NDBs in
order to observe the full 3D membranous surface structures down to the nanometric scale.
Four distinct characteristics of the NDB were revealed by AFM [57,98]: surface roughness
(SR), nanometric particle size (NPS), pore diameter (PD), and void volume (VV).

2.8. Mechanical Properties of the Bioplastic Membranes

The stress–strain behavior of the six bioplastic membranes, else ADB NDB, was
measured using The Instron universal testing machine, model 1193, Instron Co., Ltd.,
London, UK, with a 200 N-load cell according to the ASTM D–882 standard test, 1989. The
bioplastic membrane samples were rectangular-shaped (2.5 × 10 cm) for each of the ADBs
and NDBs membranes. The device with two metallic grips was installed to hold the test
sample at both ends. The starting grip separation for all samples was 50 mm, and the upper
grip was extended at a constant rate of 50 mm per minute while the lower grip remained
stationary. An automatic speed controller was fitted to the electrically powered machine to
maintain the upper grip’s speed. The ambient temperature was used for all measurements.
From the plot of stress–strain curves, the UTS, MoE, and EaB for each film were estimated,
as illustrated in Table 1.

The mechanical properties, namely, ultimate tensile strength (UTS) in MPa, modulus
of elasticity (MoE) in MPa, and elongation at failure (EaF) as a percentage, were calculated.

2.8.1. Ultimate Tensile Strength (UTS)

The UTS shows the film’s maximum allowable tensile stress [74–76]. The UTS property
of the bioplastic sample was calculated by dividing the maximum load causing the film
failure by the cross-sectional area of the film, as explained in Table 1 [74–76].

2.8.2. Modulus of Elasticity (MoE)

The membrane’s MoE is a reliable indicator of its stiffness [74–76]. The MoE was
computed by dividing the length of the membrane sample at yield by the stress at yield, as
expressed in Table 1.

2.8.3. Elongation at Failure (EaF)

The EaF was calculated by dividing the elongation at failure of the sample by the
initial gauge length, as shown in Table 1 [74–76].

2.9. Microbial Biodegradation

Microbial biodegradation was assessed to investigate the microbes’ capacity to break
down the buildup of bioplastic in soil. Upon calculating the percentage of biodegradation
(weight loss), counting the microbe population isolated from the surfaces of bioplastic
sheets, and evaluating the various morphological changes in these surfaces as a result of
degradation, it was possible to determine the amount of biodegradation [98,99].

The soil was collected from the Agricultural Research Station (ARS) of King Abdullaziz
University’s Faculty of Environmental Sciences in Hada Al–Sham and was used to bury
the bioplastic samples. The location is situated 240 m above sea level, around 120 km
to the northwest of Jeddah (N = 21◦48′3′′, E = 39◦43′25′′). The pH of the soil at the site
ranged from 7.1 to 7.9, along with low levels of CaCO3, organic matter, and cation exchange
capability [104,105].
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2.9.1. Sample Preparation and Soil Burial Studies

The various bioplastic sheets were shredded into 2 cm × 2 cm pieces and buried 10 cm
deep in 100-g wet soil boxes. Before being buried in the ground, each bioplastic piece was
weighed (0.040–0.038 g). By adding sterile water to the soil samples to counteract water
evaporation, the moisture content of the soil samples was kept constant [98].

Each sample box had a hole at the bottom for the excess water to drain through. After
30 and 60 days, soil samples were carefully removed, and the weight loss was calculated in
order to separate, count, and compare the microbial community, as well as speculate on
microbial morphology changes as a result of degradation [98,99,106].

2.9.2. Isolation and Counting of Microbial Communities

About 95 mL of sodium pyrophosphate solution at 0.1% wt/v was used to suspend
one gram of soil collected from the surface of the bioplastic sheets from each sample.
The samples were left to stand for 30 min. Then, using the serial dilution method, the
supernatant was divided among six tubes, and one milliliter (mL) of each dilution was
plated on nutrient agar medium, NA (Oxoid), for the isolation of bacteria, while potato
dextrose agar medium, PDA (Oxoid), was used for isolation of fungi.

Finally, in order to determine the colony-forming units (CFUs), plates were incubated
at 30 ◦C and pH 7 for 720 h (for bacteria) and at 25 ◦C and pH 5 for 1440 h (for fungi).
Based on their cultural and physical characteristics, microorganisms were separated and
identified using conventional assays [1,57,98,99].

2.10. Statistical Design and Analysis

Various properties of the six bioplastic membranes synthesized from the aqueous solu-
tions of GA and PVA were assessed using a randomized complete block design. According
to El–Nakhlawy [107], a statistical analysis of the obtained data was carried out using the
analysis of variance approach and the least significant difference test (LSD) at 0.05.

3. Results

3.1. Chemical and Physical Properties of the Bioplastic Membranes
3.1.1. FTIR

FTIR spectroscopy was used to determine the chemical functionality of the bioplastic
sheets (the nanodehydrated membranes (NDMs), as illustrated in Figure 4. The spectra
of the resulting NDBs exhibited chemical group absorption bands that were typical of
the gummy products made from both GA and PVA in different ratios. The absorption
bands spanned an area between 500 and 4000 cm−1. Several chemical groups were pre-
cisely found at the following wavenumbers: 900–1250, 1426, 1402, 1625.4, 1627.4, 1430,
1436.91, 1437, 1641, 1047, 2800–3000, 2885, 2910.87, 2939, 3000, 3261, 3416, 3000, and
3600 cm−1 [57,98,99,101,108–111].

(%
)

Figure 4. FTIR spectra of the six transparent nanodehydrated bioplastic (NDB) membranes over the
wavenumber range of 4000 to 500 cm−1, fabricated from various gum Arabic (GA)/polyvinyl alcohol
(PVA) blends.

333



Polymers 2023, 15, 3303

3.1.2. XRD

Figure 5 displays the XRD patterns of the six bioplastic membranes. The maximum
intensity of the GA-broad diffractogram was obtained at 2θ = 20◦, which confirms the
amorphous nature of the gum Arabic [13]. Moreover, a typical peak for pure PVA, a semi-
crystalline polymer, was visible at 2θ◦ = 19.9◦. With the increase in PVA allocation in the
blend, the crystallinity index values increased (Figure 5).

2 12 22 32 42 52 62 72

GA = 100 %
[CI = 19.4 %]
GA/PVA = 1:0.25

[CI = 24.17 %]
GA/PVA = 1:0.5

[CI = 27.8 %]
GA/PVA = 1:0.75

[CI = 30.16 %]
GA/PVA = 1:1
[CI = 33.1 %]
PVA = 100 %
[CI = 54.81 %]

Figure 5. XRD diffractogram spectra of the six transparent nanodehydrated bioplastic (NDB)
membranes over a wavenumber range of 4000 to 500 cm−1, fabricated from various gum Arabic
(GA)/polyvinyl alcohol (PVA) blends, showing the crystallinity index (CI) values.

As demonstrated in Figure 5, the CI values of the NDBs were found to increase from
19.4% (for pure GA) to 54.81% (for pure PVA). Accordingly, it is clear that the increase in CI
of the bioplastic blends can be attributed to an increase in the PVA allocation in the blend.

3.1.3. TGA

The TGA results are presented in Figure 6 and in Tables 2 and S2. The mass losses
of the six NDBS samples were focused on eight temperature regions, namely, 50–100 ◦C,
100–150 ◦C, 150–200 ◦C, 200–250 ◦C, 250–300 ◦C, 300–350 ◦C, 350–400 ◦C, and 400–450 ◦C
(Tables 2 and S2; Figure 6).

50 100 150 200 250 300 350 400 450

GA = 100%

GA/PVA = 1:0.25

GA/PVA = 1:0.5

GA/PVA = 1:0.75
GA/PVA = 1:1

PVA = 100%

Figure 6. Thermogravimetric analysis (TGA) thermogram spectra of the six bioplastic membranes
(NDBs) in the wavenumber range of 4000 to 500 cm−1, fabricated from various gum Arabic
(GA)/polyvinyl alcohol (PVA) blends.
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Table 2. Mean 1–7 values of mass loss (ML) of the six transparent nanodehydrated bioplastic (NDB)
membranes over a wavenumber range of 4000 to 500 cm−1, fabricated from various gum Arabic
(GA)/polyvinyl alcohol (PVA) blends over different ratios and temperature (T) zones.

T-Zones
◦C

GA/PVA Ratio

GA
100%

1:0.25 1:0.5 1:0.75 1:1
PVA
100%

50◦–100◦ 13.68 A
d 4.57 B

g 4.85 B
e 5.02 B

ef 5.23 B
ef 5.69 B

f
100◦–150◦ 11.11 A

e 6.32 AB
f 6.37 AB

e 6.93 AB
e 6.47 AB

ef 8.98 B
ef

150◦–200◦ 4.18 BC
g 4.88 BC

g 6.46 B
e 4.26 BC

ef 3.23 C
f 8.07 A

ef
00◦–250◦ 6.96 B

f 8.18 A
e 6.18 B

e 3.7 C
f 5.71 B

ef 3.9 C
g

250◦–300◦ 7.48 C
f 14.9 A

d 7.36 C
e 10.77 AB

d 11.62 B
d 10.15 AB

e
300◦–350◦ 22.2 B

b 12.62 E
de 15.93 D

d 22.41 B
c 28.57 A

c 18.08 C
d

350◦–400◦ 18.2 E
b 21.13 D

b 26.32 C
b 33.3 B

b 34.4 B
b 44.14 A

c
400◦–450◦ 28.6 D

a 27.68 D
a 41.43 C

a 39.17 BC
a 46.34 B

a 79.0 A
a

450◦–500◦ 15.6 E
c 18.52 D

c 21.95 CD
c 24.66 C

c 45.5 B
a 58.8 A

b
1 Each value is an average of 3 samples. 2 Based on the original oven-dry weight. 3 Superscript capital letters for
comparing blend ratios within the same temperature zone. 4 Subscript small letters for comparing temperature
zones within the same blend ratio. 5 Means with the same letter are not significantly different at the 5% level.
6 Initial starting weight of the NDBs sample. 7 Final starting weight of the NDB sample.

The thermal degradation of the samples increased with rising temperatures for all
six bioplastic blends, according to a comparison of mass losses between temperature zones
(at the same bioplastic blend ratio).

Comparing the mass losses within the temperature zone meant studying the dif-
ferences between bioplastic blend ratios in the same temperature zone. It is clear from
Table 2 and Table S2 and from Figure 6 that at lower temperatures (≤150 ◦C), PVA lost
more weight (5.69% and 8.98% for 50–100 ◦C and 100–150 ◦C zones, respectively) than
GA (13.68% and 11.11%) in the same temperature zones. On the other hand, at higher
temperatures, this trend was reversed, whereby PVA lost more weight (79.01% and 58.8%
for the 400–500 ◦C and 450–500 ◦C zones, respectively) than GA (28.6% and 15.6% for the
same zones, respectively).

3.1.4. DTA

The DTA analysis findings of the six nanodehydrated NDBs are presented in Figure 7
and Table 3.

25 125 225 325 425

DT
A,

 μ
Vs

/m
g

Temperature (°C)

Figure 7. Thermograms of differential thermal analysis (DTA) of the six nanodehydrated bioplastic
(NDB) membranes over a wavenumber range of 4000 to 500 cm−1, fabricated from various gum
Arabic (GA)/polyvinyl alcohol (PVA) blends.
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Table 3. DTA results of the six transparent nanodehydrated bioplastic (NDB) membranes in the
wavenumber range of 4000 to 500 cm−1, fabricated from various gum Arabic (GA)/polyvinyl
alcohol (PVA) blends: points of reaction, thermogram type, temperature range (TR), and enthalpy
change (EC).

Points of
Reaction

GA/PVA
Ratio

Thermogram
Type

TR
◦C

EC
μVs/mg

a GA = 100% Endotherm
Exotherm

25–265
265–435

−1017.25
+52.39

b 1:0.25 Endotherm 25–475 −2268.77

c 1.0.5 Endotherm
Exotherm

25–397
397–480

−1127.7
−16.67

d 1:0.75 Endotherm
Exotherm

25–375
375–475

−1276.04
−20.89

e 1:1 Endotherm 25–475 −1467.19

f PVA = 100% Endotherm 25–475 −2119.72

Examining Figure 7 and Table 3, the NDB thermograms were found to be divided
into two sets representing the bioplastic blends, namely, the single-phase and double-
phase thermograms. The single-phase thermogram is composed of one endothermal
phase, namely, curve ‘b’ (GA/PVA of 1:0.25), curve ‘e’ (GA/PVA of 1:1), and curve ‘f’
(PVA = 100%). On the other hand, the double-phase thermogram is differentiated into two
distinct regions (endothermic and exothermic), namely, curve ‘a’ (GA = 100%), curve ‘c’
(GA/PVA of 1:0.5), and curve ‘d’ (GA/PVA of 1:0.75).

For more information, see Table 3. It is evident that the temperature ranges of each
thermogram and the absolute values of the heat change (HC) values for the endotherms
(16 Vs/mg–52.4 Vs/mg) were larger than those for the exotherms. Additionally, among the
other bioplastic blends, the pure PVA endotherm absorbed the most energy (2119.7 Vs/mg),
but GA had the lowest value of heat change (−1017.3 Vs/mg).

3.2. Ultrastructure of the Bioplastic Membrane
3.2.1. Surface Roughness (SR) and Particle Size (PS)

In order to confirm the similarity between the ultrastructure features of ADBs and
NDBs, the RS was investigated via atomic force microscopy (AFM) and is presented in
Figure 8 for each of the six bioplastic blends. For clear, the GA/PVA blends’ membranes
dried by air are presented in Figure 8(a1–f1), while those for the NDBs are found in
Figure 8(a2–f2). Since the nanometric PS is known to be intimately related to the SR, its
data shown in Table 4 and Figure 9a are useful to shed an excess of light over the SR of the
bioplastic membranes.

Paying attention to the AFM’s images (Figure 8) revealed to that the RS was increased
from the 1st blend ratio (GA = 100 %) until reaching the 6th blend ratio (PVA = 100 %).
This finding can be attributed to the higher PS value of the PVA comparing to that for the
pure GA as clear when speculating the gradual increasing of the PS values along with the
six bioplastic blends. However, this trend was found to be similar for the ADBs and NDBs.

Regarding to the PS’ results, see Table 4, statistical comparisons were performed
between the membranes (ADEs and NDBs) as well as within the membranes (between the
GA/PVA blends, namely, 1/0, 1/0.25, 1/0.5, 1/0.75, 1/1, and 0/1). Comparing membranes,
there was no statistical difference between the ADBs and NDBs concerning their particle
size (13.57 and 14.77 nm, respectively). On the other hand, comparing the blend ratios
within the membrane (Table 4, Figures 8(a1,a2) and 9a) revealed that the GA membrane
(GA = 100%) had the lowest PS for each of the means (13.57 nm), with a maximum value
(55.44 nm). Furthermore, PVA sheets had the highest PS values (20.34 and 89.75 nm for the
mean and maximum values, respectively). In between, increasing the PVA concentration
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in the bioplastic blends increased the PS gradually (Table 4 and Figure 8(f1,f2) as well as
Figure 9a).

Figure 8. AFM images of surface roughness of the bioplastic membranes blended from gum Arabic
(GA) and/or polyvinyl alcohol (PVA) precursors in different ratios: (a1–f1) air-dried membrane (ADB)
and (a2–f2) nanodehydrated bioplastic membrane (NDB).
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Table 4. Statistical parameters (SPs) of the ultrastructural features of the bioplastic membranes.

GA/PVA
Ratio

GA
Amount

%

PVA
Amount

%
SPs

Particle Size
nm

Permeability

Pore Diameter
nm

Void Volume
nm3

ADB NDB ADB NDB ADB NDB

1/0 0 100
Mean 1,2 13.57 14.77 0.91 0.953 83.24 84.29
Max. 3 55.44 56.68 3.905 3.948 1397.9 1398.91
Min. 4 4.24 5.49 0.002 0.045 0.007 1.057
SD 5 7.66 7.66 0.904 0.904 160.68 160.68

1:0.25 20 80
Mean 1,2 14.17 15.42 0.553 0.606 105.74 106.74
Max. 2,3 76.94 78.19 3.54 3.593 1374.8 1375.47
Min. 2,4 4.24 5.49 0.001 0.055 0.005 1.008

SD 8.93 8.93 0.457 0.457 156.17 156.17

1:0.5 66.7 33.3
Mean 1,2 15.15 16.4 0.608 0.671 120.66 121.87
Max. 2,3 67.01 68.26 2.38 2.443 8009 8010.22
Min. 2,4 4.24 5.49 0.001 0.064 0.002 1.219

SD 5 8.51 8.51 0.469 0.469 309.6 309.6

1:0.75 57.1 42.9
Mean 1,2 17.01 18.07 0.714 0.788 226.98 228.18
Max. 2,3 72.32 73.38 3.608 3.683 8411.8 8412.98
Min. 2,4 4.24 5.3 0.007 0.082 0.007 1.215

SD 5 9.26 9.26 0.615 0.615 631.41 631.41

1:1 50 50
Mean 1,2 18.42 19.58 1.145 1.23 460.18 461.5
Max. 2,3 89.75 90.91 4.75 4.839 8411.8 8413.1
Min. 2,4 4.24 5.4 0.019 0.093 0.007 1.34

SD 5 12.69 12.69 2.342 1.002 1062.04 1062.04

0/1 100 0
Mean 1,2 20.34 21.35 1.485 1.58 548.95 552.41
Max. 2,3 89.75 90.76 14.851 14.946 9315 9318.46
Min. 2,4 4.24 5.25 0.019 0.114 0.001 3.46

SD 5 14.58 14.58 2.342 2.342 1198.36 1198.36

1 Mean of the population members. 2 The number of observations is 1000 individuals. 3 Max. is the maximum
value. 4 Min. is the minimum value. 5 SD are standard deviation values present within the parentheses.
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Figure 9. Ultrastructure features of the air-dried membrane (ADB) and the nano-dehydrated-
bioplastic membrane (NDB): (a) particle size, (b) pore diameter, and (c) void volume as affected by
different allocations of GA and PVA (GA/PVA blends).
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3.2.2. Pore Diameter (PD) and Void Volume (VV) of the NDB Membranes

Data produced for PD are presented in Table 4 and Figures 9b, 10 and S4, while Table 4
and Figure 9c represent the VV’s results. The same ascending trend was noticed for both
PD and VV regarding their influence, with an increase in the PVA allocation in the ADBs
as well as the NDBs. The PD of the ADB increased from 0.91 nm to 1.485 nm for the
GA/PVA ratios of 1/0 and 0/1, respectively. In addition, the VV of the ADB increased
from 83.24 nm3 to 548.95 nm3 for the GA/PVA ratios of 1/0 and 0/1, respectively.

GA/PVA = 1:0
a

e f

100 nm

Y-
ra

ng
e:

 5
00

 n
m

Z-range: 13.03 nm

X-range: 500 nm

41
0

66
0

182

4

–970
X 500

–720 –470

5

2.5

0

–

–5

Y-
ra

ng
e:

 5
00

 n
m

–
–

12
7 Z: 13.03 nm

– 34.8 285 536285
X-range: 500 nm

12
7

GA/PVA = 1:0.25

–4

–2

0

2

4

Y-
ra

ng
e:

 5
00

 n
m

75
.6

32
6

57
6

g
Z-range: 10.29 nm

182
X-range: 500 nm

–67.9

91
0

g
Z-range: 53.7 nm

6
57

6

GA/PVA =

–5

–

2.5

0

GA/PVA =
d

X-range: 500 nm

g
Z-range: 22.34 nm

gg
Z-range: 38.15 nm

X-range: 500 nm

X-range: 2 μm

Y-
ra

ng
e:

 5
00

 n
m

–250 2500–2

–2
50

25
0

0

–

–

–8

–4

0

GA/PVA =

Y-
ra

ng
e:

 2
 μ

m

–2.93
g

2
–1.93 –0.93

–

–

–

0

10

100 nm

100 nm

–1
.9

6
–0

.9
58

–0
.0

41
9

GA/PVA = 0:1

Y-
ra

ng
e:

 2
 μ

m

X-range: 2 μm

100 nm

5 μm 5 μm

ra
ng 0

0
–11

–1 1

G
1

–

–

0

10

27

b

Figure 10. Permeability of the nanodehydrated bioplastic membranes blended from gum Arabic
(GA) and polyvinyl alcohol (PVA) precursors in different ratios of GA/PVA: (a) 1/0, (b) 1:0.25,
(c) 1:0.5, (d) 1:1.75, (e) 1:1, and (f) 0/1, respectively (AFM images).
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In addition, there was no statistical difference between ADBs and NDBs in their PS,
PD, and VV; consequently, there is no evidence that the novel procedures used in the
bioplastic membrane preparation alter their parent ultrastructure.

3.3. Mechanical Properties of the Bioplastic Membranes

The results of the mechanical investigation of gum Arabic/poly (vinyl alcohol)/blend
films were presented in Figures 11–14. Stress–strain curves of the six bioplastic membranes
fabricated from GA and PVA are shown in Table 5 and Figure 11. For more specification,
ultimate tensile strength (UTS), modulus of elasticity (MoE), and elongation at failure
(EaF) are clear in Figures 12–14, respectively. Concerning Figure 11, it is worth mentioning
that the disappearance of air bubbles in the bioplastic membranes as well as their clear
transparency suggested the compatibility of the well-blended components [76] and conse-
quently enhanced their mechanical properties. Simplifying illustration of the Figure 11, it
presents the stress in mega Pascal units that affects the rheological endurance of each of the
six bioplastic membranes expressed by the strain properties of the six blends. It is worth of
mentioning that the mechanical relationship between stress and strain was determined for
each of the ADB and NDB membranes.
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Figure 11. Stress–strain graphs of the six bioplastic membranes fabricated from gum Arabic (GA) and
polyvinyl alcohol (PVA) with different ratios for each of the air-dried (ADB) and nanodehydrated
(NDB) membranes showing proportionality limit (PL) and ultimate stres (US).
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Table 5. Proportionality limit (PL) and ultimate stress (US) of the six blends for each of the air-dried
(ADB) and nanodehydrated (NDB) membranes.

GA/PVA
Ratio

GA
Amount

%

PVA
Amount

%

Stress
Type

ADB NDB
Stress
MPa

Strain
Stress
MPa

Strain

1/0 0 100
PL 8.1 29.69 11.34 37.42
US 20.42 145.24 21.42 145.25

1:0.25 20 80
PL 14.24 41.22 17.61 39.73
US 28.91 319.13 31.05 300.9

1:0.5 66.7 33.3
PL 8.92 46.47 9.56 50.56
US 18.84 249.5 20.64 264.98

1:0.75 57.1 42.9
PL 7.15 48.4 10.04 56.3
US 15.92 269.39 19.7 284.39

1:1 50 50
PL 4.92 38.41 4.92 38.41
US 11.86 297.99 12.33 310.55

0/1 100 0
PL 12.03 65.26 15.3 72.61
US 21.64 227.09 25.47 264.91

As clear from Table 5 and Figure 11, the plotted stress-strain curves for the six blended
membranes were differed concerning to their proportionality limit (PL) and ultimate
strength (US). Regarding to sub-graphs of the bioplastic membranes in Figure 11a–f, both
ADB (the red curve) and NDB (the blue curve) are similar in their ascending trend starting
from the PL level up to the US. This behavior means that each membrane, else ADB or
NDB was stressed through two stages: (1) in the 1st one, the stress was increased from zero
up to the PL level, and (2) through the 2nd stage, each membrane transitioned from elastic
to plastic nature as the load was increased from the PL up to the maximum load resulting
the US stage.

Regarding to sub-graphs of the bioplastic membranes in Figure 11a–f, both ADB (the
red curve) and NDB (the blue curve) are similar in their ascending trend starting from
the PL level up to the US. This behavior means that each membrane, else ADB or NDB
was stressed through two stages: (1) in the 1st one, the stress was increased from zero
up to the PL level, (2) through the 2nd stage, each membrane transitioned from elastic to
plastic nature as the load was increased from the PL up to the maximum load resulting the
US stage.

Regarding to proportionality limit (PL) of the bioplastic membranes, it is higher for
the NDB than that for the ADB for all the six blend ratios. This indicates that the NDB
membranes has higher elasticity endurance compared to their analogous membranes.

3.3.1. Ultimate Tensile Strength (UTS)

The observed curves of the UTS for the six polymeric blend membranes are presented
in Figure 12.

The bioplastic membrane with the blend ratio of GA/PVA = 1:0.25 was found to have
the highest UTS values (14.05 MPa and 15.44 MPa for ADB and NDB, respectively). It can
also be seen from Figure 12 that the GA had a higher UTS’ mean value than that for PVA
(8.62 MPa and 8.74 MPa for ADB and NDB, respectively).

For more illustration, tensile stress increased as the GA content decreased from
GA=100 % which has no PVA content (10.17 MPa, 10.75 MPa for ADB and NDB, re-
spectively) up to the membrane with GA/PVA = 1:0.25 (14.05 MPa, 15.44 MPa for ADB and
NDB, respectively). After that, the UTS decreased gradually with the consequent decrease
in GA, thus increasing the PVA allocations in the bioplastic blend. Moreover, no significant
difference was detected between the bioplastic membranes dehydrated by ordinary and
nano-techniques (ADB and NDB) for all six bioplastic blends (Figure 12).
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Figure 12. Ultimate tensile strength (UTS) of the six bioplastic membranes fabricated from gum
Arabic (GA) and polyvinyl alcohol (PVA) with different ratios for each of the air-dried and
nanodehydrated membranes.

3.3.2. Modulus of Elasticity (MoE)

Regarding the MoE graph presented in Figure 13 for the six bioplastic blends, the
blend ratio of GA/PVA = 1:0.25 had the highest MoE values (14.05 MPa and 15.44 MPa for
ADB and NDB, respectively). Moreover, GA was slightly higher in its MoE mean value
than that for PVA (19.14 MPa and 17.79 MPa for ADB and NDB, respectively).

Also from Figure 13, it is worth mentioning that both graphs of ADB and NDB are
similar in their trend concerning to the MoE curve, in which they increase with decreasing
GA’s and increasing PVA’s allocation in the blend up to the blend ratio of 1:0.25. For
more illustration, the mean value of the MoE was increased from the GA, 100%, and zero-
allocation of PVA (20.31 MPa and 20.77 MPa for ADB and NDB, respectively) up to the
membrane with GA/PVA = 1:0.25. After that, the UTS was decreased by decreasing the GA
and increasing the PVA allocations in the bioplastic blend. Moreover, MoEs’ mean values
were found to be statistically similar concerning the bioplastic membranes dehydrated by
ordinary and nano-techniques (ADB and NDB) for all six bioplastic blends (Figure 13).
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Figure 13. Modulus of elasticity (MoE) of the six bioplastic membranes fabricated from gum Arabic
(GA) and polyvinyl alcohol (PVA) with different ratios for air-dried (ADB) and nanodehydrated
membranes (NDB).
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3.3.3. Elongation at Failure (EaF)

The EaF data presented in Figure 14 indicates that adding PVA amounts to the bio-
plastic blends shows a significant increase in the EaF of the produced membranes for the
GA/PVA’s blinding ratios of 1:0.25, 1:0.5, 1:0.75, and 1:1. In addition, it can also be seen
from Figure 14 that the PVA had higher EaF’s mean values (227.09% and 237.91%, for
ADB and NDB, respectively) than those for GA (144.04% and 145.25%, for ADB and NDB,
respectively). Moreover, there are no significant differences in the UTS belonging to the
bioplastic membranes dried by means of ordinary and nano-dehydration methods (ADB
and NDB) for all six bioplastic blends (Figure 14).
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Figure 14. The percentage of elongation at failure (EaF) of the six bioplastic membranes fabricated
from gum Arabic (GA) and polyvinyl alcohol (PVA) with different ratios for each of the air-dried
(ADB) and nanodehydrated (NDB) membranes.

3.4. Bacterial and Fungal Biodegradation

The microbial communities for the initial soil samples as well as the buried bio-
plastic sheets were found to be different in number and species (Table 6). Depend-
ing on the type of buried membrane, different types of bacteria and fungi were found.
Pseudomonas spp. [112,113], Bacillus spp. [58,112,113], Aspergillus spp. [114], and
Penicillium spp. [112,115] were the predominant species for the buried PVA.
Bacillus spp. [59], Pseudomonas spp., Aspergillus spp., Rhizorpous spp., Fusarium spp.,
Penicillium spp., and yeast Saccharomyces [59] were additional important species for the
buried GA.

Moreover, the (GA/PVA = 1:1) bioplastic blend’s microbial populations included
Bacillus spp. [58,116], Pseudomonas spp., Aspergillus spp., Rhizorpous spp., Fusarium spp.,
and Penicillium spp. In addition, more fungal species than bacteria were found, which is
consistent with the findings of Hindi et al. [98], who discovered that fungal isolates had a
higher ability to use the sheets as growth substrates than bacteria.

Table 6 contains information about the colony-forming units (CFUs) of different mi-
crobial species. The total counts of bacteria, fungus, and yeast were determined to be
2.28 × 105 and 1.88 × 103 CFU/mL, respectively, in the first soil sample, and they were
higher than those for GA and PVA (Table 5). After 30 and 60 days, pure GA (100%) had a
higher CFU than pure PVA (100%). The CFU values measured after 30 and 60 days for each
of the six bioplastic sheets showed no discernible differences.

In addition, increasing colony-forming units (CFUs) over a defined period mea-
sured in hours was termed as hourly duplication (HD) of the CFU and was presented
in Figures 15 and 16 for bacteria and fungi, respectively. For the prediction of the HD’s
values within the determined incubation periods, functional formulas were mathematically
derived to reach this target, which is presented in Table 7.
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Table 6. Colony-forming units (CFUs) of microbial populations for bacterial and fungal species in
the buried NDBs blended from gum Arabic (GA) and polyvinyl alcohol (PVA) in different ratios for
soil burying.

AG/PVA
Ratio

After 30 Days After 60 Days

Bacteria
CFU/mL

Fungi
CFU/mL

Bacteria
CFU/mL

Fungi
CFU/mL

GA = 100% 2.8 × 106
1 [0.032]

1.77 × 103

[0.008]
6.69 × 106

[0.086]
4.32 × 103

[0.077]

1:0.25 2.6 × 106

[0.07]
1.8 × 103

[0.042]
5.86 × 106

[0.074]
3.8 × 103

[0.093]

1:0.5 2.52 × 106

[0.028]
1.88 × 103

[0.094]
5.7 × 106

[0.064]
4.21 × 103

[0.086]

1:0.75 2.5 × 106

[0.031]
1.93 × 103

[0.095]
5.67 × 106

[0.095]
4.02 × 103

[0.086]

1:1 2.17 × 106

[0.088]
1.9 × 103

[0.012]
6.14 × 106

[0.088]
3.79 × 103

[0.044]

PVA = 100% 1.93 × 106

[0.008]
2.1 × 103

[0.083]
6.12 × 106

[0.093]
4.83 × 103

[0.046]

Soil control sample

Bacteria: 2.28 × 105 CFU/mL
[0.058]

Fungi: 1.28 × 103 CFU/mL
[0.022]

1 Values within parentheses are standard deviations.

Figure 15. Hourly duplication (HD) in colony-forming units (CFUs) of the bacterial population in the
buried NDBs blended from gum Arabic (GA) and polyvinyl alcohol (PVA) in different ratios.

Figure 16. Hourly duplication (HD) in colony-forming units (CFUs) of fungi populations in the
buried NDBs blended from gum Arabic (GA) and polyvinyl alcohol (PVA) in different ratios.
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Table 7. Functional relationships between the incubation period (IP) as an independent variable (x)
and hourly duplication (HD) as a dependent variable (y) of bacteria and fungi populations in the
buried NDBs blended from gum Arabic (GA) and polyvinyl alcohol (PVA) in different ratios.

Microbial
Type

AG/PVA
Ratio

HD-Equation

1 IA
The 1st Stage

(0–720 h)
IAS

The 2nd Stage
(720–1400 h)

Bacteria

GA = 100% θ1
◦ y = 3572.2x + 228 × 103 θ2

◦ y = 8975x + 228 × 103

1:0.25 θ3
◦ y = 3294.4x + 228 × 103 θ4

◦ y = 7822.2x + 228 × 103

1:0.5 θ5
◦ y = 3183.3x + 228 × 103 θ6

◦ y = 7600x + 228 × 103

1:0.75 θ7
◦ y = 3155.56x + 228 × 103 θ8

◦ y = 7558.3x + 228 × 103

1:1 θ9
◦ y = 2697.2x + 228 × 103 θ10

◦ y = 7100x + 228 × 103

PVA = 100% θ11
◦ y = 2363.89x + 228 × 103 θ12

◦ y = 6794.4x + 228 × 103

Fungi

GA = 100% θ13
◦ y = 0.8194x + 1.28 × 103 θ14

◦ y = 3.2361x + 1.87 × 103

1:0.25 θ15
◦ y = 0.7222x + 1.28 × 103 θ16

◦ y = 3.3333x + 1.8 × 103

1:0.5 θ17
◦ y = 0.8333x + 1.28 × 103 θ18

◦ y = 3.375x + 1.88 × 103

1:0.75 θ19
◦ y = 0.9028x + 1.28 × 103 θ20

◦ y = 2.90278x + 1.93 × 103

1:1 θ21
◦ y = 0.8611x + 1.48 × 103 θ22

◦ y = 2.625x + 2.1 × 103

PVA = 100% θ23
◦ y = x + 1.78 × 103 θ24

◦ y = 2.9167x + 2.5 × 103

1 Incline angle in degrees.

Belonging to both bacterial (Figure 15) and fungi (Figure 16) communities, the HD
values determined during and just after 800 h and up to 1400 h for each of the six bioplastic
sheets showed the same ascending trend. For both trends, the HD’s mean values for all the
blends’ ratios through the 1st duration (0–800 h) showed a slower duplication rate than
those within the 2nd region (800–1400 h). These duplication rates can be noticed from the
slop angle of the HD curves, as shown in Figures 15 and 16 [117,118].

In addition, it can also be seen when comparing the HDs of bacteria (Figure 15)
with those for fungi (Figure 16) that the HDs’ rate for fungi communities grown on the
six bioplastic membranes was higher than those recorded for their analogous curves be-
longing to the bacteria. Moreover, the higher level of HD for the fungi community was
more obvious at the 2nd stage of the incubation period. This finding can be observed by
speculating the curves’ slopes (tan θn, where n = 1–24).

4. Discussion

4.1. Scientific Illustration of the Ease of Peeling the Bioplastic Membranes Away from the
Acrylic Platform

In addition to the issue of drying the bioplastic sheets facing all hydrophilic natural
polymer-based membranes, peeling these sheets to be rolled up is a major problem in
the hydrophilic bioplastic blend field. Studying the ease of peeling the bioplastic mem-
brane away from the casting panel template was achieved by investigating the chemical
and physical properties of each of three parameters, namely, the bioplastic blend (fluid
phase), the PMMA’s platform (solid phase), and the liquid/solid interface, as shown in
Figure S4 [57,98,119–125].

Regarding the triboelectric series that classifies materials based on their propensity to
take electrons (tribo-positive) or not (tribo-negative), it is important to note that PMMA
is a biocompatible polymer, which due to its propensity for either donating or absorbing
electrons, occupies the middle position on the triboelectric series [119].

The following examples show how simple it is to separate the bioplastic membrane
from the acrylic platform:

a. Materials with relatively low surface energies are regarded as non-stick surfaces [125]
and vice versa. As shown in Table S1, the acrylic platform exhibits modest surface
energy (41 dynes/cm) and contact angle (82◦), both of which are indicative of a
non-stick surface [126].
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b. Acrylic is a powerful static generator in terms of electrostatic charge. When its
surface is wiped back and forth, positive and negative surficial charges arise that
draw and hold microscopic particles. Surficial charge variations have the potential to
cause agglomerated particles to discharge in an unanticipated manner, endangering
contamination-sensitive materials [127]. PMMA is positioned close to the middle
of this empirical series for the surface potential and is regarded as a tribo-positive
electron-donating material [119,127].

GA is composed of three distinct fractions, as shown in Figure S3, including the
arabinogalactan–protein complex (MW 1500 kDa; approximately 10% of the total gum
solids), arabinogalactan (MW 280 kDa; approximately 88% of the total gum solids), and
glycoprotein (MW 250 kDa; approximately 2% of the total gum solids [128–130]. Due to
their low molecular weight and branching pattern, arabinogalactan films are challenging to
produce [131,132].

According to Winiewska et al. [133], PVA chains have a particular percentage of
acetate groups (14%), which are the source of the polymer molecules negative charges.
The structure of the PVA adsorption layer is impacted by even the comparatively modest
portion of these groups. The presence of more acetate groups in the polymeric chains
resulted in increased PVA adsorption levels, indicating that these groups are crucial to
PVA adsorption [134]. As the pH of the solution rises, so does the contribution of charged
acetate groups.

Due to the electrostatic attraction of negative charges present along the polymeric
chains, the polymer chains extend further. The amount of PVA is directly influenced by the
degree of development in the polymer macromolecules.

In general, plastics are categorized into four categories by Nuraje et al. [135]: super
hydrophilic, hydrophilic, hydrophobic, and super hydrophobic, with contact angles (θ◦) of
below 5◦, below 90◦, 90◦–150◦, and 150◦–180◦, respectively.

The liquid–fluid–solid system exhibits three different interfaces in its configuration
when a liquid drop is placed on a solid surface (Figure S4), namely, liquid–fluid, solid–fluid,
and liquid–solid. It is noticed that adhesive and cohesive forces are present at each interface
as a result of the intermolecular forces at work there. Cohesive forces cause the drop to
return to its spherical shape, whereas adhesion forces encourage it to spread out. The
conflict between these two forces determines the contact angle [57,73,133–137]. It is feasible
to establish a connection between the static contact angle and the interfacial stresses under
equilibrium conditions. The Young–Dupre equation is the name of this relationship. By
applying the Hild [126] formula, it was discovered that the spreading of a droplet of a
bioplastic blend is equal to A − (B + C), where A is the surface tension of the bioplastic
blend, B is the surface tension of the acrylic panel, and C is the surface energy of the
interface between the bioplastic blend and the acrylic panel. While liquid will spread when
the spreading is zero to positive, it will not if the spreading is negative.

4.2. Scientific Illustration of the Nanodehydration of the Bioplastic Membranes

It is well known that drying bioplastic membranes is a critical issue when manufac-
turing these products. This crucial problem arises from the highly hydrophilic nature of
their natural-based precursors, such as the hydrophilic GA and PVA used in this study.
Accordingly, a novel technique and device were invented to accelerate the dehydration
process of such products [57]. The invention, termed the stratified nano-dehydrator (SND),
is constructed from accurately selected materials, including perforated acrylic panels (poly-
(methyl methacrylate)), polypropylene’s non-woven textile, cellulosic cotton floss, and an
effective dehydrant agent such as P2O5, which is the most effective dehydrant reagent,
rather than calcium chloride, magnesium sulfate, aluminum oxide, lithium aluminum
hydride, metallic sodium, or silica gel.

The reasons for choosing PMMA material as barrier panels within the dehydrator
apparatus were due to its self-electrostatic charging property as well as its ability to force
the evaporated water molecules to have higher surface tension, which facilitates their
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escape outside the SND atmosphere and, subsequently, accelerates drying the bioplastic
membranes. Furthermore, the cellulosic material (loosened Egyptian cotton floss) was
selected for this task due to its high content of alpha cellulose, well-known for its high
hydrophilicity, which is essential to attaining good affinity to both moisture molecules as
well as dehydrant crystals.

The scientific concepts of ion dehydration reported by Pavluchkov et al. [138] can
be used to explain the water molecules’ diffusion, especially in the transition state, by
converting the water liquid into gaseous or steam matter.

Polar covalent bonds between the O- and H-atoms were extensively reported to
generate an asymmetric distribution of electrons in a water molecule, with two excess
electrons on the O-atom’s side of the molecule and two deficient electrons on the H-atom’s
side. This asymmetry accepts water molecules with both molecular cohesion that attracts
water molecules to each other and/or adhesion that attracts water molecules to their
neighboring asymmetrically charged materials like ions, polarized molecules, and charged
surfaces, including but not limited to glass [139] and the PMMA’s casting platform used in
the present investigation [57].

Since water molecules have high polarity, their transportation (evaporation) from the
bioplastic membranes upon the drying process can be viewed like the ion dehydration
phenomenon that regulates ionic transport through sub-nanopores, which can permit
selectivity between similar sized and charged ions, as referred to by Pavluchkov et al. [138].
Transition-state theory gives an idea about molecular activation parameters (enthalpy and
entropy) that determine the interaction level between the transported species and the wet
bioplastic blend, as well as the freedom of molecular motion within it. Since hydration
and dehydration effects are characterized by substantial enthalpic (due to changes in the
chemical bonds between the ion and its surroundings) and entropic (due to changes in the
spatial structure of the ion) changes at the molecular level, this theory has been successfully
suggested to explore dehydration-related transport phenomena in membranes [138].

The enclosed system within the SND was partially vacuumed to give mildly driven
forces that accelerate the water vapor molecules’ escape outside the dehydrator [57] and
subsequently enhance the drying process itself.

4.3. Chemical and Physical Properties of the Bioplastic Membranes
4.3.1. FTIR

Different organic functional groups found in naturally occurring substances can be
recognized using Fourier transform infrared (FTIR) spectroscopy. The complicated vibra-
tional modes were seen in the FTIR spectra for the various bioplastic samples over a wide
range of wavenumbers (Figure 4).

Figure 4 shows the strong and broad O-H stretching vibrations at 3416 cm−1 dominat-
ing the primary FTIR spectra of the six bioplastic sheets. At 2939 cm−1, the C-H stretching
modes are riding above the board peak. Along with the bulk ring mode at 1426 cm−1, the
carbonyl stretching modes are seen at 1641 cm−1. At 1047 cm−1, the typical C–O–C anti-
symmetric stretching mode was found. These findings are modified from those attained by
other researchers [108–111] for the study of biopolymeric materials.

For an additional illustration, the overall banding of the FTIR analysis showed a
carbohydrate fingerprint at 900–1250 cm−1 [138]; C–O–C anti-symmetric stretching at 1426
and 1047 cm−1 [57,98,99]; COO− asymmetric stretching at 1402 cm−1 [139]; an O–H in-plane
bending band in carboxylic acids at 1625.4, 1627.4, 1430, 1436.91, and 1437 cm−1 [132,133];
COO– symmetric stretching and carbonyl stretching modes at 1641 cm−1 [57,98,99,101];
C–H stretching at 2800–3000, 2885, and 2939 cm−1 [57,98,99,101,137,140–142]; vibrational
modes of the C–H group at 2910.87 cm−1 [141,142]; O–H stretching vibrations at 3261,
3416, and 3000–3600 cm−1 [57,98,137,141,143], and the unique presence of O–H groups at
3526.35 cm−1 [142,143].

The FTIR for the NDB used in the current work and the ADB created by
Hindi et al. [98] have main functional groups that share chemical characteristics, accord-
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ing to the comparison. As a result, the chemical components of the bioplastic products
have been preserved by the use of innovative casting blends, nano-dehydration, and
membrane peeling.

4.3.2. XRD

The GA-broad diffractogram’s greatest intensity was recorded at 2 θ◦ = 20◦ (Figure 5),
which supports the amorphous nature of gum Arabic [13]. Moreover, a typical peak for
pure PVA, a semi-crystalline polymer detected at 2 θ◦ = 19.9◦ (Figure 4f), confirmed its
semi-crystallinity feature [57,92,111].

With the increase in PVA allocation in the blend, the crystallinity index values in-
creased. The growing CI of the bioplastic blends can be correlated to the increasing PVA
allocation in the blend because the CI value of PVA (54.81%) was found to be greater than
that of GA (19.4%).

4.3.3. TGA

TGA analyzes the mass change behavior in bioplastic membranes that occurs as
a function of temperature and time in a controlled environment. The best uses for it
are to evaluate reaction kinetics, volatile contents, thermal stability, degradation traits,
aging/lifetime breakdown, and degradation features.

The thermal deterioration of the samples (Figure 6) increased at higher temperatures
(up to 500 ◦C) than at lower temperatures, according to a comparison of the mass losses
between the temperature zones. Furthermore, a comparison of the mass losses across
the temperature ranges revealed that PVA shed more weight in the higher temperature
zones than GA. A mass loss of up to 100 ◦C can be attributed to the water molecule’s
large solvation capacity, which results in the evaporation of loosely bound moisture on the
surface, or “free water”. Furthermore, mass loss at temperatures up to 150 ◦C can be due to
hygroscopic water evaporation [57,92].

4.3.4. DTA

Similar information is provided by DTA, which measures the temperature difference
between a sample and a reference due to thermal treatments in a material. The DTA
typically provides phase transition information in addition to the TGA.

It is commonly known that two types of thermograms can be distinguished for a given
material during thermal reactions: endothermic, which uses energy, and exothermic, which
excludes energy. The depolymerization of the bioplastic materials themselves as a result
of heat treatment causes exograms to occur (Figure 7). Moreover, the endotherm can be
attributed to the fusing or melting of crystallites as well as the evaporation of free moisture
(up to 100 ◦C) and hygroscopic moisture (up to 120 ◦C) [57].

As shown in Figure 7 and Table 3, GA had the lowest value of heat change
(−1017.3 Vs/mg), but the endotherm of pure PVA absorbed the maximum amount of en-
ergy (2119.7 Vs/mg) among the other bioplastic blends. As a result, PVA is more thermally
stable than GA because it absorbs heat more effectively, shielding the bioplastic sample
from potential thermal degradation brought on by rising temperatures. Moreover, the
enhanced PVA allocation in the blends boosted the thermal stability of the bioplastic sheets.

GA exhibits greater thermal stability than PVA at higher temperatures (about 350 ◦C).
As a result, altering a bioplastic blend to increase PVA or decrease GA enhances the thermal
stability of the resulting bioplastic membrane [57,92].

4.4. Anatomical Ultrastructure of the Bioplastic Membranes
4.4.1. Surface Roughness and Nanometric Particle Size

While the pure PVA sheets (0/1 blend ratio) had the greatest PS values for both the
ADB and NDM, the pure GA membrane (1/0) had the lowest PS values. Gradually raising
the PVA concentration in the bioplastic blend increased the PS. The surface roughness (SR)
features examined via atomic force microscopy (AFM), as shown in Table 4 and Figure 8,
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provide confirmation of this. The results obtained for PVA-based membranes and the
median value for those cast from GA/PVA (1:1) are compared.

As a result, the presence of PVA causes the SR of the water-based polymeric blends to
increase, generating a surface that is rougher. This is supported by the surface roughness
features examined using atomic force microscopy (AFM), as shown in Table 4 and Figure 8.

Increases in PVA allocation make the blend’s texture coarser since PVA membranes
have a rougher structure than GA membranes. According to the comparison of the mem-
branes, there is no statistically significant difference between the ADB and NDB in their
PS, along with the six bioplastic blends. Additionally, analyses of the effects of different
bioplastic blend ratios on a membrane showed that, in both cases, blends with higher PVA
concentrations produced membranes with higher porosities (PD and VV).

It is important to note that smoother sheets are preferred for packaging over coarser
ones because the latter tend to gather more dust on their surfaces. Although PVA is a
crucial part of the bioplastic mixture that improves the quality of the final membrane and
makes it easier for it to peel off the casting surface after drying, a careful balance must be
taken into account to have the best quality and smoothest surfaces.

Moreover, there is no statistical distinction in the PS between the ADB and the NDB.
Because of this, the unique techniques created to make it easier to cast their mixes, dry
them faster, and peel membranes off easily using a self-electrostatic template did not alter
the parent roughness properties. Because of this, the unique approaches employed in the
current study did not alter the permeability of the membranes (PD and VV).

4.4.2. Membrane Permeability

For the membrane ultrastructure presented in Figure 9, the GA membranes had the
lowest PD and VV compared to those for PVA, which had the highest ones for both air-dried
bioplastic (ADB) membrane and nanodehydrated transparent bioplastic (NDB) membrane.
Accordingly, increasing the PVA allocation increased the membrane permeability, which
facilitated the water evaporation from the blend during the nano-dehydration procedures.

When compared to PVA membranes, which had the highest PD and VV for both the
air-dried bioplastic (ADB) and nanodehydrated (NDB) membranes, the GA membranes
had the lowest ultrastructures. As a result, increasing the PVA allocation also increased the
membrane permeability, which made it easier for the blend’s water to evaporate throughout
the nano-dehydration processes.

Moreover, there is no statistical difference between the ADB and NDB for each case of
the PS, PD, or VV. Because of this, the unique approaches employed in the current study
did not alter the permeability of the membranes (PD and VV), as shown in Figure 9 and
Table 4.

4.5. Mechanical Properties of the Bioplastic Membranes

The evaluation of a film’s capability and mechanical integrity heavily relies on its
mechanical properties. The interactions between the blend’s components had a significant
impact on the matrices of blended films. The mechanical properties were reported to be
solely dependent on the chemical structure, which could be best described by using UTS,
MoE, and EaF [74]. In addition, it was reported by Gomaa et al. [77] that the internal
molecular force, the crystallinity shape, and the content of the polymer all have a significant
impact on the mechanical characteristics [77].

The findings understood from Table 5 and Figure 11 revealed that both ADB (the
red curve) and NDB (the blue curve) are similar in their ascending trend starting from
the PL level up to the US. This behavior means that each membrane, else ADB or NDB
was stressed through two stages: (1) in the 1st one, the stress was increased from zero
up to the PL level, (2) through the 2nd stage, each membrane transitioned from elastic to
plastic nature as the load was increased from the PL up to the maximum load resulting the
US stage.
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In addition, regarding to proportionality limit (PL) of the bioplastic membranes, it is
higher for the NDB than that for the ADB for all the six blend ratios. This indicates that the
NDB membranes has higher elasticity endurance compared to their analogous membranes.

As clear from Table 5 and Figure 11, the plotted stress-strain curves for the six blended
membranes were differed concerning to their proportionality limit (PL) and ultimate
strength (US).

Regarding to sub-graphs of the bioplastic membranes in Figure 11a–f, the similarity
between the ADB and NDB in their ascending trend starting from the PL level up to the US
can be explained that these membranes was stressed through two stages: (1) in the 1st one,
the stress was increased from zero up to the PL level, and (2) through the 2nd stage, each
membrane transitioned from elastic to plastic nature as the load was increased from the PL
up to the maximum load resulting the US stage.

Since the proportionality limit (PL) of the bioplastic membranes was found to be
higher for the NDB than that for the ADB for all the six blend ratios. This indicates that the
NDB membranes has higher elasticity endurance compared to their analogous membranes.

The highest values of the UTS (Figure 12) and the MoE (Figure 13) for the membranous
sample at the blend ratio of 1:0.25 can be attributed to the strong interaction between the
GA and PVA at this optimum blend ratio, which permitted complete miscible blending [76].

The EaF of the bioplastic film samples is explained by the maximum change in its
length before failure or breaking as clear from Figure 14 [74].

As shown in Figure 14, adding the GA to the blends enhanced the EaF’s membranes
up to the blend ratio of GA/PVA of 0.5/0.5. This could be attributed to the good interfacial
adhesion among the polymer components (GA and PVA). These findings of the mechanical
study confirm the addition of gum acacia can improve mechanical properties, which
decrease with an increase in the allocation of gum Arabic [74].

Adding polyvinyl alcohol to the gum Arabic for preparing the bioplastic blend films
improved the mechanical properties of these membranes, especially in the blend ratio of
GA/PVA of 1:0.25, which enhanced both UTS and MoE, while EaF was enhanced for the
blend ratio’s membrane GA/PVA of 1:1. Therefore, the results of this work may show
that the functional properties of GA/PVA blend films are adequate for food packaging
applications and in the pharmaceutical industry for controlled release of drugs [74].

4.6. Microbial Biodegradation

Biodegradation of the NDB material was confirmed significantly by its reduction in
weight for all six NDB samples, and it was found that degradation commenced within 30
and 60 days [144–147].

The microbial communities in all the buried bioplastic sheets, including the control
one, were different in number and species. The species of bacteria and fungi differed
according to the type of buried sheet.

The microbiological study revealed that all six bioplastic sheets are able to be degraded,
contrary to petroleum-based sheets.

Biodegradation is the process by which microorganisms can degrade bioplastic mem-
brane materials, leading to a loss of weight after a period of time. Our results show that all
blended bioplastic membranes have reduced weight, especially GA. Our results agree with
those of Sasaki et al. [92], who prepared films of phenolic extracts incorporated into GA
and found that the highest weight loss of films was 45.81%, compared with GA (26.87%)
after 30 days.

Microorganisms can degrade bioplastic membranes through a process called biodegra-
dation, which eventually causes the membranes to lose their weight. Our findings indicate
that the weights of all blended bioplastic membranes, particularly GA, decreased. Our
findings are consistent with those of Sasaki et al. [92], who created films using phenolic
extracts mixed with GA and discovered that after 30 days, the weight loss of the films was
higher than that of the GA (45.81%).
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These findings were contrary to Ibrahim et al. [78], who discovered that for nanofiber
membranes based on homogenous polymeric blends of gum Arabic, polyvinyl alcohol,
and silver nanoparticles, the biodegradation tests of the generated nanofibers revealed that
99.09% of the material was broken down after 28 days (Table 7). These variations in the
results can be explained by the fact that a variety of factors, including microbes, humidity,
sunshine, and oxygen, can affect the bioplastic’s capacity to degrade [80].

In addition, because it affects the microbial population and shapes it, the depth of the
soil that bioplastic membranes are buried in is a crucial component for biodegradation [78].
In addition, as a result of using gum as a source of nutrients, the number of bacteria
increased over time [82,98].

Our results proved that Pseudomonas spp., Bacillus spp., and Micrococcus spp. were the
most commonly isolated bacterial strains appearing in different samples, while
Rhizobus spp., Penicillium spp., and Fusarium spp. were the most commonly isolated fungus
strains that appeared in our different samples. These findings agree with those found
by Santos–Beneit et al. [93] and Sasaki et al. [92], which were isolates of Bacillus cereus,
Bacillus polymyxa, Bacillus licheniformis, Corynebacterium xerosis, Staphylococcus epidermis,
Streptococcus bovis, and the fungi Penicillium notatum, Rhizopus nigricans, Aspergillus niger,
and Fusarium moniliforme from gum Arabic [68,87,89,90,92,144,145].

Belonging to comparisons within communities, it was found that the HD values
determined during and just after 800 h and 1400 h for each of the six bioplastic sheets
buried in the soil were similar in their trend concerning each of the bacteria (Figure 15)
and fungi (Figure 16) as well as Table 7. This similarity in trends can be attributed to the
constancy of the burying depth of the bioplastic membranes [78] and/or various factors,
including microbes, humidity, sunshine, and oxygen, which can affect the bioplastic’s
capacity to degrade [80].

Moreover, a common trend was registered between the NDB products fabricated in
the current investigation and the ADB synthesized by Hindi et al. [98] and Hindi and
Albureikan [57]. Accordingly, the nano-dehydration invention did not affect the parent’s
ability to biodegrade the bioplastic membranous product.

5. Conclusions and Future Perspectives

Great success was achieved for the fabrication of bioplastic membranes from gum
Arabic mixed with polyvinyl alcohol by applying a novel casting method, termed static
vibrated-free horizontal flow, which produces free air bubble sheets. The novel nano-
dehydration technique gave the best solution for drying the bioplastic sheets and can
be used for any water-based biopolymeric-based product. It is the first time that an
acrylic (poly-(methyl methacrylate)) panel used as an ideal template surface features an
electrostatically charged hydrophobic surface. As a result, peeling off its template surface
is made simpler.

The most important properties of the nanodehydrated bioplastic membranes were
studied using Fourier transform infrared spectroscopy, X-ray powder diffraction, thermo-
gravimetric analysis, differential thermal analysis, and atomic force microscopy to ensure
that the novel techniques did not distort the product quality. The nanodehydrated bio-
plastic membranes retained their parent properties, including chemical functional groups,
crystallinity index, mass loss, thermal stability, ultrastructure features (surface roughness
and permeability), and their ability for microbial biodegradation. PVA had a higher crys-
tallinity index (CI), a greater mass loss at higher temperatures, higher thermal stability
due to its higher heat content, and greater clearance of surface roughness due to its high
particle size (PS), as well as higher permeability parameters, namely, pore diameter (PD)
and void volume (VV), than those for GA. Accordingly, increasing the PVA allocation in the
bioplastic blends could enhance their properties except for mass loss, whereas increasing
the GA allocation in the NDB blend reduced its mass loss at elevated temperatures.

There is no statistical difference between the bioplastic membranes synthesized else-
where with ordinary air drying or nano-dehydration in terms of their particle size and
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permeability, indicating that the novel procedures used did not distort the parent properties
examined as well as their ability for biodegradation. Adding polyvinyl alcohol to the gum
Arabic for preparing the bioplastic blend films improved the mechanical properties of these
membranes, especially in the blend ratio of GA/PVA of 1:0.25, which enhanced both UTS
and MoE, while EaF was enhanced for the blend ratio’s membrane GA/PVA of 1:1. There-
fore, the results of this work may show that the functional properties of GA/PVA blend
films are adequate for food packaging applications and in the pharmaceutical industry
for controlled release of drugs [74]. The biodegradation of the nanodehydrated bioplastic
membranes was confirmed significantly by the reduction in weight for all six blended
samples, and degradation was found to start within 30 and 60 days. Pure GA was the
most commonly biodegraded sample among the other bioplastic samples. The microbial
communities in all of the buried bioplastic sheets, including the control sample, were
different in number, species, and duplication rates. The microbiological survey revealed
that all six bioplastic sheets are able to be degraded, contrary to petroleum-based sheets.

6. Patent

System, apparatus, and methods for manufacturing biodegradable biopolymeric
materials (US Patent No. 11548192).

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/polym15153303/s1, Figure S1. The practical procedure used
for the novel casting of the (NDB) membranes; Figure S2. The vibrational casting process of the
polymeric blends into sheets; Figure S3. Chemical constituents of the polymers used to synthesize
the nanodehydrated-bioplastic (NDB) membranes: (a) gum Arabic (GA) precursor, (b) polyvinyl
alcohol (PVA) precursor, (c) (poly-(methyl methacrylate), PMMA); Figure S4. Visualization analysis
of void volumes (VV, nm3) of the six nanodehydrated-bioplastic membranes (NBMs): (a) GA (100%);
(b) GA/PVA = 1:0.25; (c) GA/PVA = 1:0.5; (d), GA/PVA = 1:0.75; and (e) GA/PVA = 1:1, and
(f) PVA = 100% based on AFM-image analysis; Table S1. Surface energy and contact angle of the
most important industrial polymers; Table S2. Calculating means of mass loss (ML) of the NDB
membranes blended from gum Arabic (GA) and polyvinyl alcohol (PVA) in the six ratios and different
temperature zones (T-zones).

Author Contributions: Conceptualization, S.S.H. and M.O.I.A.; methodology, S.S.H.; validation,
S.S.H. and M.O.I.A.; formal analysis, S.S.H.; investigation, S.S.H. and M.O.I.A.; writing—original
draft preparation, S.S.H. and M.O.I.A.; writing—review and editing, S.S.H. and M.O.I.A. All authors
have read and agreed to the published version of the manuscript.

Funding: This work was funded by the Deanship of Scientific Research (DSR), KAU, Jeddah, under
grant No. G: 85/155/1434.

Institutional Review Board Statement: Not applicable.

Data Availability Statement: The supporting data for the reported results, including a link to
the publicly archived datasets analyzed or generated during this study, can be found under the
following patent: US Patent for System, apparatus, and methods for manufacturing biodegradable
biopolymeric materials (Patent #11548192, issued 10 January 2023)—Justia Patents Search, https:
//patents.justia.com/patent/11060208 (accessed on 17 November 2022).

Acknowledgments: The P.I. author is deeply thankful to DSR, KAU, Jeddah for funding this research
work. The project that revealed this invention was funded by the Deanship of Scientific Research
(DSR), King Abdulaziz University, Jeddah, under grants no. G: 85/155/1434 and, respectively. The P.I.
author therefore acknowledges with thanks the DSR for technical and financial support. Appreciation
is given to the Center of Nanotechnology (CN) for its technical assistance. Deep thanks to Rakan A.
Alanazi for his scientific assistance throughout this investigation.

Conflicts of Interest: The authors declare no conflict of interest.

352



Polymers 2023, 15, 3303

Nomenclature

ADB Air-dried bioplastic
ACS The American Chemical Society
AFM Atomic force microscopy
CI Crystallinity index
CFU Colony-forming unit of microbial populations
DSC Differential scanning calorimetry
DTA Differential thermal analysis
EaF Elongation at failure
EC Enthalpy change
FTIR Fourier transform infrared spectroscopy
GA Gum Arabic
HC Heat change in μVs/mg
HD Hourly duplication
MoE Modulus of elasticity
μVs/mg Microvolts per milligram
NDB Nanodehydrated bioplastic
NPS Nanometric particle size
PubChem Open chemistry database managed by the National Institutes of Health (NHI)
PVA Polyvinyl alcohol
SD Standard deviation
SECT Self-electrostatic charged-template
SP Statistical parameters
SR Surface roughness
PD Pore diameter
PS Particle size
TGA Thermogravimetric analysis
TR Temperature range (◦C)
UTS Ultimate tensile strength
XRD X-ray diffraction
VFHF Vibrated-free horizontal flow
VV Void volume
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Abstract: In recent decades, the use of thermoset epoxy resins (ER) has spread to countless appli-
cations due to their mechanical properties, heat resistance and stability. However, these ERs are
neither biodegradable nor recyclable due to their permanent crosslinked networks and usually, they
are synthesized from fossil and toxic precursors. Therefore, reducing its consumption is of vital
importance to the environment. On the one hand, the solution to the recyclability problems of epoxy
resins can be achieved through the use of vitrimers, which have thermoset properties and can be
recycled as thermoplastic materials. On the other hand, vitrimers can be made from natural sources,
reducing their toxicity. In this work, a sustainable epoxy vitrimer has been efficiently synthesized,
VESOV, by curing epoxidized soybean oil (ESO) with a new vanillin-derived Schiff base (VSB) dy-
namic hardener, aliphatic diamine (1,4-butanediamine, BDA) and using 1,2-dimethylimidazole (DMI)
as an accelerator. Likewise, using the same synthesized VSB agent, a commercial epoxy resin has also
been cured and characterized as ESO. Finally, different percentages (30, 50 and 70 wt%) of the same
ER have been included in the formulation of VESOV, demonstrating that only including 30 wt% of
ER in the formulation is able to improve the thermo-mechanical properties, maintaining the VESOV’s
inherent reprocessability or recyclability. In short, this is the first approach to achieve a new material
that can be postulated in the future as a replacement for current commercial epoxy resins, although
it still requires a minimum percentage of RE in the formulation, it makes it possible to recycle the
material while maintaining good mechanical properties.

Keywords: sustainable materials; epoxy resin; Schiff base; epoxidized soybean oil; epoxy vitrimer;
reprocessability; recyclability

1. Introduction

In recent years, special attention has been paid to the use of epoxy resins (ER). This
type of thermoset polymer has distinguished properties, such as thermal stability, mechan-
ical strength, creep resistance, electrical insulation, and chemical resistance [1–7]. These
polymers are industrially synthesized to use as coatings, adhesives, electronic packaging
materials or composites for automobile, aerospace or transportation industries [1,2,8,9]. In
fact, the global annual production in 2020 reached almost 10 million tons [10].

Nevertheless, most of the current epoxy thermosets (~90%) are prepared from non-
renewable diglycidyl ether of bisphenol A (DGEBA) and cannot be reprocessed or recycled
due to their permanent crosslinking, which causes significant waste and environmental
problems after their service lifetime [11–13]. In addition to the non-renewability, bisphenol
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A and epichlorohydrin, which are the raw materials of DGEBA, are toxic, fossil derivatives
and both are categorized as hazardous to living organisms [14].

Therefore, recently, more attention has been paid to designing sustainable epoxy
thermoset resins from diverse renewable resources, such as epoxidized vegetable oils [15],
cardanol [16], isosorbide [17], vanillin [18,19], etc. Specifically, vegetable oils are prime
candidates to replace fossil-based derivatives in polymer materials due to: (i) their universal
availability, (ii) low toxicity and (iii) low price [20]. Moreover, the presence of carbon-carbon
double bonds enables them to be easily transformed into epoxidized vegetable oils (EVOs)
through a curing process with hardening agents. Nevertheless, their highly crosslinked
structure combined with slightly flexible backbones provides EVOs with poor mechanical
strength fusing with poor ductility and low glass transition temperature (Tg) [21,22].

To address these issues, new studies to develop new epoxy resins that contain the
remarkable properties of thermosets, as well as the intrinsic capacity of thermoplastics to be
recycled after their useful life, are needed. One of the possible solutions is the development
of covalent adaptable networks (CANs).

The so-called CANs are polymeric materials with permanent crosslinks, which can
reversibly transform into dynamic crosslinks, allowing their chains to flow (analogous to
thermoplastics) when they are induced by an external stimulus, such as temperature [23,24],
exposure to ultraviolet light [25] or pH [26,27]. In the absence of this stimulus, their reticu-
lated structure offers them stiffness and durability as thermosetting materials. Thus, these
polymeric materials, which have thermosetting polymer properties due to their crosslinking
networks, are recyclable and reusable due to the dynamic nature of these crosslinks.

In 2011, Leibler et al. reported [28] a new class of CANs called vitrimers, which
resemble vitreous silica due to their change in viscosity and the fact that they also follow
an Arrhenius relationship that increases with temperature. Vitrimers belong to a sub-class
of CANs in which the crosslinking bonds have an associative nature, resulting in the
ability of the material to change its topology via exchange reactions [29–33]. Certainly,
vitrimer crosslink density can be recognized as almost constant regardless of external
stimuli, resulting in two principal effects [34–38]. First, unlike dissociative CANs, which
transform from a solid state more suddenly [39], an extended gummy/rubbery phase can be
observed in vitrimers when heated. Second, some researchers have also remarked a greater
creep/solvent resistance for vitrimers [37,40,41]. Moreover, vitrimers are distinguished
according to their temperature-dependent viscoelastic behavior, as the covalent exchange
rate is related to the transition temperature. At high temperatures, when the exchange
reactions become fast enough, the viscosity of vitrimers is basically controlled by the
exchange reactions, leading to a decrease in viscosity with the temperature that follows the
Arrhenius law.

The viscoelastic behavior of vitrimers changes with the topology freezing temperature
(Tv) [28]. The Tv is chosen by agreement as the temperature at which the viscosity reaches
1012 Pa·s [42]. Below Tv, vitrimers behave as conventional thermosets, and above Tv, they
can undergo creeping and relaxing stresses. The control of this temperature is essential
since the exchange of covalent bonds and permanent crosslinking allows or does not
allow thermal recycling [43–45]. Thus, epoxy vitrimers are a substantial advance for the
replacement of current thermosets.

The developed vitrimers so far have been overviewed according to the nature of the
dynamic exchange reaction. The most common dynamic interactions used in the design
of vitrimers have been carboxylate transesterification [28], transamination of vinylogous
urethanes [46], transalkylation of triazolium salts [47], disulfide exchange [48] or Schiff base
(imine) exchange [49]. Among them, Schiff bases show great potential in the fabrication of
epoxy vitrimers due to the presence of a reversible covalent bond since it can be hydrolyzed
to aldehyde or ketone and to amine under acid conditions [50]. Furthermore, compounds
obtained from natural resources can be used as reagents, which are more attractive and
interesting compared with the existing materials. Among them, recent studies show the
design of sustainable epoxy vitrimers with natural phenolic compounds such as vanillin
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(VAN) as the starting material due to the stiffness structure provided by the benzene
ring leading to high-Tg epoxy vitrimers combined with superior mechanical strength and
modulus [51–53]. It should be noted that VAN is one of the few compounds with a phenolic
group manufactured on an industrial scale from biomass, especially from tannin and
lignin [54]. Therefore, this reagent has the potential to become a key precursor for the
synthesis of bio-based polymers as it presents an aromatic structure that can achieve good
thermo-mechanical properties.

Taking into account all the premises described, in this work, a biovitrimer is developed
from components obtained from natural resources, such as epoxidized soybean oil (ESO)
and VAN. ESO is used as a bio-based monomer and a vanillin derivative as a new Schiff
base to act as a biobased hardener. First, the Schiff base is prepared using VAN and aliphatic
diamine (1,4-butandiamine, BDA). Second, ESO and the new Schiff base are combined to
form the vitrimer. However, numerous studies have shown the susceptibility of vitrimers
to creep substantially under use conditions [55–57]. For that reason, in order to improve
the properties of this new material, a critical fraction of permanent crosslinks (30, 50 and
70 wt%) is added to the new biovitrimer, which has little or no detrimental effect on
reprocessability [48,52,58,59]. During this work, the poly(bisphenol A-co-epichlorohydrin)
glycidyl end-capped is used as a commercial epoxy resin (ER). Finally, in all the samples,
thermal and mechanical properties, as well as their reprocessability or recyclability, have
been investigated.

2. Experimental Section

2.1. Reagents

Vanillin (VAN, 99%), 1,4-butanediamine (BDA, 99%), 1,2-dimethylimidazole (DMI,
97%) and commercial epoxy resin (ER) poly(bisphenol A-co-epichlorohydrin) glycidyl end-
capped (Mn~355 g mol−1) were purchased from Sigma Aldrich (Saint Louis, MO, USA).
Methanol (MeOH, ≥99.5%) was obtained from PANREAC (Barcelona, Spain). Epoxidized
soybean oil (ESO) EPOVINSTAB H-800-D was kindly supplied by Hebron S.A. (Barcelona,
Spain). All the chemicals were used as received.

2.2. Synthesis of Vanillin-Derived Schiff Base Curing Agent

The vanillin-derived Schiff base (VSB) curing agent was synthesized by dissolving
10.0 g (66 mmol) of vanillin in 100 mL of methanol and mixed in a 500 mL single-necked
round-bottomed flask with 3.3 mL (33 mmol) of 1,4-butandiamine. A yellow powdered
product (VSB) was obtained (Scheme 1a) after solvent evaporation, which was washed
with methanol and vacuum dried at 50 ◦C for 24 h.

2.3. Synthesis of Vitrimers

The VSB-cured ESO biovitrimer (VESOV) was synthesized by a two-stage procedure
pre- and post-curing. To achieve the pre-curing stage, predetermined amounts of VSB
and ESO were added to the reaction using an equivalent phenolic/epoxy hydroxyl ra-
tio (simplified as X). Previous works performed by Zhao et al. [60] and Zeng et al. [61]
demonstrated that the optimal ratio to obtain a vitrimer with a highly crosslinked net-
work is X = 0.7. First, the VSB was heated until reaching its melting point in a 100 mL
single-necked round-bottomed flask placed into an oil bath and stirred with a magnetic
stirring bar under a nitrogen atmosphere. When the VSB was completely melted, the corre-
sponding amount of ESO was added. After ESO and VSB were fully mixed, the catalyst
1,2-dimethylimidazole (DMI) (0.5 wt%) was added, allowing the resulting mixture to react
until the magnetic stirrer could not turn due to the increase in the viscosity of the medium
(Scheme 1b). Then, the post-curing stage started with the transfer of the resultant mixture
to a 10 cm × 10 cm × 1.0 mm stainless steel mold, which was placed in a compression
molding machine at 150 ◦C under 10 bar for 2 h. After allowing the sample to reach room
temperature, a film was obtained. Scheme 1c shows in purple and red how the network
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structure is reorganized by the thermal-induced exchange reaction of Schiff base in the
crosslinking structure of VESOV, leading to the stress relaxation behavior.

 
Scheme 1. (a) Preparation of the dynamic curing agent (VSB), (b) curing reaction of ESO with VSB
to form VESOV, and (c) exchange reaction of the Schiff base in the vitrimer, indicating in color the
outcome exchange.

For the synthesis of VESOV+ER, the same procedure was used, adding the epoxy
resin at the same time as the ESO. Thus, it was decided to add progressive amounts by
weight of epoxy resin (30, 50 and 70 wt%) to determine the influence of the addition of
epoxy resin to the VESOV. Additionally, to investigate the reaction between VSB+ER, the
same procedure as ESO was followed, adding ER to the VSB. Therefore, the mechanical
and thermal properties of five samples were studied: VESOV, VESOV+ER (30 wt% of ER),
VESOV+ER (50 wt%), VESOV+ER (70 wt%) and VSB+ER.

3. Characterization

Fourier transform infrared (FTIR) spectra with wavelengths from 4000 to 400 cm−1

were recorded by a Nicolet Nexus spectrophotometer (Thermo Fisher Scientific Inc., Madi-
son, WI, USA), where the samples were measured within KBr pellets. The resolution and
scanning number were 4 cm−1 and 32 times, respectively. The data were analyzed using
OMNIC 8.2 software.
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Proton nuclear magnetic resonance (1H-NMR) spectra were recorded on a Bruker
AV-600 (600 MHz) spectrometer (Billerica, MA, USA) using deuterated chloroform (CDCl3)
as the solvent.

The melting temperature of VSB and the glass transition temperature of the vitrimers
were measured by differential scanning calorimeter (DSC) with a DSC METTLER TOLEDO
822e instrument (Greifensee, Switzerland) equipped with STAR© v14.0 software. The
samples (~10 mg) were placed in 100 μL aluminum crucibles. Samples were heated from
−10 ◦C to 250 ◦C, in the case of the VSB, and from −10 ◦C to 150 ◦C for the vitrimers. A
scanning rate of 10 ◦C·min−1 under a nitrogen atmosphere with a flow rate of 20 mL·min−1.

The thermal stability of the samples (~10 mg) was measured by thermal gravimetric
analysis (TGA) under a nitrogen atmosphere (20 mL·min−1) with a temperature range of
25–800 ◦C and a heating rate of 10 ◦C·min−1 by a SHIMADZU DTG-60 thermal gravimetric
analyzer (Kyoto, Japan). The statistic heat-resistant index temperature (Ts) is a characteristic
of the thermal stability of the cured resin [62] and was calculated according to Equation (1):

Ts = 0.49 × [T5% + 0.6 × (T30% − T5%)] (1)

where T5% and T30% are the temperatures at, respectively, 5% and 30% weight loss. T5%
was considered the onset decomposition temperature (To) of the sample.

Dynamic mechanical analysis (DMA) was carried out in the tensile mode by a DMA1-
METTLER TOLEDO instrument (Greifensee, Switzerland) equipped with STAR© v14.0
software for curve analysis. Storage modulus (E′), loss modulus (E′′) and loss factors (tan
δ) values were collected at 3 ◦C·min−1 heating rate from −10 to 150 ◦C, displacement of
20 μm, and 1, 3 and 10 Hz frequencies. Rectangular-shaped testing bars with a width of
5.0 mm, length of 10.0 mm and thickness of 0.5 mm were prepared. The glass transition
was assigned at the maximum of the loss factor (tan δ = E′′/E′).

Reprocessing tests were performed on the compression molding machine (20 TM Hot
Plates Press, Hidrotecno S.L., Oiartzun, Spain). The films were cut into small pieces with
scissors, placed into the 10 cm × 10 cm × 1.0 mm stainless steel mold, and reprocessed at
150 ◦C for 60 min at 10 bar. After cooling to room temperature, the reprocessed films were
obtained, and their thermo-mechanical properties were measured.

4. Results and Discussion

Epoxy thermosets exhibit tremendous thermo-mechanical properties; however, they
lack the capacity to be reprocessed after their use. The main objective of this work is to
obtain a substitute for epoxy resins that can be considered biobased. In this regard, it must
be taken into account that to consider a material as biobased, a minimum of 50% of the
compounds incorporated into its formulation must be obtained from natural resources. For
this, first, the Schiff base is synthesized using VAN and aliphatic diamine (1,4-butandiamine,
BDA). Then, a sustainable epoxy vitrimer derived from vegetable oil ESO is prepared, and
finally, to improve the thermo-mechanical properties of the reprocessable vitrimer, a small
amount of commercial epoxy resin (ER) is added.

4.1. Synthesis and Characterization of Vanillin-Derived Schiff Base (VSB) Hardener

VSB hardener was synthesized by refluxing VAN and BDA in methanol for 24 h. The
chemical structure of VSB was confirmed by FTIR and 1H-NMR. Figure 1a shows how
the characteristic stretching peak of C=O on the aldehyde group (1670 cm−1) of the VAN
and the broad stretching of N-H (between 3400 and 3250 cm−1) of BDA is not observed in
the VSB FTIR spectrum. Instead, a new characteristic peak appears at 1655 cm−1 for VSB,
attributing to the formed Schiff base unit (the most significant FTIR signals were compiled
in the Supporting Information). Moreover, 1H-NMR easily (Figures S1 and S2) allows the
Schiff base identification via the disappearance of the signal from the aldehyde group of the
VAN and the presence of a new signal in the VSB typical of an imine (Figure 1b). Precisely,
the signals for the H proton of alcohol, imine, benzene ring, methoxy and butane were
observed at shifts of 9.8, 8.2, 7.4–6.9, 3.9 and 1.8 ppm, respectively. These facts indicate
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that the Schiff base bond has been successfully formed by the reaction between the amino
and aldehyde groups. In addition, the DSC curve of VSB shows only one sharp melting
peak at 153 ◦C (Figure 1c), observing that the VSB was successfully synthesized, as the
correspondent melting peak of VAN (~86 ◦C) was not observed in the DSC curve of VSB.
In short, it is corroborated that the vanillin-derived Schiff base was prepared successfully.

Figure 1. (a) FTIR spectra of VAN, BDA and VSB, (b) 1H-NMR spectrum of VSB and (c) DSC heating
curve for VAN and VSB.

4.2. Synthesis and Characterization of VESOV, VESOV+ER (Different Percentages) and VSB+ER

Once the VSB was formed (Scheme 1a), using DMI as a catalyst, five different for-
mulations of ESO and/or ER vitrimers were developed: VESOV, VESOV+ER (30 wt%),
VESOV+ER (50 wt%), VESOV+ER (70 wt%) and VSB+ER. In all cases, the synthetic proce-
dure was the same as described above; after a pre-curing stage where the VSB is reacted
with the ESO, the ER or a mixture of both, the post-curing is accomplished (Scheme 1b).
Subsequently, the thermo-mechanical properties of the samples were studied.

First, the thermal stability of the samples was studied to confirm that the material
remains stable and does not suffer any degradation during the reprocessing procedure.
The thermal stability profiles of the obtained vitrimers are displayed in Figure 2 and
Tables 1 and S1. Clearly, all samples are thermally stable up to a temperature of at least
272–297 ◦C (onset decomposition temperature, To, in Table 1), demonstrating that they
possess acceptable thermal stability under all conventional modeling approaches and that
they are also thermally resistant during reprocessing, which is important for the recycling
of the vitrimer through thermal processing [63].
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Figure 2. Thermogravimetric curves for VESOV, VESOV+ER (with different weight ratio) and
VSB+ER.

Table 1. To and Ts values determined by TGA Analysis.

Sample To (◦C) Ts (◦C)

VESOV 297.3 169.3
VESOV+ER (30 wt%) 278.3 160.5
VESOV+ER (50 wt%) 282.4 161.4
VESOV+ER (70 wt%) 272.2 157.8

VSB+ER 277.6 158.5

From Table 1, it can be observed that the statistic heat-resistant index temperature
values (Ts) show the same trend as To (or T5%) values. The results demonstrate that
samples with low epoxy resin (ER) content exhibit higher thermal stability (VESOV has the
highest), whereas increasing the ER content (VESOV+ER) decreases the thermal stability.
The reason for this behavior could be associated with the higher amount of VSB in the
network, involving a higher content of imine bonds. Moreover, the higher the oxirane
ring content, the more ester and hydroxyl groups are created through the curing. These
functions can also promote the thermal scissions of the networks [64].

The glass transition temperature (Tg), which usually acts as the upper limit use
temperature for thermosetting materials, is a major parameter [65]. Figure 3a,b shows
the DSC curves of epoxy vitrimers to make a comparison of the Tg-onset (simplified as Tg)
between VESOV, VESOV+ER (different percentages) and VSB+ER.

In Figure 3a, it was observed that in the VESOV+ER samples (30 and 50 wt%), two
glass transition temperatures coexist. The first one appears at the same range as the Tg
peak of VESOV, whilst the other Tg appears a little more displaced at higher temperatures.
This may be due to the formation of two polymeric networks that do not mix with each
other; that is, a heterogeneous mixture was obtained. However, as noted below, it is most
likely that the post-curing process (2 h at 150 ◦C) was not enough to obtain a fully cured
vitrimer. In Table 2, the Tg of the different samples is summarized (Tg-onset).

As can be noticed in Table 2, when the fraction of epoxy resin increases, the Tg values
rise significantly; that is, higher stiffness is achieved by making the fluidity of the chains
more difficult. Therefore, the addition of a small amount of epoxy resin helps VESOV
to improve its thermal properties. Indeed, VESOV has a Tg equal to 28.7 ◦C, while the
addition of only 30 wt% of ER increases the Tg to 48.2 ◦C. However, by continuing to add
more percentage in weight in ER (50 and 70 wt%), the increase that occurs in Tg is not as
significant (Tg = 48.7 and 50.3 ◦C for 50 and 70 wt% in ER, respectively). That is, a larger
increase in the added proportion of ER did not provide significantly higher Tg.
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Figure 3. (a) Calorimetric curves of the original and (b) reprocessed vitrimers: VESOV, VESOV+ER
(with different proportion by weight) and VSB+ER.

Table 2. Tg values obtained in the calorimetric curves (DSC) and the maximum peak of the tan δ

(DMA) in the original and reprocessed samples.

Sample
DSC Tg (◦C) DMA Tg (◦C)

Original Reprocessed Original Reprocessed

VESOV 28.7 6.8 44.0 50.7
VESOV+ER (30 wt%) 48.2 45.1 70.2 75.1
VESOV+ER (50 wt%) 48.7 55.0 78.0 88.4
VESOV+ER (70 wt%) 50.3 50.6 78.7 85.3

VSB+ER 78.6 91.5 111.5 116.1

Further, the Tg of the samples was determined via DMA. Figure 4 shows both the
storage modulus (E´) and the loss factor (tan δ) (its maximum peak is the Tg of each sample)
versus temperature. In addition, Table 2 shows the glass transition temperatures of all the
samples obtained by DMA. All the curves with their corresponding numerical data are
presented at a frequency of 3 Hz.
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Figure 4. DMA curves obtained for (a) original and (b) reprocessed vitrimers at 3 Hz frequency:
VESOV, VESOV+ER (with different weight proportion) and VSB+ER.

As in the DSC, it is observed that while increasing the amount of epoxy resin, the
glass transition temperature of the sample increases progressively. On the other hand, in
Figure 4a, the tan δ curve of VSB+ER exhibits two peaks, implying it is not completely
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cured, as not all the chains of the system have reacted effectively. That is, as said before, the
post-curing process is not enough to reach a total curing, and samples need a greater post-
curing. Furthermore, the difference in the storage modulus is notable amongst samples.
Thus, while VESOV has a very low storage modulus, it is remarkably increased by adding
a small amount of epoxy resin.

In conclusion, analyzing the results obtained so far, it can be said that adding a small
amount of epoxy resin (30 wt%) considerably improves the thermo-mechanical properties
of the VESOV vitrimer. Finally, the reprocessability of these vitrimers was studied.

4.3. Reprocessability of VESOV, VESOV+ER (Different Percentages) and VSB+ER

The dynamic character of the Schiff base exchanges improves the ability of the samples
to be reprocessed. The reprocessing is performed as explained before: The samples were
cut into small pieces with scissors, placed into a steel mold and reprocessed at 150 ◦C for
60 min at 10 bar. These reprocessed samples are shown in Figure 5, observing that VESOV
has a considerable ability to be reprocessed (Figure 5a) since it contains dynamic covalent
bonds. On the contrary, after carrying out this test with the VSB+ER (Figure 5e), incomplete
recovery of the original shape is achieved, as it includes permanent crosslinks due to epoxy
resin’s nature as a thermoset. Figure 5b–d also shows the reprocessability of those vitrimers
synthesized using different proportions of ESO and epoxy resin (VESOV+ER). In Figure 5b,
it can be seen that only with the inclusion of 30 wt% of epoxy resin is it observed that the
reprocessability of the sample substantially improves. In order to compare and verify if any
degradation occurs after reprocessability, FTIR analysis was performed. In the supporting
information, FTIR spectra of all the samples are included. No differences were observed
between pre- and post-reprocessed spectra (Figure S3).

Figure 5. Digital photos demonstrating the reprocessability of (a) VESOV, (b) VESOV+ER (30 wt%),
(c) VESOV+ER (50 wt%), (d) VESOV+ER (70 wt%) and (e) VSB+ER.
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Yet, it is necessary to verify that this reprocessing does not diminish the good thermo-
mechanical properties obtained for the original samples. For this, the characterizations
via DSC and DMA of the different reprocessed samples were accomplished. Moreover,
a comparison between the original and remolded samples is performed to evaluate how
many times samples can be reprocessed without losing their thermo-mechanical properties.

In DSC, the reprocessed samples only present a Tg, showing that they are totally cured
(Figure 3b). In addition, as seen in Table 2, all the glass transition temperatures obtained
for the reprocessed samples are similar or even higher than those corresponding to the
samples without reprocessing. The only exception is precisely the vitrimer synthesized
only with ESO (VESOV), which showed a clear decrease in its Tg.

However, DMA measurements (Figure 4b) demonstrate that all the reprocessed sam-
ples slightly increase their glass transition temperatures (Table 2) because they undergo a
post-curing process in which the crosslinking of their bonds increases. This fact is confirmed
by the width of the tan δ peaks, as in the original samples, the width of the peak is greater,
denoting that the samples are more heterogeneous. In the reprocessed samples, peak width
decreases considerably, denoting that the crosslinking of the bonds has been superior and
obtained a larger homogeneity of the system.

5. Conclusions

In conclusion, it has been possible to verify that 1,4-butandiamine is a suitable reagent
to synthesize a vanillin-derived Schiff base (VSB) that can be used as a curing agent in the
development of a new vitrimer from epoxidized soybean oil (VESOV). Furthermore, the
inclusion of a commercial epoxy resin to the VESOV helped to improve its mechanical and
thermal properties, observing by DSC and DMA techniques that when the percentage of
epoxy resin increases, the Tg increases remarkably. However, these new epoxy materials
must have a balance between their thermo-mechanical properties and their reprocessability
to be considered vitrimers. In this way, a circular economy can be established, such
as thermoplastics. Standing on this, it can be concluded that the VESOV+ER 30 wt%
sample seems to be the most suitable to achieve this objective since it has the qualities of a
thermoset (high storage modulus and Tg) and contains elements of a thermoplastic (good
reprocessability), with this last property not attributable to conventional epoxy resins.

In short, this new dynamic hardener based on vanillin and 1,4-butandiamine obtained
good properties as expected; a sustainable vitrimer was synthesize based only on epoxi-
dized vegetable oil. The first approach to this objective has been made by developing a new
material with remarkable features by adding a small amount of commercial epoxy resin
(30 wt%), so the material can be considered biobased with good mechanical properties and
the possibility of recycling. Therefore, this material can be postulated in the future, with
slight improvements, to be a replacement for current commercial epoxy resins.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/polym15183737/s1, Figure S1: 1H-NMR spectrum of 1,4-butandiamine.
Figure S2: 1H-NMR spectrum of vanillin; Figure S3: FTIR spectra of pre- (black) and post-reprocessed
(red) sample; Table S1: TGA results obtained for samples: T30% and final residual mass %.
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Abbreviations

BDA 1,4-butandiamine
CAN Covalent Adaptable Network
CDCl3 deuterated chloroform
DGEBA diglycidyl ether of bisphenol A
DMA Dynamic Mechanic Analysis
DMI 1,2-dimethylimidazole
DSC Differential Scanning Calorimetry
E’ Storage modulus
E” Loss modulus
ESO Epoxidized Soybean Oil
ER Epoxy resin
EVO Epoxidized Vegetable Oil
FTIR Fourier Transform Infrared
MeOH Methanol
NMR Nuclear Magnetic Resonance
tan δ loss factor
T5% temperature at 5% weight loss
T30% temperature at 30% weight loss
Tg Glass transition temperature
TGA Thermogravimetric Analysis
To onset decomposition temperature
Ts statistic heat-resistant index temperature
Tv Topology freezing point temperature
VAN Vanillin
VESOV VSB cured ESO vitrimer
VSB Vanillin-derived Schiff Base
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Abstract: The only biotic factor that can satisfy the needs of human species are plants. In order to
minimize plastic usage and spread an immediate require of environmental awareness, the globe
urges for the development of green composite materials. Natural fibers show good renewability
and sustainability and are hence utilized as reinforcements in polymer matrix composites. The
present work concerns on the usage of Butea parviflora fiber (BP), a green material, for high end
applications. The study throws light upon the characterization of raw and potassium hydroxide
(KOH)–treated Butea Parviflora plant, where its physical, structural, morphological, mechanical, and
thermal properties are analyzed using the powder XRD, FTIR spectroscopy, FESEM micrographs,
tensile testing, Tg-DTA, Thermal conductivity, Chemical composition, and CHNS analysis. The
density values of untreated and KOH-treated fibers are 1.238 g/cc and 1.340 g/cc, respectively. The
crystallinity index of the treated fiber has significantly increased from 83.63% to 86.03%. The cellulose
content of the treated fiber also experienced a substantial increase from 58.50% to 60.72%. Treated
fibers exhibited a reduction in both hemicelluloses and wax content. Spectroscopic studies registered
varying vibrations of functional groups residing on the fibers. SEM images distinguished specific
changes on the raw and treated fiber surfaces. The Availability of elements Carbon, Nitrogen, and
Hydrogen were analyzed using the CHNS studies. The tensile strength and modulus of treated
fibers has risen to 192.97 MPa and 3.46 Gpa, respectively. Thermal conductivity (K) using Lee’s disc
showed a decrement in the K values of alkalized BP. The activation energy Ea lies between 55.95 and
73.15 kJ/mol. The fibers can withstand a good temperature of up to 240 ◦C, presenting that it can be
tuned in for making sustainable composites.

Keywords: green composites; stem fiber; crystallinity; thermal behavior; reinforcement material

1. Introduction

For centuries, the distinctive characteristics of natural fibers have made them valuable
for diverse purposes. The properties of natural fibers, including their mechanical, physical,
and chemical attributes, are contingent on factors such as the specific fiber type, the plant
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species from which they are derived, and the environmental conditions in which they are
cultivated. Natural fibers are categorized based on their chemical composition, which can
be either cellulose-based or lignin-based. Cellulose-based fibers such as cotton, jute, flax,
hemp, and sisal have high tensile strength, suitable flexibility, and low density, making them
suitable for applications such as textiles, paper, and composites. Lignin-based fibers, such as
wood fibers, have high stiffness and strength, making them suitable for applications such as
building materials and composites. Due to their environmentally friendly and sustainable
behavior, natural fibers are progressively being utilized as substitutes for synthetic fibers
in a wide range of applications. The lowered density of natural fiber composites (NFCs),
along with their advantageous tribological and insulating qualities, could increase the cargo
capacity of aircraft. Boeing and Airbus, two aviation industry titans, applied considerable
effort to learn more about the usage of natural fibers in airplane interiors [1].

Natural fiber composites (NFCs) are composite materials that are made from a combi-
nation of natural fibers and a matrix material. NFCs are becoming increasingly popular as
a sustainable and environmentally friendly substitute for conventional composite mate-
rials, which predominantly rely on synthetic fibers. The natural fibers used in NFCs can
come from plant, animal, or mineral sources. The matrix material can be made from a
variety of materials such as bio-based polymers, thermosetting resins, or thermoplastics.
The characterization of natural fibers are instrumental in developing and optimizing new
applications. NFCs have numerous advantages over traditional composite materials. The
efficient properties possessed by natural fibers are light weight, high aspect ratio, low
density, soundproof, thermal, mechanical properties, and biodegradability [2–4]. The
combined effect of cellulose, hemicellulose, lignin, and wax dictates the overall properties
of fibers. However, the hydrophilicity of the fibers turn in as a threat while intriguing
fibers in making composites [5,6]. Microwave drying systems using halogen lamps were
employed to bring down the moisture absorption in bast fibers [7]. The inadequate inter-
facial bonding contributes to diminished mechanical properties, which can be influenced
by factors such as contact angle, orientation of microfibrils relative to the cell axis, and the
Young’s modulus of the fiber [8]. By subjecting fibers to different treatments, it is possible
to transit their hydrophilic nature to hydrophobic, resulting in improved performance
and easier disposal [9–11]. Studies in the literature demonstrate that alkali treatment has
caused notable changes in the mechanical properties of reinforcements [12–15]. Specifically,
alkali–treated Borassus fruit fibers exhibited significant increase of 41% in tensile strength,
69% in modulus and 40% in elongation [16]. 5% NaOH action on Acacia Caesia bark
fibers had removed amorphous constituents and improved its tensile nature [17]. KOH–
treated Ijuk fibers displayed enhanced tensile and stiffness in the fabricated composites [18].
Furthermore, natural fibers typically require lower processing temperatures compared to
synthetic alternatives, which could be overthrown by employing flame retardants like phos-
phates, phosphoric acids, N-methynol functional phosphorus esters, antimony-halogen
combinations, boron and nitrogen compounds [1]. Generally practiced chemical treatment
process are bleaching, benzoylation, acetylation, silane, permanganate, etc.

The present work focuses on the Butea Parviflora (BP) plant, which is native to most
South East Asian countries, including India. It is one among the many plants of the Fabaceae
family with the genus name ‘Butea’. It has a trifoliate alternate spiral leaf arrangement and
bears flowers and seeds. Seeds are imbibed with many pharmaceutical benefits and are
crushed for oil [19]. Being a deciduous climbing shrub, it could extend up to 20 m in height.
Long fiber strands are torned out for domestic utilities by localities.

The Butea parviflora (BP) fiber is believed to possess most characters, as found in
other stem fibers discovered to date, and there has been limited research conducted on
it. The BP plant has climbing branches twined strongly around each other. The roots are
strongly fixed to the ground, thus rendering a mechanical support from retrieving its path
of growth. They are scattered all over India mostly in the Western and Eastern ghats and
are widely flourished from moist to arid region. Fibers for the present study are collected
from the village of Thirunandikarai, Kanniyakumari District, Tamil Nadu. Characterization
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of BP fibers is necessary to understand their properties and potential applications. Raw and
0.1 M of KOH–treated Butea fibers are prepared for the characterization procedures includ-
ing physical, mechanical, spectroscopic, thermal, crystalline, morphological, and chemical
testing methods. Physical testing methods involve measurements of fiber diameter, length,
density and aspect ratios. Mechanical testing techniques are employed to assess the strength
and rigidity of fibers, while the spectroscopic, thermal, crystalline, and morphologies are
studied using the FTIR, Thermogravimetric analysis (TG-DTA), X-ray diffraction (XRD),
and Scanning Electron Microscopic studies (SEM) [20]. Chemical testing methods are used
to identify the chemical composition of fibers, including the detection of impurities and
extractives. The experimental data indicate that BP has the potential to serve as a superior
reinforcing material in the formulation of sustainable composites.

2. Materials and Methods

2.1. Material Extraction

The collected BP fibers are mechanically removed from the branchy stems using a
metal teeth. The peeled fibers are then dried in the absence of sunlight for about 7 days
in a clean environment. Fibers are drenched in water and surface modification is attained
by soaking it in 0.1 M of KOH environment for 30 min. Alkali pre-treatment is performed
to eliminate impurities such as wax, oil, etc., from the fibers, while also inducing modifi-
cations to enhance their properties [21,22]. Fibers are kept at room temperature for over
10–15 days. Potassium hydroxide was chosen over NaOH in the current study, because it is
less alkaline. In Ijuk fibers, KOH–treated fibers generated the highest tensile and stiffness
than NaOH [18]. Given that KOH treatment was not performed prior on Butea fibers,
KOH with 0.1 molarity was carried on Butea fibers. Fibers mercerized with 0.1 M KOH
solution on other fibers demonstrated an enhancement in the mechanical properties [23].
Sisal fibers from the literature showed an improved hydrophobic behavior while treated
with same molarity of alkali solution [24]. Alkali-treated fibers are proceeded with vacuum
desiccating for 2 days [25]. Figure 1 shows the fibers extracted from Butea parviflora (BP).

Figure 1. Collected fibers from Butea parviflora plant.

2.2. Physical Properties of Butea Parviflora (BP) Fiber

The physical factors of unprocessed and alkali–treated Butea parviflora (BP) fibers
are crucial in making composites. Randomly selected BP fibers 30 in number are taken to
establish the physical aspects.

Diameter of BP is calculated using an optical microscope. KOH–treated fibers show a
decrease in the diameter of the raw fibers. It can be believed that the interfacial strength
decreases with an increase in diameter regardless of surface modifications [26].

Aspect ratios of natural fibers are found by calculating the ratio between the length
and diameter. The aspect ratios of alkali–treated BP (203.91) are greater than raw BP
(174.59). Higher the aspect ratios, more will be the compressive strength of composites. The
addition of coconut and oil palm fibers to soil building blocks resulted in an augmentation
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of both compressive and tensile strength, which is correlated with higher aspect ratios of
the fibers [27].

The linear density (LD) is a measure to determine the fineness of a fiber, and excellency
in tensile strength is observed with higher LD values. An average length of 10 cm was
chosen to calculate the fiber’s LD using the equation [28].

Linear density (LD) =
massoffibers (grams)
lengthoffibers (meter)

(1)

Density plays a crucial role in determining the suitability of natural fiber composites
for various applications. It is a prime factor that distinguishes and discriminates natural
fiber composites from their synthetic counterparts. Density is analyzed using the liquid
pycnometer method, with the immersion liquid toluene, using the equation [9,29],

ρ =
(mb − ma)

[(mc − ma)− (md − mb)]
ρt (2)

In the given context, ma represents the mass of the empty pycnometer (in kilograms),
mb denotes the mass of the pycnometer filled with fibers (in kilograms), mc represents the
mass of the pycnometer filled with toluene (in kilograms), and md indicates the mass of
the pycnometer filled with both fibers and toluene (in kilograms).

The density of KOH–treated BP (1.340 g/cc) is higher than raw BP (1.238 g/cc).
Less-dense extractives of fibers like lignin and hemicellulose, along with airspaces, might
get removed by the alkalization. Hence, the density of treated BP has been incremented [28].
Density values of BP are comparable with other fibers like Thespesia populnea
(1.412 g/cc) [30], carbon (1.40 g/cc), and aramid fibers (1.40 g/cc) and are much smaller
than E-glass fibers (2050 g/cc) [31]. Physical aspects of Butea fibers are displayed in Table 1.

Table 1. Comparison made between the physical and chemical attributes of untreated and alkalized
BP fibers, alongside other types of fibers.

Fibers Diameter
Aspect

Ratio (L/D)
Linear

Density
Density

(g/cc)
Reference

Raw BP 0.048 mm 174.59 312 tex 1.238 Present work
Treated BP 0.027 mm 203.91 346 tex 1.340 Present work

Acacia leucophlea 168.5 μm - - 1.385 [32]
Coccinia grandis 543–621 μm - 130.9 tex 1.517 [33]

3. Characterization Studies

3.1. X-ray Diffraction (XRD) Analysis

The crystalline nature of Butea fibers was measured using powder X-ray diffraction.
The analysis was conducted using a D8 Advance Model diffractometer from the manu-
facturer, Bruker AXS, Karlsruhe, Germany. Recording the spectrum for 2θ values was
taken between 3◦ and 80◦ under 40 kV and a current supply of 35 mA. The Segal empirical
formula was utilized to calculate the crystallinity index of BP fibers [34,35].

CI =
I200−Iam

I200
∗ 100% (3)

where I200—maximum intensity of the crystalline diffraction peak at 2θ angle range of 22◦
to 23◦, and Iam—minimum intensity of an amorphous peak at 2θ angle of 18◦. Additionally,
the crystallite size was calculated utilizing Scherrer’s equation [36].

CS =
Kλ

β200cosθ
(4)
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where K—Scherrer’s constant, λ—wavelength of X-rays (0.154 nm), β200—the peak’s full
width at half maximum, and θ—Bragg angle.

3.2. Scanning Electron Microscopy (SEM)

Scanning electron microscopy gives outstanding results in identifying the morpho-
logical features; thereby, the fundamental characters of the fibers are lit up with detailed
clarity. The surface images of fibers were scanned with the working voltage from 0.5 to
30 kV, using an instrument, Jeol 6390LA/OXFORD XMXN, from JEOL India PVT LTD;
South Delhi, India, a subsidiary company of JEOL Limited, Tokyo, Japan.

3.3. Thermogravimetric Analysis

Heat resistance is very much needed for making composites [37]. By indulging fibers
in thermal analysis, the nature of samples under various environments of heating and
cooling, along with inert oxidation-reduction atmospheres, can be cited. The change in
mass is adjoined with a variety of reactions such as decomposition, degradation, adsorption,
vaporization, oxidation, reduction, etc. Tg-dta and DSC analyses were carried out using the
Perkin Elmer STA 6000 Model, from the manufacturer Perkin Elmer Inc., Mumbai, India.
The heating process was monitored at a rate of 20 ◦C per minute under a dynamic nitrogen
atmosphere within the temperature range of 40–800 ◦C.

3.4. Thermal Conductivity Using Lee’s Disc Method

Thermal conductivity was assessed using Lee’s disc method, wherein the mass, di-
ameter, and thickness of Lee’s disc were measured using a digital weighing machine,
Vernier caliper, and screw gauge. At the onset of steady temperature, the disc is let to cool
down, and dropping temperatures are noted. The thermal conductivity was determined by
employing a specific equation for the calculation process [38].

k =
mxd(r + 2h)

πr2(T1 − T2)(2r + 2h)
dT/dt W/m/K (5)

The various parameters involved are: m represents the mass of the Lee’s disc, d refers
to the sample thickness, x denotes the specific heat, r represents the radius of the Lee’s
disc, h signifies the thickness of the Lee’s disc, and dT/dt represents the tangential slope.
Additionally, T1 represents the steady temperature of the vapor chamber, and T2 represents
the steady temperature of the Lee’s disc.

3.5. CHNS Analyzer

CHNS elemental analysis offers a quick method to determine the levels of carbon,
hydrogen, nitrogen, and sulfur in organic samples and various other materials, including
volatile or viscous samples. The analysis was performed using the model Elementar
Vario EL III, Micro Cube manufactured by Elementar, Langenselbold, Germany with a
precision > 0.1% absorbance.

3.6. Single Fiber Tensile Testing

The tensile strength of BP fibers were measured using single fiber strength and elonga-
tion (Zwick/Roell) from the Physical Testing Laboratory, SITRA, Coimbatore. All analyses
were conducted at a controlled temperature of approximately 21 ◦C with a tolerance of
±1 ◦C, along with a relative humidity of 65%. The gauge length was set at 50 mm, and
the transverse rate was maintained at 30 mm/min. The tensile strength of BP fibers was
determined using [39]

Tensile strength(σ) =
Tensile force (F)

cross sectional area of fibers (A)
(6)
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The microfibril angles of BP fibers are calculated using the global deformation equation [40].

ε = ln (1 +
ΔL
L

) = −ln (cosα) (7)

where ε—strain developed, α—microfibril angle (MFA), L—fiber length, and ΔL—elongation
at the time of breaking.

3.7. FTIR Analysis

The FTIR spectrometer (Model FTIR-8400S spectrum, SHIMADZU, Kyoto, Japan) was
employed to identify the functional groups present in both untreated and alkali–treated
fibers. The analysis was conducted using a KBr matrix with a scan rate of 45 scans per
minute and a resolution of 4 cm−1, within a wavenumber range of 400 cm−1 to 4000 cm−1.

4. Results and Discussion

4.1. Determination of Chemical Composition

The presence of cellulose, lignin, hemicellulose, and wax content in the fiber sample
was determined through chemical analysis. Extraction methods, maturity of plant parts,
and the habitat of plants would have a direct outcome on the cellular compositions [41].
Standardized methods were followed to find the cellular composition. Percentage of
cellulose and hemicellulose was found from the acid and neutral detergent method. Lignin
content was found using the Klason method, and moisture quantity was measured by
drying the sample. The wax percentage was determined using the Soxhlet extraction
method, where the chosen solvent’s vapor dissolves wax from the fiber samples. The
variance between the extracted mass and the dried mass calculates the wax% present in
the samples.

The cellulose content of 0.1 M KOH–treated BP was 60.72%, which is higher than the
raw fiber (58.5%) and is thought to withstand hydrostatic pressure gradients of the fibers.
After alkali treatment, fibers showed a visible improvement to serve as reinforcement
material [42]. The cellulose values are in agreement with Kenaf (53.14%) [43] and Okra
fibers (60–70%) [44]. Hemicellulose in alkalized BP deeply declined to 19.2% from 40.13%.
There are almost no comprehensive treatment methods to extract hemicellulose completely
without dissolving the cell components [45]. Complete removal of hemicelluloses could
potentially lead to a reduction in composite strength while enhancing its stiffness [46].
Molecular weights of hemicellulose are lower than cellulose, and also, the alkali treat-
ment on BP has eliminated a high degree of hemicelluloses, and because of that, physical
properties such as density, aspect ratio, and linear density show an increase [47].

Furthermore, the complete removal of hemicellulose or lignin through alkalization may
not be foolproof due to the presence of hydrogen bonding between residual hemicellulose
and cellulose fibrils [48,49]. Lignin contributes to the structural integrity of fibers. A
higher lignin percentage (18.09%) of BP can possibly favor excellent rigidity compared to
other fibers. The physical properties of BP fibers were not negatively influenced by lignin.
However, the presence of lignin impacted the thermal stability of BP fibers by stretching its
degradation temperature [50]. The cellulose/lignin ratio in BP fibers was almost around 3:1.
It is necessary to obtain a high cellulose/lignin ratio in samples to receive better crystalline,
structural, and physical properties while introducing these fibers for composite making [51].
Modifying the cellulose/lignin ratio through diverse oxidative treatments is essential for
these fibers, as this approach could yield improved fiber properties, namely (higher thermal
stability, high mechanical strength), beyond those observed in the current study.

The amount of wax housed in the BP fibers (0.31%) was minimized to 0.25% using
KOH action, and hence, initial flushing of samples prior to alkali treatment was considered
optional. Dewaxing occurred during the alkali action had introduced a rough surface, which
is shown in the SEM images. Moreover, the elimination of wax and other contaminants
contributed to the enhancement of the tensile properties of the BP fibers [52]. A comparison
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of the chemical composition between BP fibers and other natural fibers is presented in
Table 2 [40].

Table 2. Comparison of chemical characteristics of raw and alkalized BP with other fibers.

Fibers
Cellulose

(wt%)
Hemicellulose

(wt%)
Lignin
(wt%)

Moisture
(wt%)

Wax
(wt%)

Pectin
(wt%)

Raw BP 58.5 40.13 18.09 11.63 0.31 6.77
Treated BP 60.72 19.2 20.5 12.4 0.25 3.4

Acacia leucophlea 68.09 13.6 17.73 8.83 - -
Coccinia grandis 63.22 - 24.42 9.14 0.32 -

Prosopis juliflora bark 61.65 16.14 17.11 9.48 0.61 -

4.2. X-ray Diffraction (XRD) Analysis

The XRD analysis revealed the crystalline nature of the BP fibers in Figure 2. The
lattice planes at (110) and (200) belong to the crystallographic plane group of celluloses [44].
It turns out that the crystallinity index (CI) of 0.1 M KOH–treated BP (86%) was more
than the untreated BP (83%). SEM images also display an ordered arrangement of cellular
components in the alkalized fiber. High CI indicates a better orientation of cellulose around
the fiber axis, which attributes to the higher strength of fibers [53]. Additionally, the thermal
degradation of fibers is also toggled to higher temperatures with the rise in CI. The CI for
BP fiber is greater than other fibers and is tabulated in Table 3. Under certain conditions, it
is possible for the crystalline regions to undergo rearrangement, leading to an increased
level of crystallinity in the fiber [54]. Meanwhile, the crystallite size of the alkalized BP has
risen from 7.5 nm to 8.04 nm. The CS of Butea fibers is smaller than the Sida cordifolia stem
(18 nm). The increment of CS in the treated BP is suspected owing to the varying strain
caused by the intrusion of K+ ions on the cellular arrangement during treatment [39].

Figure 2. X-ray diffractogram of raw and 0.1 M KOH–treated Butea parviflora (BP).

Table 3. Comparison of crystallinity index of raw and alkalized BP with other fibers.

Sample Crystallinity Index (%) Crystallite Size (nm) Reference

Untreated BP 83.63 7.50 Present work
Alkali-treated BP 86.03 8.04 Present work

Thespesia populnea 48.17 3.57 [55]
Sida cordifolia stem 56.92 18 [56]
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4.3. CHNS Analysis

The presence of elements like carbon, nitrogen, hydrogen, and sulfur in Butea fibers
can be detected using the CHNS analyzer. The analysis employs finely chopped raw and
alkali-treated fibers. Samples with a high carbon content are regarded advantageous when
used as fillers in strengthening composites [12]. The low heat conductivity values obtained
from Lee’s disc setup of alkalized BP can be accredited due to its high carbon content.
Table 4 shows the weight percent of carbon, hydrogen, and nitrogen.

Table 4. CHNS analysis of BP fiber.

Sample N% C% H% S% Weight (mg)

0.1 M KOH-treated 0.93 41.66 6.60 ND 7.60

Untreated 0.84 39.75 6.30 ND 7.12
ND—not detected.

4.4. FESEM Analysis

The surface characteristics of both untreated and 0.1 M alkali-treated BP fibers are
depicted in Figure 3a–f. SEM analysis is highly used to question the failure approach at
the micro level [57]. The presence of small peaks against the long stripes is seen in the raw
fiber. Epidermal projections appear on the longitudinal surface. The clouded irregularities
in Figure 3a could be part of non-cellulosic debris [58]. This imperfection is removed in the
alkalized fibers. It is assumed that the KOH treatment has washed away most of the oil
and waxy impurities tied up with the microfibrils, generating a rough interface on the top
of the fibers. The elimination of non-cellulosic structures, mainly wax and hemicellulose,
could have created fine grooves along the axis. This might greatly improve the expansive
adhesion with the matrix interface [41]. The axial arrangement of treated fibrils is more
coordinated than the raw fiber.

Figure 3. (a–c) SEM photographs of raw BP, (d–f) SEM photographs of 0.1 M KOH treated BP.

4.5. Thermogravimetric Analysis

The thermal nature of BP was monitored between 40 and 800 ◦C at a heating rate of
20 ◦C/min. The Tg-dta and DSC curves are provided in Figure 4a,b. Three-step thermal
degradation was observed in both fibers. The initial stage of mass loss is anticipated due to
the evaporation of moisture present in the fiber [59,60]. The degradation pattern observed
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in the dtg graph of both fibers between 200 and 260 ◦C is because of the elimination of
hemicellulose. The quick dismissal of cellulose occurs around 240–350 ◦C leaving anhydro
cellulose and levoglucosan [61]. A mass loss of 50 and 45.06% was registered for the
raw and treated BP in the second stage, which concerns the exclusion of hemicellulose,
lignin, and a tiny fraction of celluloses. The swift reaction is cascaded to the next step with
the huge dismissal of hemicellulose. Lignin degradation is registered between the range
280 and 500 ◦C [62]. Patterns of mass loss noted around specific temperatures are shown in
Table 5.

Figure 4. (a). Thermogravimetry plot of untreated and alkalized Butea fiber; (b). differential
thermogravimetry plot of untreated and alkalized BP; (c). differential scanning calorimetry curve of
raw and alkalized BP.

Table 5. Mass loss with temperature from TG.

Fibers Temperature (◦C) Mass Loss (%) Residual Char (%)

Raw BP
54–251 17.72

0.4251–394 50.78
394–540 39.1

KOH-treated BP
42–209 11.68

2.59209–356 45.06
356–544 40.67

DTG shows that the maximum degradation peak for the alkali-treated fibers has been
backtracked to 324 ◦C compared to that of the raw fiber, which was marked at 365 ◦C. Alkali
action might have dismissed lignin, and hence, the treated fibers have noticed an early
decomposition. Minor peaks were noted for the raw and alkalized BP between 400 and
500 ◦C. Removal of lignin could have occurred within this limit. Weight loss of fibers was
stabilized around 500 ◦C leaving the residues [63]. Other cellulosic fibers like Eucalyptus
grandis and Pinus taeda spotted their maximum decomposition temperatures at 353 ◦C
and 360 ◦C [61].

4.6. Differential Scanning Calorimetry

The DSC curves are plotted in Figure 4c. As the temperature increases, notable peaks
appear, signaling various thermal events or transitions taking place within the fiber. A
prominent endothermic peak was obtained for the KOH-treated fibers at 486 ◦C. It indicates
the pyrolysis and exclusion of lignified compounds, leaving behind char. For the untreated
profile, a peak was spotted at 503 ◦C, owing to the loss of diversified functional groups
of lignin. This peak value clearly correlates with the elevated decomposition temperature
indicated in the DTG curve. A minor peak was spotted at 360 and 330 ◦C in the raw
and treated BP, marking the removal of cellulose and hemicelluloses. A small hump seen
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initially around 100 ◦C in both fibers is because of moisture removal [64]. All the outcomes
show that BP fiber can be signed in for making fiber reinforcement composites as long as
its thermal stand-by temperature does not exceed 240 ◦C.

4.7. Activation Energy of Fibers

The kinetic activation energy (Ea) of BP was determined using the Coast–Redfern
method [65].

log
[−log(1 − α)

T2

]
= log

AR
βEa

[
1 − 2RT

Ea

]
=

Ea
2.303RT

(8)

Ea was estimated through linear interpolation of data points between log[−log(1 − α)/T2]
and 1000/T. The plot is shown in Figure 5. It speaks more about the aptness of the fibers
to be used in composite making. Ea of cellulose fibers show different patterns due to
variations in the fiber contents and structure [66].

Figure 5. Ea curve of raw and KOH-treated BP.

The activation energy calculated for the raw BP (Ea = 73.15 kJ/mol) was higher than
for alkalized fiber (Ea = 55.95 kJ/mol). The activation energy has its impact more on the
untreated fiber rather than the alkalized BP. The thermal stability of green fibers is primarily
determined by their decomposition temperature. The kinetic activation energy (Ea) values
of other fibers are: Prosopis juliflora (76.72 kJ/mol), C. quadrangularis (74.18 kJ/mol), and
Coccinia grandis (82.3 kJ/mol) [33,67]. The thermal outcomes of Butea fibers are shown in
Table 6.

Table 6. Thermal outcomes of Butea parviflora fibers.

Fibers
Activation Energy

(Ea)
Max Degradation
Temperature (◦C)

Thermal
Conductivity (K)

Raw BP 73.15 kJ/mol 365 0.029 W/mk
Alkalized BP 55.95 kJ/mol 324 0.020 W/mk

4.8. Thermal Conductivity

Natural fiber-based materials are highly influential because of their potential insulation
behavior. The thermal conductivity (K) of untreated and alkalized BP fiber, found using
Lee’s disc method, was K = 0.029 Wm−1k−1 and K = 0.020 Wm−1k−1. Thermal conductivity
plots of BP fibers are shown in Figure 6. K values of BP fibers are much lower than wood-
based thermal insulation foam (k = 0.038 Wm−1k−1) [68]. The activity was performed at
two Lee’s disc setups at room temperature, with the fibers woven tightly without void
spaces. The steady temperature of the untreated and 0.1 M KOH-treated fibers are at
73.5 ◦C and 67.4 ◦C. Based on the observations, it can be deduced that as the material
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thickness decreases, its conductivity also reduces, resulting in improved thermal insulation
properties [69].

Figure 6. A linear plot of heat transport of raw and KOH-treated BP fibers.

The K value of the treated BP fibers is comparatively lower than other plant fibers,
like corn stalks (K = 0.121 Wm−1k−1) and Areca husk fiber (K = 0.021 Wm−1k−1) [70]. The
reduced K value of the alkalized BP accounts for the amorphous content dwelling in the
fiber. Lowered heat conducting behavior of BP fibers may lay a path to act as a better
thermal insulator, or it can appease the synthetic thermal insulators the least.

4.9. Single Fiber Tensile Test

Tensile properties of fiber predominantly gear on a number of things, like the maturity
of plant parts, habitat, fibers chosen for testing, and so on. The presence of cellulose is
a crucial factor influencing the mechanical behavior of fiber composites, as it exhibits
a diverse range of polymeric actions [71,72]. The tensile strength of the alkalized fiber
increased by 192.97 MPa compared to the raw fiber’s value of 92.64 MPa. Additionally,
the treated fiber exhibits a high tensile modulus of 3.462 GPa, whereas the raw fiber had
2.164 GPa. The removal of amorphous components resulted in a more organized alignment
of microfibrils along the fiber axis, thereby significantly enhancing the strength of the fibers.

Higher MFA (α) might result in poor fiber orientation. The tensile values are on
the rise when the MFA is low and vice versa [40]. The elongation at break and strain
experienced by the fibers play a crucial role in enhancing the MFA (microfibril angle).
Higher MFA introduces higher ductility of fibers, which is also dependent on the orientation
of microfibrils. Meanwhile, the MFA (α) of treated fiber (19.67 ± 10.49◦) is lower than the
raw fiber (21.11 ± 14.08◦). The range of MFA values of BP appease with the other fibers
and can be introduced for composite reinforcements. A semiempirical relation shown in
Equation 9 was formulated by Satyanarayanan et al. It relates to MFA and fiber elongation,
and the relation agrees with the BP fibers as well [73].

ε = 2.78 + 7.28 × 10−2θ + 7.7 × 10−3θ2 (9)

where ε is the % elongation, and θ is the MFA with the cellulose content. These tensile
values of Butea fibers were compared with various fibers in Table 7.
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Table 7. Tensile properties of BP and other natural fibers.

Fibers
Tensile Strength

(MPa)
Young’s Modulus

(GPa)
Elongation at

Break (%)
Microfibril
Angle (◦)

References

Raw BP 92.64 2.164 7.2 ± 3.1 21.11 ± 14.08 Present work
Alkalized BP 192.97 3.462 6.2 ± 1.7 19.67 ± 10.49 Present work
Napier grass 75 6.8 2.8 - [74]

Cordia dichotoma 36.2 3.6 2.0 - [75]
Sansevieria ehrenbergii 50–585 1.5–7.67 2.8–21.7 - [76]
Aerial roots of Banyan 19.37 ± 7.72 1.8 ± 0.40 1.8 ± 0.40 10.88 ± 1.198 [40]

Pennisetum purpureum 73 ± 6 5.68 ± 0.14 1.40 ± 0.23 - [77]

4.10. FTIR Analysis

Spectroscopic investigation on fibers gives a detailed account of the structure and
presence of constituents binding with the fiber arrangements like cellulose, hemicellulose,
pectin, lignin, and others [78]. The FTIR absorption peak of the raw and treated fibers
are provided in Figure 7, and the spectroscopic assignments are listed in Table 8. The
presence of a prominent band in the range of 3600–3000 cm−1 can be attributed to the
stretching of hydrogen-bonded O–H groups in cellulose and/or hemicellulose [79]. A
strong peak at 2922 and 2916 cm−1 of fibers is the outcome of the C–H stretching vibration
of cellulose [80,81]. Due to the free vibration of the carboxyl group, a peak is visible in both
fibers at 1640 cm−1 [44].

Figure 7. FTIR image of raw and 0.1 M KOH-treated BP.

Table 8. Spectroscopic vibrations in BP fibers.

Wavenumber (cm)−1

Vibrational Band Assignments
Raw BP KOH-Treated BP

3451 3452 O–H stretching with hydrogen bonding in
cellulose/hemicellulose

2922 2916 C–H stretching of cellulose
2850 2850 C–H stretching of hemicelluloses
1644 1644 Stretching of C=O in the acetyl group of hemicellulose

- 1418 C–H2 symmetric bending in cellulose
1383 - Asymmetric stretching of C–O–C in lignin
1064 - C–O and C–C stretching of cellulose
847 - β-glycosidic linkage in monosaccharides
781 781 CO stretching
517 - Off-plane OH bending
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Asymmetric stretching of C–O–C in lignin caused a vibration in the raw fiber at
1383 cm−1, whereas the vibration was removed in the treated fibers. Alkaline reagents
facilitate the breakdown of lignin into smaller, low-molecular-weight compounds [61,82].
An observable peak split was noticed around 1064 cm−1 in the raw BP due to O–H vibra-
tions [83,84]. A glitch noted at 847 cm−1 in the raw BP has been unseen in the treated BP.
Slight differences in the vibrations of functional groups were observed between the raw
and alkalized BP. These variances can be attributed to the removal of specific chemical
groups during the alkalization process.

5. Conclusions

The aptness of raw and 0.1 M KOH-treated Butea parviflora (BP) fiber to be consumed
for green composites was examined, and the following observations were drawn. The
density and fineness of the alkalized fiber have risen to (1.34 g/cc) and 346 tex, then the raw
fiber, which is (1.23 g/cc) and 312 tex. The chemical composition of fibers clearly witnessed
the changes in the levels of cellulose and hemicellulose between the raw and alkalized fibers
cellulose hiked to 60.72% while hemicellulose dropped from 40 to 19% in the alkalized
BP. The elimination of wax and pectin has a significant impact on the semicrystalline fiber,
resulting in enhanced crystallinity. XRD analysis revealed a substantial increase in cellulose
content (up to 86.03%) and an enlargement in crystallite size (8.04 nm) after the treatment.
FTIR assignments marked slender vibrational changes in the raw and KOH-treated fiber.

The SEM images neatly distinguish the presence and absence of components on the
fiber surface, aiding in the analysis of their effective bonding with the matrix phase. Due to
their low thermal conductivity (K = 0.020 W/mK), BP fibers are suitable to act as thermal
insulators in structural applications. Choosing natural fibers for thermal insulation would
significantly reduce carbon footprints compared to synthetic insulators.

Complete analysis of the Tg-dta and DSC studies provided insights into the mass
loss of cellulosic and amorphous components at specific temperatures. From the DTG
curves, degradation peaks for Butea fibers were observed. The maximum temperature up
to which the fibers can stay active was noted to be around 240 ◦C. The activation energy of
the raw fiber (Ea = 73.15 kJ/mol) was higher than that of the treated fiber, indicating that
the thermal potentials of the raw fibers are better than the treated BP fibers.

Increments in the crystallinity values and cellulose content directly influence the
tensile behavior, showing an abrupt rise in the tensile values of raw BP from 92.64 to
192.97 MPa for the alkalized BP. Only the thermal behavior of raw fibers showed a trifling
swiftness than the KOH-treated BP. However, all the properties of treated fibers, except the
thermal outcome, surpass those of the untreated fiber.

Summing up the text, the present work highlights the enormity of Butea parviflora
fiber through various studies and analyses. The low density, high crystallinity, and thermal
stability of BP fibers differentiate its novelty from other green fibers available in the market.
It can stand as a suitable contender in the global market of composites in minimizing
carbon emissions and safeguarding green territory. The findings provide a positive way to
introduce fiber as a reinforcement material in composite making. The impeccable assets
of the plant fiber can be further harvested by subjecting them to various treatments along
with assessing their properties.
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Abstract: The aim of this study is to compare the marginal seal and tensile bond strength (TBS)
of prostheses fixed to enamel-dentin using different adhesive systems. Resin-composite inlays
directly fabricated from Class V cavities of extracted human molars/premolars and mini-dumbbell-
shaped specimens of bonded enamel-dentin were prepared for microleakage and tensile tests, re-
spectively. Four adhesive systems were used: primerless-wet (1-1 etching for 10-, 30-, or 60-s, and
4-META/MMA-TBB), primer-moist (All-Bond2 + Duolink or Single-Bond2 + RelyX ARC), self-etch
(AQ-Bond + Metafil FLO), and dry (Super-Bond C&B) bonding. Dye penetration distance and TBS
data were recorded. Failure modes and characteristics of the tooth-resin interface were examined on
the fractured specimens. All specimens in 10-, 30-, and 60-s etching primerless-wet, Super-Bond, and
AQ-Bond had a microleakage-free tooth-resin interface. Primer-moist groups showed microleakage
at the cementum/dentin-resin margin/interface. Significantly higher TBSs (p < 0.05) were recorded
in primer-less-wet and Super-Bond groups with the consistent hybridized biopolymer layer after the
chemical challenge and mixed failure in tooth structure, luting-resin, and at the PMMA-rod inter-
face. There was no correlation between microleakage and TBS data (p = −0.148). A 1–3 μm hybrid
layer created in the 10–60 s primerless-wet technique, producing complete micro-seal and higher
tensile strength than enamel and cured 4-META/MMA-TBB, may enhance clinical performances like
Super-Bond C&B, the sustainable luting resin.

Keywords: primerless-wet bonding; resin adhesive system; hybrid layer; tensile bond strength;
micro-seal; luting resin; dental prosthesis; fixed prosthodontics

1. Introduction

Dental enamel naturally protects the dentin and pulp from invasion by external
stimuli. Therefore, non- or minimally invasive restorations or prostheses that protect the
enamel from tooth reduction, recurrent caries, or tooth fracture are crucial in maintain-
ing healthy dentin and pulp. High tensile bond strength adhesives are required when
restorations or prostheses are not sufficiently resistant to displacement under functional
loading [1]. Severe tooth reduction to gain more retention, resistance form, or strength
for restorations/prostheses removes dentin, especially when restoring with non-hybrid
layer formation materials, such as amalgam restorations and dental prostheses fixed with
acid-base cement.

The total-etch concept was developed to simplify bonding to both enamel and dentin
by etching the entire cavity with 40% phosphoric acid gel [2]. Strong phosphoric acid
demineralizes enamel deeper than mild acid [3]. Thus, demineralized enamel might remain
after resin polymerization allowing oral acid penetration. However, monomer diffusion
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into etched enamel is more accessible than demineralized dentin, as phosphoric acid-
conditioned dentin collapses when air-dried [4]. Therefore, phosphoric acid demineralized
dentin cannot provide adequate permeability for complete monomer impregnation in either
dry or moist systems [4,5]. In addition, it leads to a leakage pathway [6,7], post-operative
hypersensitivity, and secondary caries [8,9].

Ferric ions in an acid conditioner can aggregate glycosaminoglycan (GAG) in de-
mineralized dentin and provide permeability for potential monomers to diffuse through
completely in dry or wet conditions [6–11]. Therefore, a hybridized dentin with a leakage-
free interface was formed [6–9]. Self-etch bonding systems and self-adhesive cement were
introduced to simplify the bonding steps and minimize aggressive phosphoric acid etching
on dentin. However, bonded restorations using these self-etching or self-adhesive systems
could not reliably provide a leakage-free dentin-resin interface [12–15] because of the limi-
tation of monomer diffusion through any smear layer into the intact dentin [14,16]. Ferric
chloride (1%) in 1% citric acid aqueous conditioner (1-1), a mild acid for smear layer re-
moval, and 4-methacryloyloxyethyl trimellitate anhydride in methyl methacrylate initiated
by tri-n-butyl borane resin (4-META/MMA-TBB) can provide reliable hybridized dentin
when wet bonding with primer in the long-range periods (10–60 s) of conditioning [10].
A 1–3 μm hybridized dentin layer suggested that 1-1 conditioned dentin was sufficiently
permeable for water to evaporate and for monomers to impregnate. Thus, only blot-drying
with or without primer (primerless-wet bonding) can produce a complete hybrid layer that
reinforces the dentin [10,17] and prevents dye penetration of direct restorations [7,17].

Dental clinical failures are often found in direct or indirect restorations and fixed partial
prostheses due to secondary caries, especially at the cementum/dentin margin [18–21]. De-
tachment of restorations or prostheses is a minor complication that leads to failure [21–24].
The demineralized dentin, the defect, remains in restored-dentin, which may lead to a
leakage pathway and recurrent caries [6,8,9], strongly influencing the failure of restorations
or prostheses [18–21]. The hybrid layer formed by dry bonding using 10% citric acid
and 3% ferric chloride aqueous solution (10-3) conditioned for 10 s and 4-META/MMA-
TBB resin (Super-Bond C&B, Sun Medical, Shiga, Japan; a sustainable luting resin since
1983), provides a significantly higher 15-year survival with less secondary caries and pros-
thesis detachment complication rates of full coverage retainers than those of acid-base
cement [21]. However more extended 10-3 etching period of 30–60 s creates demineralized
dentin too deep (>4 μm) to be fully impregnated by the monomers before starting poly-
merization. Thus, exposed demineralized dentin remains to allow leakage, caries, or pulp
infection [8,21]. A tensile test using a mini-dumbbell-shaped bonded specimen [2,25] and a
microleakage test [6,8] can detect this remaining demineralized dentin, the weakening part
of the restored dentin.

We hypothesized that primerless-wet bonding could create a reliable hybrid layer on
enamel-dentin and provide a complete micro-seal and tensile bond strength comparable
with Super-Bond C&B. Moreover, a complete seal might not relate to the tensile bond
strength of tooth-resin interface luting with various resin adhesives.

The objective of this study was to compare the dye penetration distance and the tensile
bond strength at the tooth-resin interface of a prosthesis fixed to enamel-dentin using
different adhesive systems: dry (Super-Bond C&B), moist with primer (All-Bond2 + Duoink
or Single-Bond2 + RelyX ARC), self-etch (AQ-Bond + Metafil FLO), and primerless-wet
(1-1 conditioner and 4-META/MMA-TBB resin) bonding.

2. Materials and Methods

Previously frozen extracted human molars and premolars without caries, restorations,
or cracked lines were collected and stored in water at −20 ◦C for 2–3 months. Then, all
teeth were randomly divided into two experimental groups of 7 premolars and 14 molars
for micro-seal evaluation and 42 molars to prepare the mini-dumbbell-shaped specimens
for tensile testing. The primary experimental steps are illustrated in Figure 1.
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Figure 1. An illustrated diagram for the steps carried out in this experiment.

2.1. Micro-Seal Evaluation Using Dye Penetration

Class V cavities at the cementoenamel junction (CEJ) on the buccal and lingual surfaces
of seven premolars and all axial surfaces for fourteen molars were outlined. A box cavity of
2 × 3 mm and 1.5 mm depth with approximately 5◦ divergent axial walls was prepared with
occlusal and gingival margins on enamel and cementum, respectively, using a diamond bur
with an air-water sprayed high-speed handpiece. Resin composite inlays of 2 × 3 × 1.5 mm
were directly fabricated from the cavities with light-cured resin composite (Metafil CX,
Sun Medical, Shiga, Japan). Each inlay was light-cured for 60 s on both outer and inner
surfaces. All cavities were randomly divided into 7 groups of 10 specimens (1 premolar and
2 molars) for different tooth conditionings and/or resin cement. Primerless-wet bonding
using 1-1 conditioning for 10 s, 30 s, 60 s (Groups 1-1-10s, 1-1-30s, 1-1-60s respectively) and
4-META/MMA-TBB resin; and commercially available adhesive resin cement: Super-Bond
C&B (Sun Medical, Shiga, Japan), All-Bond2 + Duolink (Bisco, Schaumburg, IL, USA),
Single-Bond2 + RelyX ARC (3M ESPE, Saint Paul, MN, USA), or AQ-Bond Plus + Metafil
FLO (Sun Medical, Shiga, Japan) was used to fix an inlay prosthesis into the cavity. The
manipulation of commercial systems followed manufacturers’ recommendations, as shown
in Table 1, and the main chemical composition of luting adhesives and resin composite
inlay, as shown in Table 2. Fine diamond burs in a high-speed handpiece were used to
finish the restored margins after the polymerization of adhesives. After storing in water
at 37 ◦C for 24 h, all tooth surfaces except an area of the inlay and 1 mm away from the
occlusal (enamel) and gingival (cementum) margins were coated with two layers of nail
varnish (Pias, Bangkok, Thailand). Specimens were then immersed in 0.5% basic fuchsin
dye for 24 h. After soaking, all specimens were cleaned with tap water before being
vertically sectioned at the center of each restoration using a diamond disc with a slow-
speed handpiece. The distance of dye penetration was measured under a stereomicroscope
(ECLIPSE E400 POL, Nikon, Japan) at ×50–×200 magnifications.
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Table 1. Manipulation of tooth-conditioning, luting adhesive, and prosthesis cementation.

Systems Primerless-Wet Dry Self-Etched Moist with Primer

Groups 1-1-10s 1-1-30s 1-1-60s
Super-Bond

C&B
AQ-Bond All-Bond2 Single-Bond2

Acid conditioner 1-1 1-1 1-1 10-3 - 32% phosphoric acid 35% phosphoric acid

Conditioning
time 10 s 30 s 60 s 10 s - 15 s 15 s

Rinse off 10 s 10 s 10 s 10 s - 15 s 10 s

Surface
treatment Blot-dried 10 s Air-dried 10 s - Air-dried 1 s, kept

moist
Blot-dried and kept

moist

Manipulations of
luting adhesives

Mixed 4 drops of 4-META/MMA and 1 drop
of TBB in a cool porcelain container applied
using brush-dip technique with PMMA
powder for auto-curing on the conditioned
tooth-surface and resin-composite inlay or
PMMA block prior fixation

Same as
primerless-wet
groups

Scrubbed sponge
impregnated with
monomers on tooth
surface for 20 s,
air-dried for 5 s,
light-cured for 10 s.
Applied metafil FLO
on resin-composite
inlay or PMMA block
prior to fixation,
light-cured for 60 s.

Mixed 1 drop of
primer A: B, coated
on conditioned
tooth-surface 5 times,
gently air-dried for 5
s, applied D&E resin,
light-cured for 20 s.
Mixed Duolink
cement and applied
on resin-composite
inlay or PMMA block
prior to fixation,
light-cured for 60 s.

Applied Single-Bond
2 on conditioned
tooth surface for 15 s,
gently air-dried for 5
s, light cured for 10 s.
Mixed RelyX ARC
cement and applied
on resin-composite
inlay or PMMA block
before fixation,
light-cured 60 s.

Table 2. The main chemical composition of luting adhesives and resin composite inlay.

Materials Chemical Composition

Primerless-wet

Etchant: 1% citric acid and 1% ferric chloride (1-1); water
Monomers: 4-methacryloyloxyethyl trimellitate anhydride in methyl methacrylate initiated by tri-n-butyl
borane (4-META/MMA-TBB)
Powder: poly(methyl methacrylate) (PMMA)

Super-Bond C&B
Etchant: 10% citric acid and 3% ferric chloride (10-3); water
Monomers: 4-META/MMA-TBB
Powder: PMMA

AQ-Bond Plus
Metafil FLO

Monomers: methyl methacrylate (MMA); 4-META; urethane dimethacrylate (UDMA); 2-hydroxyethyl
methacrylate (HEMA); acetone; water
Sponge: polyurethane foam; amine-p-toluenesulfonic acid sodium salt (p-TSNa)
Luting: UDMA; triethylene glycol dimethacrylate (TEGDMA); trimethylolpropane trimethacrylate (TMPT);
barium glass

All-Bond2
Duolink

Etchant: 32% phosphoric acid; water
Primer: 2% NTG-GMA (N-tolylglycine-glycidyl methacrylate); 16% BPDM (biphenyl dimethacrylate); acetone
Bonding: bisphenol A-glycidyl methacrylate (bis-GMA); UDMA, HEMA
Luting: bis-GMA; TEGDMA; UDMA; glass filler

Single-Bond2
RelyX ARC

Etchant: 35% phosphoric acid; water
Bonding: bis-GMA; HEMA; dimethacrylates, ethanol, water; methacrylate functional copolymer of polyacrylic
and polyitaconic acids
Luting: bis-GMA; TEGDMA; zirconia/silica filler

Metafil CX Inlay: UDMA; TEGDMA; TMPT; colloidal silica

2.2. Tensile Bond Strength Test

Forty-two extracted sound human molars without cracks were root-embedded in
acrylic blocks (Formatray, Kerr, Orange, CA, USA). A 2 mm occlusal portion was horizon-
tally removed using a sectioning machine (Isomet 1000 series 15, Buehler, Lake Bluff, IL,
USA) to expose a surface which was then ground with a wheel diamond bur (111 Intensiv,
Grancia, Switzerland). A prepared surface of 2 mm in width (0.5 mm of enamel/DEJ
and 1.5 mm of dentin) and 4 mm in length was outlined with double-sided tape. One
of the tooth conditionings and adhesive systems, as previously mentioned in the micro-
leakage test (Table 1), was randomly selected to bond that area with a square PMMA
rod (7 × 7 × 4 mm) to form a handle for tensile testing. A 2.0-mm thick vertical section
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was prepared using the sectioning machine. A mini-dumbbell bonded specimen with a
cross-section of 3.0 × 2.0 mm was shaped using a diamond fissure bur (B11, GC Dental
Industrial Co., Tokyo, Japan) operated in a high-speed handpiece under the air-water spray.
All specimens were stored in 37 ◦C water for 24 h prior to tensile testing (n = 6) [2,10,16].
Each mini-dumbbell specimen was securely bonded to disposable PMMA jigs using 1-1-10s
bonding on the tooth surface and self-cured acrylic (Unifast, Trad, GC Int. Co., Tokyo,
Japan) on the PMMA surface to facilitate tensile testing [16]. An assembled specimen was
aligned in a universal testing machine (Instron 8872, Norwood, MA, USA) and vertically
loaded in tension at a crosshead speed of 1.0 mm/min. The force at failure was recorded
in Newtons. The mode of failure, the cross-sectional area of the fractured surface, and the
enamel and dentin area were examined under a stereomicroscope and SEM. Tensile bond
strengths were calculated in MPa.

2.3. Characteristics Evaluation of Tooth-Resin Interfacial Biopolymer Layer

Fracture specimens from each bonding system were randomly selected and vertically
sectioned (without epoxy embedding) into 1 mm thick pieces. The tooth-resin interface
surface to be examined was finished with #600 and #1200 grit abrasive papers and finally
polished with 0.05 μm alumina paste and then ultrasonically cleaned for 15 min. The
chemical challenge, either soaking in 6 mol/L HCl for 30 s or soaking in 6 mol/L HCl for
30 s followed by 1% NaOCl for 60 min, was carried out to test the resistance of acidic and
proteolytic degradation, akin to caries formation. For SEM examination, all polished and
chemically soaked specimens were desiccated and gold-sputtered. The characteristics of
the newly formed interfacial biopolymer layer between the tooth and cured resin were
examined at ×35 to ×5000 magnifications.

2.4. Statistical Analysis

Normal distribution and homoscedasticity of dye penetration distance and tensile
bond strength data were analyzed using one-sample Kolmogorov-Smirnov and Levene
tests, respectively. In addition, Pearson correlation between leakage distance and tensile
bond strength data was performed using SPSS for Windows version 22 (IBM Corporation,
Somers, NY, USA). The significant difference was set at α = 0.05.

3. Results

Means and standard deviations (SD) of dye penetration distance, tensile bond strength,
and mode of failure for all groups are summarized in Table 3. No dye penetration at the
cementum/dentin-resin interface was found in the primerless-wet groups (1-1-10s, 1-1-30s,
1-1-60 s) (Figure 2), Super-Bond C&B (Figure 3a), and AQ-Bond (Figure 3b) specimens
and at the enamel-resin interface in all groups. No statistically significantly different dye
penetration distance at the dentin-resin interfaces was found between All-Bond2 and Single-
Bond2 when analyzed using a t-test. All specimens in these moist bonding with primer
groups leaked at the dentin-resin interface (Figure 4).
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Table 3. Mean ± SD of dye penetration distance at tooth-resin interface (n = 10), tensile bond strength,
and failure modes of enamel/DEJ/dentin-resin dumbbell-shaped specimens (n = 6) for all groups.

Groups 
Dye Penetration Distance (mm) 

TBS (MPa) Mode of Failure 
Enamel-Resin Dentin-Resin 

1-1-10s 0  0  20.57 ± 3.83 E/DEJ/D, R, R/PMMA 
1-1-30s 0  0  20.33 ± 1.81 E/DEJ/D, R, R/PMMA 
1-1-60s 0  0  20.61 ± 1.81 E/DEJ/D, R, R/PMMA 
Super-Bond  0  0  20.03 ± 2.38 E/DEJ/D, R, R/PMMA 
Single-Bond2  0  0.228 ± 0.190  13.73 ± 8.82 E/DEJ/D, DD, R 
All-Bond2 0  0.145 ± 0.878  10.85 ± 4.23 E/DEJ/D, DD, R 
AQ-Bond 0  0  6.57 ± 3.50 HsE, R 

0 = No dye penetration. E/DEJ/D = cohesive failure in enamel, DEJ or dentin, R = cohesive failure in luting
resin, R/PMMA = failure at the resin-PMMA-rod interface, DD = failure at demineralized dentin-resin interface,
HsE = failure in hybridized suspended enamel smears. There was no significant difference between groups
connected with a vertical line (p > 0.05).

(a) (b) (c)

Figure 2. No dye penetration at the cementum/dentin-resin interface (arrowed) of primerless-wet
bonding groups: (a) 1-1-10s, (b) 1-1-30s, (c) 1-1-60s (original ×200, D = dentin, R = resin-composite
in-lay).

 
(a) (b) 

Figure 3. No dye penetration at the cementum/dentin-resin interface (arrowed) of Super-Bond (a)
and AQ-Bond (b) specimens (original ×200, D = dentin, R = resin-composite inlay).
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(a) (b) 

Figure 4. Dye penetration at the cementum/dentin-resin interface (arrowed) of moist bonding with
primer groups: (a) All-Bond2, (b) Single-Bond2 (original ×200, D = dentin, R = resin-composite inlay).

As a significant difference was found in the test of homogeneity of variances, Brown-
Forsythe and Tamhane multiple comparisons were used to reveal a significant difference in
tensile bond strength between groups. No significant difference in tensile bond strength
was found among 1-1-10s, 1-1-30s, 1-1-60s, Super-Bond, and Single-Bond2; Single-Bond2,
All-Bond2, and AQ-Bond groups. Cohesive failure originated in enamel followed by
either dentino-enamel junction (DEJ), dentin, cured luting resin or adhesive failure at
resin-PMMA rod interfaces mainly occurred in fractured specimens of primerless-wet and
Super-Bond groups (Figure 5). In contrast, failure occurring in demineralized dentin or
at the resin-demineralized dentin interface was found in Single-Bond2 (Figure 6a), and
All-Bond2 fractured specimens (Figure 6b). The lowest tensile bond strength was measured
in AQ-Bond specimens, where the original failure was found at the suspended resin-smear
layer of the enamel-resin interface (Figure 6c).

 
(a) (b) (c) 

Figure 5. Stereo and SEM micrograph of the fractured surface showing cohesive failure originating
in enamel followed by either DEJ, dentin, cured resin, or adhesive failure at resin-PMMA rod
interfaces (R/PMMA) primarily found in primerless-wet and Super-Bond groups: sagittal view
at ×50 magnification (a) and cross-sectional view of 1-1-60s (b) and Super-Bond (c) specimens
(D = dentin, E = enamel, R = luting resin).

A consistent thickness of hybridized enamel or hybridized dentin after loading and the
chemical challenge was found in primerless-wet (Figure 7) and dry bonding (Super-Bond
C&B) (Figure 8) systems. A detached or degraded enamel- or dentin-resin interfacial layer
was found in moist with primer (All-Bond2 and Single-Bond2) (Figure 9) and self-etch
(AQ-Bond) (Figure 10) systems. The correlation between the dye penetration distance and
the tensile bond strength data for the enamel and dentin-bonded interface was very weak
(Pearson correlation = −0.148)
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(a) (b) (c) 

Figure 6. SEM micrograph of the fractured surface showing failure: in the remaining demineralized
dentin of Single-Bond2 (a) and at the demineralized dentin-resin interface of All-Bond2 (b) moist
bonding with primer specimens, and in the hybridized suspended smears at the enamel-resin interface
of AQ-Bond (c) specimen (DD = demineralized dentin, HsE = hybridized suspended enamel smears,
R = luting resin).

 
(a) (b) 

Figure 7. SEM micrographs of fractured specimens after chemical challenge demonstrating: the
stable hybridized enamel (a) and hybridized dentin (b) of 1-1-30s primerless-wet specimens
(H = hybrid layer, R = resin, ME = modified enamel, MD = modified dentin).

 
(a) (b) 

Figure 8. SEM micrographs of fractured specimens after chemical challenge demonstrating: the
stable hybridized enamel (a) and hybridized dentin (b) of Super-Bond C&B specimens (H = hybrid
layer, R = resin, ME = modified enamel, MD = modified dentin).
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(a) (b) 

Figure 9. SEM micrographs of fractured specimens after chemical challenge demonstrating: the de-
graded hybridized enamel (a) and the detached and degraded dentin-resin interface (black arrow) of
All-Bond2 specimens (b) (H = hybrid layer, R = resin, ME = modified enamel, MD = modified dentin).

 
(a) (b) 

Figure 10. SEM micrograph of fractured specimens after chemical challenge demonstrating: the
degraded hybridized enamel (white arrow) (a) and the hybridized dentin (b) of AQ- Bond specimens
(H = hybrid layer, R = resin, ME = modified enamel, MD = modified dentin).

4. Discussion

The complete marginal seal, no significant differences in TBSs, and the same failure
mode among primerless-wet and Super-Bond groups suggest that the milder acid of 1-1 con-
ditioner using primerless-wet bonding could adequately prepare the etched enamel-dentin
for 4-META/MMA-TBB resin to entirely impregnate as well as that of the 10-3 conditioner
in dry bonding (Figures 2, 3a and 5, Table 3). Furthermore, long etching periods of 10–60 s
of 1-1 dissolved less content of calcium ions, therefore even blot-drying without primer
could provide the permeability of acid-etched enamel-DEJ-dentin for 4-META/MMA-TBB
to penetrate completely before being polymerized to form a 1–3 μm hybrid layer. Therefore,
no adhesive failure at the tooth-resin interface was noticed with the average strength like
dry bonding using 10-3 solution for 10 s etching of Super-Bond C&B.

The mode of failure originating on the enamel surface suggests that resin infiltration
into acid-etched enamel-DEJ-dentin using primerless-wet bonding and dry bonding using
Super-Bond C&B could provide a tensile bond strength higher than that of the tensile
strength of enamel itself (Figure 5). The complete hybridization of resin into the total etched
enamel-DEJ-dentin depends on the demineralized tooth substrate’s permeability and the
monomers’ diffusion potential. Non-detachment with consistent thickness hybridized
layers against loading force for failure and chemical challenge found in the primeless-wet
and Super-Bond groups (Figures 7 and 8) suggest the high resin content encapsulates the
tooth component in the hybrid layer. Therefore, the enamel- and dentin-resin hybrid layer,
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created using a primerless-wet bonding with 10 s to 60 s 1-1 conditioning, 4-META/MMA-
TBB, and PMMA powder could be a sustainable biopolymer to provide a complete micro-
seal and high tensile bond strength comparable with that of Super-Bond C&B. The long-
range conditioning period of 1-1 for 10 s to 60 s ensures more safety manipulation in the
clinical situation.

The adhesive failure at the demineralized dentin-resin interface or cohesive failure
in the remaining demineralized dentin found in Single-Bond2 and All-Bond2 fractured
specimens minimized the tensile bond strength and was probably the cause of the leakage
(Figures 4 and 6a,b). This demineralized dentin is the leakage pathway for dye or lactic
acid to penetrate [6,8,9]. After tensile loading and chemical challenge, the in-consistent
enamel-resin interface and the detached and degraded dentin-resin interface confirmed
monomers’ incomplete impregnation into the demineralized tooth substrate (Figure 8).
These results suggest that moist bonding using 32% or 35% phosphoric acid for a 15 s
etching period, kept moist and either primed and bonded using one or separate steps
cannot provide a complete marginal seal of cementum/dentin and a stable hybrid layer.

Although achieving a complete seal for the enamel and cementum/dentin mar-
gin/interface (Figure 3b), AQ-Bond specimens had a significantly lower tensile strength
than the primerless-wet and Super-Bond groups. The fracture mode originated in the
hybridized suspended smear layer of the enamel-resin interface (Figure 6c); the thin hy-
bridized enamel with degradation and the detached hybridized dentin after chemical
immersion (Figure 10) suggest the remaining smear and the low resin content of the hy-
brid layer. These results imply that scrubbing this self-etch monomer for 20 s could not
sufficiently remove all the smear layer to provide high adhesion to enamel and dentin.
Therefore, careful removal of more smear layers by aggressively air-blowing off or an
additional scrubbing application [9] is recommended for cavities with no retentive form
and require higher retention, such as a large wedge shape abrasion lesion.

As the primer and bonding agents of all groups contain the methacrylate monomers
with hydrophobic and hydrophilic groups, the significantly different factor is the condi-
tioned tooth surface of each system. This study’s results suggest that the permeability of
conditioned tissue of the adhesive system that provides the durable biopolymer hybridized
dentin influences the complete micro-seal and higher tensile bond strength. Moreover, the
complete micro-seal or dye penetration distance was unrelated to the TBS data. Therefore,
luting resin or resin adhesives that provide a complete marginal seal should be primarily
considered to protect dentin and pulp for long-term function. In other words, a com-
plete seal margin with an impermeable hybrid layer is more reliable than a high tensile
bond strength adhesive with the leaked margin in preventing recurrent or secondary
caries [8,9,21], the most common dental restoration failure, ensuring the lifelong survival
of restored vital teeth. In clinical cases where high retention and completely sealed dentin
is required, i.e., a short clinical crown or severe tooth wear and partial coverage retainers, a
complete hybrid layer with high tensile strength and micro-seal margins can extend the
long-term survival of vital teeth with less invasive treatment or without intentional pulp
removal [21,26,27]. The results of this study support the hypothesis.

The novelty of this study is that a primerless-wet system using mild acid (1-1) condi-
tioning for 10–60 s and blot-drying to remove all smears and water is less aggressive and
safer than a dry bonding system using a 10-3 conditioner. Furthermore, its total etching
creates durable hybridized enamel and dentin, providing the micro-seal and tensile bond
strength (TBS) better than a primer-moist system. In addition, its TBS is higher than the
self-etch system. However, an in-vivo study should be carried out to evaluate the effect
of dentinal fluid in a vital tooth before introducing this system into the market. In the
future, dentists can use this adhesive system as long-term dentin protection to treat patients
at home.
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5. Conclusions

Primerless-wet bonding using 1-1 conditioning for 10 s to 60 s and 4-META/MMA-
TBB luting resin provided a reliable hybrid layer, a biopolymer, with a marginal micro-seal
and tensile strength of the bonded enamel/DEJ/dentin similar to that of a dry system using
Super-Bond C&B and higher than that of enamel itself. It can be a sustainable luting resin
or adhesive agent with a sustainable hybrid layer. A basic fuchsin dye penetration was
found when demineralized cementum/dentin was left underneath to provide a leakage
pathway. To successfully prevent biological failure, a luting resin providing a complete
marginal seal is preferable to the one with a leaked margin, even with high bond strength,
as there is no correlation between complete marginal micro-seal and TBS data.
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Abstract: Various modification treatments have been carried out to improve the physicochemical and
functional properties of various types of starch and flour. Modification by acetylation has been widely
used to improve the quality and stability of starch. This review describes the effects of acetylation
modification and its dual modifications on the physicochemical properties of starch/flour and
their applications. Acetylation can increase swelling power, swelling volume, water/oil absorption
capacity, and retrogradation stability. The dual modification of acetylation with cross-linking or
hydrothermal treatment can improve the thermal stability of starch/flour. However, the results of
the modifications may vary depending on the type of starch, reagents, and processing methods.
Acetylated starch can be used as an encapsulant for nanoparticles, biofilms, adhesives, fat replacers,
and other products with better paste stability and clarity. A comparison of various characteristics
of acetylated starches and their dual modifications is expected to be a reference for developing and
applying acetylated starches/flours in various fields and products.

Keywords: acetylation; starch; flour; physicochemical properties; modification

1. Introduction

Native starches/flours generally have several drawbacks related to functional, pasting,
and physicochemical properties, which can limit their use in various applications. These
limitations include low swelling ability, absorption capacity, solubility, starch clarity, and
freeze stability [1–4]. Most of the starches tend to retrograde easily when the starch paste
is stored at low temperatures. This is caused by the amylose chains that had previously
come out of the granules binding to each other again to form a crystalline structure [5,6].
Retrogradation causes an increase in starch viscosity, crystallinity, gel structure, and gel
texture [7,8]. Various treatments and modifications have been used to improve these
properties, one of which is by modifying acetylation. Acetylation is a modification involving
the substitution of hydroxyl groups with acetyl groups; the number of substituted acetyl
groups affects the characteristics of starch/flour [9–11].

The modification of acetylation in starch/flour has been reported to increase swelling
ability, clarity of starch paste, and stability of starch against retrogradation [12–14]. Acety-
lated starch is often applied to improve the texture and appearance of products whose
quality may decrease due to damage during processing or retrogradation. Acetylated starch
can also provide a good thickening effect in various foods. However, acetylated starch
is unstable to thermal processes characterized by increased breakdown viscosity [15–17].
This can be overcome by combining acetylation with other modifications that can improve
thermal stability, such as cross-linking modifications and hydrothermal treatments, such
as heat moisture treatment (HMT) and annealing (ANN). Hydrothermal modification can

Polymers 2023, 15, 2990. https://doi.org/10.3390/polym15142990 https://www.mdpi.com/journal/polymers
403



Polymers 2023, 15, 2990

improve the formation of amylose-lipid complexes and the regularity of the crystalline
matrix to control the swelling capacity and increase stability to heating and friction [18–20].

Modifying acetylation combined with cross-linking or hydrothermal treatment can
improve the clarity of the paste, texture, and thermal stability [21,22]. Several studies have
stated that hydrothermal treatment is able to increase the effectiveness of acetylation reac-
tions with starch molecules so that more acetyl groups are substituted and can minimize the
use of chemicals for the acetylation process [10,23]. However, several dual-modified treat-
ments have contradictory effects, so the resulting characteristics depend on the dominant
treatment [10,22].

Changes in the characteristics of starch/flour due to the modification of acetylation
are highly dependent on the degree of substitution (DS) and treatment conditions such
as the source of starch, type of reagent, pH, temperature, and time [12,15,24]. The starch
source determines the amylose-amylopectin content, which determines the amorphous
and crystalline structures of the starch granules. This type of acetylation reagent generally
uses acetic acid, vinyl acetate, or acetic anhydride, which can be catalyzed using bases such
as NaOH and KOH. At the same time, temperature and time reaction determine the level
of DS obtained, which greatly affects the characteristics of the starch/flour produced. This
review describes studies on modifications of various types of starch and flour by acetylation
or dual modification of their physicochemical characteristics, as well as their applications
in various fields/products, so that they can become a reference for the development of
starches/flours.

2. Applications of Acetylated Modified Starch/Flour

Modifying a starch affects its characteristics, and the changes that occur depend on
the type of modification applied. Chemical modifications such as acetylation weaken the
starch’s structure, thereby increasing its hydration capacity and reducing its tendency
to retrograde [25,26]. Meanwhile, the combination of acetylation with cross-linking and
hydrothermal modification (HMT and ANN) can increase the orderliness of the crys-
talline matrix so that the gelatinization process becomes slower and granule swelling is
limited [1,27,28]. Therefore, acetylated modified starch or its dual modification is often used
to improve the hydration quality and thermal stability of the product [24,29]. However, the
application of acetylated starch and its dual modifications has been developed in various
fields and various products. Some applications of acetylated modified starches/flours for
various products and fields can be seen in Table 1.

Table 1. Some applications of acetylated modified starches/flours for various products and fields.

Starch/Flour and Treatment Products/Applications Characteristics References

Acetylated cassava starch Starch-based nanoparticles for
encapsulation of antioxidants

Acetylated starch interacts well with
antioxidant compounds, especially BHT, and

protects antioxidants from degradation.
Acetylated starch can increase the thermal

stability of nanoparticles.

[30]

Acetylated rice starch
nanocrystals

Nanocrystal for protein
delivery

BSA protein release is significantly slowed.
Acetylated rice starch nanocrystals can be good

for protein delivery.
[31]

Acetylated debranched waxy
corn starch

Nanocarrier
for curcumin

Acetylated starch to be amphiphilic, having
polar and non-polar groups.

Curcumin micelles were spherical with a
particle size of about 50–100 nm.

Micelles of acetylated starch can accommodate
curcumin until the concentration of

0.45 mg/mL

[32]
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Table 1. Cont.

Starch/Flour and Treatment Products/Applications Characteristics References

Retrograded acetylated corn
starch Drug (budesonide) delivery

Acetylation increased the hydrophobicity and
reduced the swelling power and granule

porosity.
Tablets from retrograded acetylated corn starch

released the drug in ileocolonic by 81.38%.
Tablets were potentially suitable for the

treatment of ileocolonic diseases.

[33]

Acetylated cassava starch and
Maltol Incorporated

Active biodegradable
film/packaging

The film based on acetylated cassava starch,
which was incorporated with 10% maltol

reduced molecular mobility and hydrophilicity;
elongation was reduced by 34%, while the

tensile strength was reduced by 37%.
The active film inhibited the fungal growth for
up to 6 times longer and maintained the flavor

of bakery products.

[34]

Acetylated corn starch Starch-based bioplastics

Acetylated corn starch improved the
homogeneity and mechanical properties of

biocomposites.
The solubility of starch-based bioplastics

decreased to 24.9–28.2%

[35]

Acetylated corn starch
Biodegradable polymers

poly(lactic acid) for packaging
materials

Acetylated corn starch increased the thermal
stability of biodegradable polymers.

Acetylated corn starch improved mechanical
properties such as toughness and tensile

strength.

[36]

Acetylated cassava starch Starch nanoparticles for
emulsion stabilizer

Acetylated starch nanoparticles with DS of 0.53
improved the hydrophobicity by a contact

angle of more than 89.56◦.
Acetylated starch nanoparticles of 1.5%

improved storage stability for up to 35 days
and emulsion capacity by improving the

droplet size and homogeneity.

[37]

Cross-linked acetylated
cassava starch Set yogurt

Cross-linked acetylated cassava starch
improved the stability, viscous modulus (G′′),

and elastic modulus (G′) of the set yogurt.
[38]

Acetylated corn starch Fat replacer of beef patties

The use of 15% acetylated corn starch
improved the acceptance of organoleptic,

microstructure, and physicochemical
properties in beef patties,

Acetylated corn starch is a suitable fat replacer
for meat products.

[16]

Acetylated arenga starch Bread

The addition of acetylated arenga starch up to
50% improved the quality of the bread

produced, including sensorial properties, oven
spring, oil absorption, and oil holding capacity.

[39]

Acetylated corn starch Noodles

Acetylated corn starch increased the brightness
of noodles.

Acetylated starch reduced the tensile
properties, chewiness, adhesion, and hardness

of noodles.
Acetylated starch increased the resistant starch

and slowly digestible starch of noodles.

[40]
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Table 1. Cont.

Starch/Flour and Treatment Products/Applications Characteristics References

Acetylated rice starch and
potato starch Gut microbiota fermentation

Acetylated starch produced more SCFA than
native starch.

Acetylated starches were easier to use and
more quickly fermentable by the gut

microbiota.

[41]

Acetylated-crosslinked corn
starch Wood-based panel adhesive

The adhesive had better water resistance up to
1 MPa,

The adhesive was also heat resistant, so it can
be used in high-temperature pressing.

[42]

Acetylated waxy corn starch Wood adhesive

The adhesive resistance to water increased up
to 61.1%

The shear strength increased up to 321% in the
wet state and 59.4% in the dry state.

[43]

Acetylated corn starch and
potato starch

Coagulants for wastewater
treatment

Acetylated starch from corn and potato starch
was effective as a coagulant for wastewater

treatment by significantly reducing pH, color,
turbidity, and electrical conductivity.

[44]

Acetylation modification can increase the functionality of starch and its applications,
especially in foods. The high hydration ability of acetylated starch has the potential to
be used as a thickening agent. Several studies also reported that acetylation modification
has good stability and resistance to retrogradation and syneresis, so it has the potential
to be applied as a stabilizer in products that require low-temperature storage [13,45]. In
addition, acetylation modification can increase OAC so that it can be applied as a filming
agent. Acetylated starch has many applications in the food industry, some of which are in
products such as retorted soups, sauces, canned pie fillings, frozen food, baby food, and
salad dressings [15,24,46].

Acetylated modified starch, especially in nanocrystal form, has been effectively ap-
plied for encapsulation and as a delivery system for various drugs and other active com-
pounds [47]. de Oliveira et al. [30] applied acetylated cassava starch as starch-based
nanoparticles for the encapsulation of antioxidants; it was reported that acetylated cas-
sava starch interacted well with antioxidant compounds, especially BHT and protected
antioxidants from the degradation process, and increased the thermal stability of nanopar-
ticles. Liu et al. [32] applied acetylated debranched waxy corn starch as a nanocarrier for
curcumin, and it was reported that curcumin micelles of acetylated starch had a spherical
shape with a particle size of about 50–100 nm and could accommodate curcumin until the
concentration of 0.45 mg/mL. Gangopadhyay et al. [33] applied retrograded acetylated
corn starch to drug (budesonide) delivery, and it was reported that tablets from retrograded
acetylated corn starch were able to release the drug in ileocolonic by 81.38% and were
potentially suitable for the treatment of ileocolonic diseases. Meanwhile, Xiao et al. [31]
reported that acetylated rice starch nanocrystals could be used for protein (BSA) delivery
by significantly slowing BSA protein release.

Acetylated modified starch, especially in nanocrystal form, has been applied to im-
prove the quality of bioactive films. Promhuad et al. [34] applied acetylated cassava starch
and Maltol Incorporated in active biodegradable film/packaging fabrication; it was re-
ported that film based on acetylated cassava starch, which was incorporated with 10%
maltol, reduced molecular mobility, hydrophilicity, elongation, and tensile strength. The
active film based on acetylated cassava starch inhibited the fungal growth by up to six
times longer and maintained the flavor of bakery products. Fitch-Vargas et al. [35] applied
acetylated corn starch in the manufacture of starch-based bioplastics; it was reported that
acetylated corn starch improved homogeneity and mechanical properties, while the solu-
bility of starch-based bioplastics decreased to 24.9–28.2%. Meanwhile, Nasseri et al. [36]
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reported that acetylated corn starch could be applied to biodegradable polymers poly(lactic
acid) for packaging materials, where acetylated corn starch can increase the thermal stabil-
ity of biodegradable polymers and improve mechanical properties such as toughness and
tensile strength.

Acetylated modified starch and its dual modification can also be used as a stabilizer in
various emulsion products and can act as a fat replacer. Yao et al. [37] applied acetylated
cassava starch nanoparticles as an emulsion stabilizer; it was reported that acetylated starch
nanoparticles improved hydrophobicity and improved emulsion capacity by improving
the droplet size and homogeneity so that the storage stability increased up to 35 days.
Cui et al. [38] applied cross-linked acetylated cassava starch to the manufacture of set
yogurt, and it was reported that cross-linked acetylated cassava starch improved the
stability, viscous modulus, and elastic modulus of the set yogurt. Meanwhile, Osman
et al. [16] utilized acetylated corn starch as a fat replacer in beef patties, and it was found
that it was suitable as a fat replacer for meat products. At the same time, the use of
15% acetylated corn starch improved the acceptance of organoleptic, microstructural, and
physicochemical properties in beef patties.

Acetylated starch can also be applied directly in the manufacture of various food
products such as bread and noodles. For some food products, such as bread, retrogradation
causes bread stalling, where the quality of the bread decreases in the form of a harder
texture [48]. Acetylated starch could slow down and improve retrogradation, thereby
improving the texture and quality of bread. Rahim et al. [39] applied acetylated arenga
starches to bread making; it was reported that adding acetylated starch up to 50% was able
to improve the quality of the bread produced, which included sensorial properties, oven
spring, oil absorption, and oil holding capacity. Meanwhile, Lin et al. [40] applied acetylated
corn starch to the manufacture of noodles, and it was reported that acetylated corn starch
increased the brightness and reduced the tensile properties, chewiness, adhesion, and
hardness of noodles. Acetylated starch was also reported to increase resistant starch and
slowly digestible starch in noodles. Wang et al. [41] also reported that acetylated rice starch
and potato starch improved the gut microbiota fermentation by producing more SCFA and
were easier to use and more quickly fermentable by the gut microbiota.

Acetylated modified starch and its dual modification can also be used in the chemical
field, namely as a waste treatment coagulant and as an adhesive, especially to increase its
water resistance and shear strength [49]. Gu et al. [42] applied acetylated-crosslinked corn
starch as a wood-based panel adhesive, where the adhesive had better water resistance
up to 1 MPa, and the adhesive was also heat-resistant so that it could be used in high-
temperature pressing. Wang et al. [43] applied acetylated waxy corn starch as a wood
adhesive, and it was found that the adhesive’s resistance to water increased up to 61.1%,
and the shear strength increased up to 321% in the wet state and 59.4% in the dry state.
Meanwhile, Posada-Velez et al. [44] applied acetylated potato starch and corn starch as
coagulants for wastewater treatment, and it was found that acetylated starch from both
corn and potato starch had good effectiveness as a coagulant for wastewater treatment by
significantly reducing pH, color, turbidity, and electrical conductivity.

3. Acetylation Modification Process in Starch/Flour

3.1. Mechanism of Acetylation

The characteristics of starches and flours could be improved by chemical, physi-
cal, and combination or dual modifications. These modifications aim to change some
of the properties of starch by altering its original structure through physical treatment
or changing the hydroxyl groups in starch through chemical reactions such as oxidation
and esterification [50–53]. The modification of starch includes the use of heat, oxidizing
agents, alkalis, acids, and other chemicals that will generate new chemical groups, re-
sulting in changes in size, morphology, molecular structure, and other physicochemical
characteristics [54,55].

407



Polymers 2023, 15, 2990

Chemical modification can change the significant characteristics of starch and flour.
Chemical modifications can be carried out through acid hydrolysis, oxidation, cross-linking,
and the addition of functional groups such as acetylation. In general, chemical modification
adds new functional groups to the starch, which then affect the physicochemical properties
of the modified starch [52,56–58]. The chemical modification of acetylation has been widely
applied to various food industries. Several studies have been developed by combining
acetylation modification with physical or other chemical modifications, such as acetylation
+ hydrothermal and acetylation + crosslinking, in order to increase starch’s functional value
and expand its application [26,59,60].

Acetylation is a chemical modification technique conducted through the esterification
of starch using acetic anhydride, acetic acid, and vinyl acetate reagents and alkali (NaOH,
KOH, Ca(OH)2, and Na2CO3 as catalysts [61,62]. The basic principle of the acetylation
reaction is the substitution of starch-free hydroxyl groups with acetyl groups (Figure 1)
by weakening the bonds between starch molecules to produce starch that is amphiphilic
(hydrophilic and hydrophobic) [63,64]. Acetylation is an indirect esterification process, so
it is necessary to add a catalyst so that the reaction can take place. Before the reaction, the
starch is first conditioned in an alkaline state to form the starch base. An acetate reagent is
then added to form starch acetate [30,65–67]. The basic principle of the acetylation reaction
by the substitution of starch-free hydroxyl groups with acetyl groups can be seen in Figure 1.

 

Figure 1. The basic principle of the acetylation reaction by the substitution of starch-free hydroxyl
groups with acetyl groups [67], with permission from Elsevier, 2015.

Figure 1 shows that the acetylation reaction occurs via the substitution of the acyl
group with the free hydroxyl group portion of the glucose monomers as a constituent of
starch molecules. There are many hydroxyl groups, so more free hydroxyl groups being
substituted with acetyl groups will result in a greater degree of substitution. Acetylation
can reach equilibrium, and if the reverse reaction occurs, it indicates the hydrolysis reaction
of the ester bond. The rate of the acetylation reaction is affected by several factors as
well as other esterification reactions, especially the structures of the acids and alcohols
that react and the catalyst used [68]. The catalyst usually uses strong bases such as KOH
and NaOH using anhydride reagents such as acetic anhydride. However, using organic
acids or carboxylic acids as organocatalytics is also competitive to produce safer and
more environmentally friendly processes. Organocatalytics that can be used include L-
aspartic, citric, L-tartaric, L-malic, L-lactic, glycolic, fumaric acids, and L-proline. These
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organic catalysts can also produce high esterification reaction rates and high degrees of
substitution [69,70].

The degrees of substitution (DS) affect the physicochemical and functional charac-
teristics of acetylated modified starch/flour [71,72]. The DS values ranged from 0.01 to
3, describing the number of substituted acetyl groups in one glucose unit. Starch acetate
with DS 0.01 indicates that there is one substituted acetyl group in 100 units of glucose.
In contrast, starch acetate with DS 3 indicates that there are 300 substituted acetyl groups
in 100 units of glucose. This is based on the theory that acetylation reactions can sub-
stitute three free hydroxyl groups of glucose units on C2, C3, and C6 atoms with acetyl
groups [16,73]. Acetic starch with low DS has been widely applied in the food industry
for many years. The Food and Drug Administration (FDA) stipulates that the maximum
permissible limit for the percentage of acetyl groups in foodstuffs is 2.5% or the equivalent
of a DS value of 0.1, but generally, for commercial food products, starch acetate is used
with a low DS (<0.1) or medium DS (0.1–1.0) [15,74].

3.2. Effect of Acetylation Methods on Properties of Starch/Flour

The acetylation method involving reactant types and concentrations can affect the
acetylation reaction’s efficiency. The DS of starch acetate is greater when the reactant
concentration is high [75]. Generally, the ability and efficiency of acetic anhydride in
substituting acetyl groups were greater than that of vinyl acetate at the same conditions and
concentrations. In addition, the type of catalyst and reaction medium (solvent) also affect
the efficiency of the reaction. Solvents that can be used in acetylation reactions include
water, pyridine, and DMSO. Pyridine and DMSO have greater efficiency than water but
can have adverse environmental and health impacts [24]. Thus, the number of substituted
acetyl groups is affected by several factors, including the source or type of starch, the
concentration of the reactants, pH, reaction time, and the catalyst used [65,76]. The starch
type with many amorphous parts, such as starch from tubers, is more easily penetrated
or substituted by acetyl groups. An example is the acetylation of potato starch, which
produced a higher DS (DS: 0.180–0.238) than corn starch (DS: 0.133–0.184) [77]. The use
of reactants with higher concentrations can produce higher DS; for example, the use of an
acetylation of sweet potato starch using acetic anhydride at concentrations of 2, 4, 6, and
8% produced DS of 0.032, 0.059, 0.091, and 0.123 respectively [78]. pH can also affect DS,
where the use of a higher pH could increase DS; for example, the acetylation of yellow pea
starch at pH 9–10 produced a higher DS (DS: 0.071) than pH 7.5–9.0 (DS: 0.066) [62]. Longer
reaction times can increase DS; for example, a chestnut starch acetylation at 30, 60, and
90 min reaction times resulted in the DS being 0.010, 0.020, and 0.024, respectively [14]. The
type of catalyst used can also affect the DS; for example, the use of catalysts of Ca(OH)2,
NaOH, and KOH 1 N in the acetylation of waxy cornstarch produced DS of 0.077, 0.081, and
0.085, respectively [61]. The DS value can be determined by several techniques, including
headspace gas chromatography (HS-GC), infrared spectroscopy or FT-IR, nuclear magnetic
resonance (NMR), and titration [53]. Several methods of modifying acetylation on various
types of starch/flour and their effect on DS values can be seen in Table 2.

Table 2. Several methods of modifying acetylation on various types of starch/flour and their effect
on DS values.

Starches or Flours Reagents/Acetylation Condition Degree of Substitution (DS) References

One Step Acetylation

Corn starch
Waxy corn starch

Acetic anhydride, pH 8–9 using
NaOH 2%.

Corn (0.05–0.07)
Waxy corn (0.08–0.09) [79]

Maize starch Choline carboxylate, imidazolium
carboxylate, and imidazolium chloride 0.26–2.63 [80]
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Table 2. Cont.

Starches or Flours Reagents/Acetylation Condition Degree of Substitution (DS) References

Corn starch Acetic anhydride using toluene
sulfuric acid as the catalyst. 1.5 and 3.0 [81]

Sweet potato starch
Potato starch Acetic anhydride 0.041–0.076 [82]

Sweet potato starch Acetic anhydride 0–8%, pH 8.1–8.3,
NaOH 3% 0.032–0.123 [78]

Potato starch
Cassava starch pH 8, NaOH 3%, 10–20 min Potato starch (0.10–0.26)

Cassava starch (0.10–0.18) [83]

Potato starch
Corn starch pH 8.0–8.4, NaOH 3%, 10 min Potato (0.180–0.238)

Corn (0.133–0.184) [77]

Purple yam (PY) starch
White yam (WY) starch

pH 8.0–8.4, NaOH 3%, 10 min and
240 min

Purple yam (0.034–0.051)
White yam (0.036–0.043) [84]

Cocoyam starch pH 8.0–8.5, 1 M NaOH, 5 min 0.30 [85]

Waxy maize starch NaOH 20% for 40 min, and NaOH 2%
for 120 min 0.12 [86]

Waxy maize starch pH 8.0–8.5, NaOH 1 N, KOH 1 N, and
Ca(OH)2 1 N for 60 min 0.077–0.085 [61]

Maize starch pH 8, 1 M NaOH, 60 min 0.080–0.210 [87]

High amylose maize
starch pH 8, NaOH 50%, 15–240 min 0.57–2.23 [73]

Rice starch pH 8, NaOH 3% 0.03 [88]

Oat starch pH 8–8.5, NaOH 1 M for 5 min 0.02–0.05 [89]

Sword bean starch pH 8.0–8.4, 1 M NaOH, 30 min 0.14 [90]

Yellow pea starch
Chickpea starch
Cowpea starch

Acetic anhydride, pH 7.5–9.0,
1–2 h, 20–25 ◦C,

vinyl acetate, pH 9–10, 1–2 h, 20–25 ◦C

Acetic anhydride (0.059–0.066)
Vinyl acetate (0.064–0.071) [62]

Japonica rice starch
Indica rice starch NaOH 4%, pH 7.8–8.2, 5 min Japonica rice (0.066)

Indica rice (0.060) [91]

Small granule wheat
starch

Large granule wheat
starch

Acetic anhydride 8%, 30 ◦C, pH 8,
NaOH 1 M, 15–20 min 0.039–0.043 [92]

Sago starch
Acetylation (acetic anhydride, pH

7–10, NaOH 3%, T = room
temperature, t = 50 min)

0.21–0.58 [93]

Oat starch
Acetic anhydride (6% and 8%), pH

8.0–8.4, NaOH 3%, T = 25 ◦C,
t = 10 min.

0.05–0.11 [21]

Two steps acetylation

Second step Starches or flours Reagents/Acetylation Condition Degree of Substitution (DS) References

HMT Buckwheat starch Acetic anhydride, HMT= Moisture
content 25%, temperature 110 ◦C, 4 h. 0.0289 [59]

Retrogradation Purple sweet potato
flour and starch pH 8.5, NaOH 0,5 M, 15 min.

Purple sweet potato flour (0.08)
Purple sweet potato starch

(0.165)
[94]
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Table 2. Cont.

Two steps acetylation

Second step Starches or flours Reagents/Acetylation Condition Degree of Substitution (DS) References

Retrogradation Potato starch

Acetic acid anhydride, pH 8–9, NaOH
3%, 15 min.

Retrogradation using extruder,
T = 60–65–70 ◦C,

100–110–120 ◦C or 150–160–170 ◦C.

3.1–4.4 [95]

Extrusion Corn starch

Acetic anhydride 7.88%. Extrusion at
Screw Speed (SS, 100 rpm) and Barrel

Temperature (BT,
80 ◦C).

0.2 [96]

ANN Mung bean starch
Acetic acid anhydride 20%, 15 min,
pH 8 by NaOH 3%, 25 ◦C 25 min,

ANN = 60 ◦C, 6 h.
0.02–0.26 [97]

ANN Potato starch
Acetic acid anhydride, pH 8–9 by

NaOH 0.5 M, 15 min,
ANN = 51–61 ◦C, 48 h.

0.07–0.1 [26]

ANN

Waxy potato (WP)
starch

Waxy rice (WR) starch
Waxy barley (WB)

starch
Waxy corn (WC) starch

Acetic anhydride 20 g/100 g, at pH 8,
using NaOH 3%, 15 min,

ANN = Moisture 75%, 10 ◦C below
gelatinization temperature, 2–72 h.

WC (0.03–0.13)
WB (0.06–0.24)
WR (0.03–0.25)
WP (0.01–0.12)

[10]

Infrared spectroscopy or FT-IR is also frequently used to determine the DS value of
acetylated modified starch/flour. An example of the effect of acetylation modification on
the FTIR spectra of starch can be seen in Figure 2. The FTIR spectrum of acetylated starch is
shown by the appearance of several peaks or new absorption bands at wave numbers 1240,
1375, 1435, and 1754 or 1742 cm−1, which interprets C–O carbonyl stretching vibrations,
CH3 symmetry deformation vibrations, CH3 antisymmetric deformation vibrations, and
carbonyl C=O, respectively [98–100]. The appearance of these new absorption peaks
indicates the occurrence of an esterification reaction, namely the substitution of hydroxyl
groups by acetyl groups. The greater intensity of the absorption peaks indicates that the DS
value is also greater and is followed by a weakening of the peaks at wave numbers 3421,
1082, and 1014 cm−1, which interprets the reduction of hydroxyl groups. Additionally,
the spectrum of acetylated starch also shows that the anhydroglucose units tend to shift
towards high wave numbers [100].

Figure 2. FTIR spectra of native corn starch and acetylated corn starches at different DS (a) 0.85,
(b) 1.78, (c) 2.89 [100], with permission from Elsevier, 2008.
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The DS value of acetylated starch can also be determined based on nuclear magnetic
resonance (NMR) spectra, which generally use 1H NMR, 13C NMR, or 13C–1H COSY. NMR
spectra can show changes in anhydroglucose units due to the substitution of hydroxyl
groups by acetyl groups. An example of the effect of acetylation modification on the NMR
spectra of starch can be seen in Figure 3.

Figure 3. Single Pulse-13C NMR spectra of native pea starch (NPS) and acetylated pea starch (APS)
by organocatalytic acetylation at different reaction times. Signal 1 corresponds to the carbon of the
alkyl group, and signal 6 corresponds to the carbon of the ester groups of starch [101].

The hydroxyl (-OH) groups of C2, C3, and C6 show a proton signal from the an-
hydroglucose unit between 4.4 and 5.6 ppm; the signal at 5.10 ppm corresponds to the
anomeric proton of the link (α-1, 4), whereas the anomeric proton of the junction (α-1,6)
exhibits a small signal at 4.86 ppm [101,102]. Figure 3 shows that in acetylated starch, an ad-
dition signal between 1.8 and 2.2 ppm indicates a methyl proton from the acyl group, thus
indicating that the acetylation process was successful. The level of acetylation increases
with the length of the reaction time. The spectrum of native starch shows four main signals
(Signals 2, 3, 4, and 5). In comparison, in acetylated pea starch, there are two additional
signals, namely signal 1 at 16.4 ppm and signal 6 at 166.6 ppm, which interpret the carbon
of the methyl proton from the acyl group (-CH3) and the ester group (C=O). The longer the
reaction time, the greater the area of the two signals, which means that the DS value of the
acetylation increases [101].

Some of the advantages of acetylation modification include increasing starch clarity,
lowering the gelatinization temperature, increasing the stability of frozen storage, and
being more resistant to retrogradation [24,103]. Therefore, acetylated starch is commonly
used in the food industry for the production of salad dressings, retorted soups, frozen foods,
baby food, and snacks [86,104]. Chang and Lv [105] reported that acetylation reactions
could also produce resistant starch in the form of RS type 4, which has a low glycemic index.
In addition to its application in food ingredients, several studies have stated that acetylated
starch with high DS is commonly used as a packaging material or in cigarette filters and
has several applications in the pharmaceutical field [96,106]. Although it can improve
the characteristics of starch, this modification tends to produce starch that is less resistant
to high-temperature heating. Therefore, several researchers carried out a combination
of physical modification + acetylation to improve the thermal stability of starch. Several
modification combinations have been carried out, including annealing-acetylation [10,97]
and sonication + acetylation [63].
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4. Characteristics of Acetylated Modified Starch/Flour

4.1. Functional Properties of Acetylated Modified Starch/Flour

Functional characteristics are the properties of starch/flour that affect the usability of
starch when applied. The functional characteristics of starch/flour can be viewed through
several parameters, including amylose leaching/solubility, oil absorption capacity (OAC),
water absorption capacity (WAC), freeze-thaw stability (FTS), and swelling power (SP).
Swelling power is related to the amount of water absorbed, where the greater the swelling
power value, the more water is absorbed. Starch granules will swell when heated in water,
which is caused by the breaking of hydrogen bonds between starch molecules so that starch
molecules will bind with water [54,107].

The swelling of granules is closely related to the release of starch molecules from
granules or what is known as amylose leaching. As gelatinization proceeds, the water
present in the starch suspension enters the outer amorphous and crystalline regions (lo-
cated near the amorphous lamellae) [108,109]. The process of entry of water into the
amorphous region causes granule swelling and weakens the hydrogen bonds between
amylose and amylopectin chains. The continuous heating process takes place, causing
starch molecules dissolved in water to easily move in and out of the solution system.
Starch molecules that dissolve in hot water (amylose) will come out with the water, causing
amylose leaching [110,111]. Solubility and swelling power are affected by several factors, in-
cluding the amylose-lipid complex, molecular weight, granule size, amylose/amylopectin
ratio, distribution of amylopectin chain lengths, amylose-amylopectin chain interactions,
the molecular structure of starch granules, and crystal arrangement [28,112–115]. The
solubility is more affected by the amylose content, while the swelling power is affected by
the amylopectin component [116].

Water absorption capacity (WAC) is defined as the ability of granules to absorb
water. WAC determines the amount of water available for starch gelatinization during
cooking [117]. The gel formation cannot reach optimum conditions if the amount of water
is lower. The greater the WAC, the more starch constituent material is lost, while the
lower the WAC, the more compact the structure. Solubility, swelling power, and WAC are
related to other parameters, namely viscosity, and crystallinity. Increases in solubility, SP,
and WAC are associated with decreased crystallinity of starch and cause an increase in
viscosity [118,119].

Starch paste stored at freezing temperatures will cause the water contained in the paste
to form ice crystals, and these ice crystals will melt during thawing and release of water
from the granules, which is called syneresis [120]. Freeze-thaw stability (FTS) describes the
ability of pasta to withstand repeated freezing and thawing cycles without any physical
changes. FTS is correlated with retrograde tendencies. The increased aggregation of starch
molecules causes an increase in the release of water molecules from starch granules, so the
syneresis increases, and FTS decreases [6,89]. Modification treatments, both acetylation
and hydrothermal, can affect the interactions between starch molecules, which can affect
the stability of the paste in frozen storage [74,121].

Retrogradation occurs when starch components that have been gelatinized re-associate.
This association causes the starch structure to become more compact, making the paste
more turbid. The modification of acetylation in corn starch was reported to increase
starch’s stability against retrogradation and increase the clarity of starch paste [15,87].
Based on the level of clarity, the paste is classified into three types, namely transparent,
moderately transparent, and cloudy. The clarity of the starch paste can be observed
through a spectrophotometer by measuring the % transmittance, where the higher the
%transmittance, the more transparent the paste. The level of clarity of the paste varies
depending on the type of paste, solubility, swelling power (SP), and the aggregation of
starch molecules [122,123]. Starch with high clarity and viscosity is suitable for application
as a thickening agent, while some food products, such as salad dressings, require opaque
starch [9,15,124].
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Starch with high solubility and hydration ability is needed in several processed
food industries, such as in the manufacture of noodles, bakery products, jelly, and many
more [56,125]. Acetylation modification can increase SP and WAC, while hydrothermal
modification generally causes a decrease in SP and WAC. Information regarding the ef-
fect of acetylation modification and its dual modification on the functional properties of
starch/flour is available in Table 3.

Table 3. The effect of acetylation and its dual modification on the functional properties of starch/flour.

Treatments Materials Functional Properties References

Acetylation by vinyl acetate Amaranth starch Swelling power (SP) increased while
solubility, WAC, and OAC decreased. [126]

Acetylation Sweet potato starch and flour
Potato starch and flour

Starch: swelling volume (SV) increased;
whiteness decreased.

Flour: SV increased; whiteness increased.
The whiteness degree of starch was higher

than flour

[127]

Acetylation (pH 8.0–8.5,
NaOH 1 M, 5 min) Sweet potato starch

An increase in WAC, OAC, swelling power
(SP), solubility, starch clarity, and gel strength.

More stable to low-temperature storage.
[128]

Acetylation (Acetic anhydride
0–8%, pH 8.1–8.3, NaOH 3%) Sweet potato starch Swelling (SV) and solubility increased with

increasing DS [78]

Acetylation (pH 8, NaOH 3%,
10–20 menit)

Potato starch
Cassava starch

Water binding capacity (WBC), paste clarity,
and solubility increased

Whiteness was decreased
Acetylated potato starch, which was reacted

for 20 min, caused a decrease in WBC.

[83]

Acetylation (pH 8.0–8.4,
NaOH 3%, 10 and 240 min)

Purple yam (PY) starch
White yam (WY) starch

In PY, there is an increase in WAC, SV, and
solubility, but in 240 min of acetylated PY, the

changes were not significant.
At 240 min of acetylated WY, the increase in
WAC and SV was greater, but the solubility

value was lower than at 10 min of
acetylated WY.

[84]

Acetylation (pH 8.0–8.5, 1 M
NaOH, 5 min) Cocoyam starch

SV increased with increasing temperature
and pH

Solubility was decreased
Improved WAC, OAC, and paste clarity

[85]

Acetylation (pH 8.0–8.4,
NaOH 3%, 10 min)

Potato starch
Maize starch

SV and paste clarity increased
Paste clarity potato starch > corn starch

Solubility increased until the concentration
of 8%, then decreased at 10–12%.

WAC decreased

[77]

Acetylation (pH 8–8.5, 1 M
NaOH, 5 min) Oat starch WAC and OAC increased

Frozen storage stability increased [89]

Acetylation (pH 8, NaOH 3%) Rice starch

Aggregation and deformation of starch
granules occurred

Size of starch granules reduced
Granules become perforated

[88]

Acetylation (pH 8.0–8.4, 1 M
NaOH, 30 min) Sword bean starch WAC and SV increased

Solubility decreased [90]
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Table 3. Cont.

Treatments Materials Functional Properties References

Acetylation (acetic anhydride,
pH 7.5–9.0, 20–25 ◦C, 1–2 h,)
and (vinyl acetate, pH 9–10,

20–25 ◦C, 1–2 h)

Yellow pea starch
Chickpea starch
Cowpea starch

Acetylation by vinyl acetate had a greater
swelling ability

Acetylation by acetic anhydride in cowpea
reduced the swelling ability

[62]

Acetylation (acetic anhydride,
pH 7–10, NaOH 3%, T = room

temperature, t = 50 min)
Sago starch

There was an increase in solubility, SP, oil
absorption capacity, water absorption

capacity, and clarity.
[93]

Acetylation and ANN Black bean starch
Pinto bean starch

Acetylation: SV increased
ANN: SV decreased [129]

Acetylation and HMT Buckwheat seed starch

Acetylation: OAC, WAC, solubility, SV, paste
clarity, and whiteness increased.

HMT: WAC, OAC, and paste clarity
increased, while solubility, SV, and whiteness

decreased

[59]

Acetylation (8% Acetic
anhydride, 30 ◦C, pH 8, 1 M

NaOH, 15–20 min)

Small-sized granule wheat
starch

Large-sized granule wheat
starch

SV and paste clarity increased, while FTS
decreased

SV in large granules was greater than in
small granules

[92]

Acetylation (4% NaOH, pH
7.8–8.2, 5 min)

Japonica rice starch
Indica rice starch SV and solubility deceased [91]

Acetylation (Acetic anhydride
6% and 8%, pH 8.0–8.4, NaOH

3%, T = 25◦C, t = 10 min.)
Oat starch

Swelling factor increased
Swelling temperature decreased

Synaeresis decreased
[21]

Sonication-Acetylation (25, 40,
and 25 + 40 Hz, 5 min,

45–75 ◦C)
Wheat starch WAC and solubility increased

frozen storage stability increased [130]

Acetylation-ANN Potato starch Swelling power (SP) was higher than native
starch and annealed starch [26]

Acetylation-ANN Mung beans starch SV and solubility decreased [97]

Acetylation and
Acetylation-ANN

Waxy potato (WP) starch
Waxy rice (WR) starch

Waxy barley (WB) starch
Waxy corn (WC) starch

Acetylation caused an increase in SV.
Dual modification caused an increase in the

SV of cereal starch, but there was no
significant change in WP starch.

Acetylation and Dual modified stable to
low-temperature storage and paste clarity

increased.

[10]

Acetylation-retrogradation
(pH 8.5; NaOH 0.5 M, 15 min)

Purple sweet potato flour and
starch

Solubility increased
WAC and SP decreased [94]

Acetylation-retrogradation
(pH 8–9; NaOH 3%, 15 min) Potato starch Solubility increased

water absorbability increased [95]

Acetylation-Extrusion (Acetic
anhydride 7.88%, Extrusion at

BT = 80 ◦C, SS = 100 rpm)
Corn starch Water absorption index decreased

Water solubility index decreased [96]

Modification by acetylation could increase the swelling power, solubility, and WAC as
the DS increases. The modification of acetylation causes an increase in SP in sweet potato
starch [128], potato starch [10,77,83], purple yam, white yam, and cocoyam starches [84,85],
sword bean starch [90], chickpea and yellow pea starches [62], corn and waxy corn
starches [10,77,87], rice and waxy rice starches [10,88], sago starch [93], wheat starch [92],
and waxy barley starch [10]. This increase is due to the substitution of the hydrophilic
(acetyl) group, which facilitates water penetration into the starch granules [87,89].
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Improvements in starch hydration and water absorption capacity after modification
by acetylation were found in sweet potato starch [128], potato starch [83], purple yam,
white yam, and cocoyam starches [84,85], sword bean starches [90], oat starch [89], rice
starch [88], and sago starch [93]. The increased hydration power of the granules due to the
substitution of acetyl groups causes increased flexibility of the structure, making it easier to
bind water [46]. Increased starch solubility due to modification of acetylation was found in
sweet potato starch [128], potato starch [77,83], sword bean starch [90], corn and waxy corn
starch [77,87], rice starch [88], and sago starch [93].

The modification of acetylation can also affect the solubility of starch and flour. Acety-
lation will generally increase solubility, mainly due to the addition of acetyl groups that
disrupt the interactions between starch molecules, which in turn increases the affinity of
starch molecules to dissolve in water [88]. The increase in starch solubility due to the
substitution of acetyl groups will weaken the hydrogen bonds that connect starch on
an intermolecular level as well as inhibit intermolecular associations so that the starch
molecules will bind with water and dissolve along with the water coming out of the starch
granules [84]. Nevertheless, several studies have found a decrease in WAC in acetylated
potato and corn starch [77], a decrease in solubility in acetylated cocoyam starch [85], and a
decrease in SP in acetylated japonica and indica rice starch [91]. The effect of acetylation
modification on the hydration and solubility of granules is influenced by the number of
substituted acetyl groups (DS); the higher the DS, the greater the changes that occur [88,93].

Several studies reported that the combination of modification by esterification (acetyla-
tion) + hydrothermal treatment was able to increase SP, WAC, and starch solubility [10,23,97].
This is because the esterification modification is related to the substitution of ester groups
(acetyl/hydroxypropyl), which weakens the granule structure, thereby facilitating the
penetration of water into the granules and increasing the interaction of starch molecules
with water [10,23].

The acetylation modification can also reduce retrogradation tendencies and increase
the clarity level of starch paste [46,59,77,85,128,129,131]. Increasing the clarity of the
paste is related to the hydration ability of the granules. The greater the hydration abil-
ity of the granules, the higher the level of clarity. The substitution of acetyl groups will
limit the intermolecular interactions of starch, thereby reducing the tendency for starch
syneresis [87,89,129]. The decrease in syneresis tendencies in acetylated starch is related
to the substitution of acetyl groups, which limits intermolecular interactions when the
paste is stored at low temperatures [46]. In addition, the modification of acetylation and
its combination can also affect the whiteness of starch, where most of the modification
treatments cause a decrease in whiteness [10,26].

Modification by acetylation can lead to an increase in the hydration ability of starch
granules. This is due to the disorganization of the intragranular structure followed by
the following events: (1) disruption of the intermolecular hydrogen bonds of the starch
and increased penetration of water into the amorphous regions [75,88], (2) the presence of
repulsive forces rejecting intermolecular starch due to the substitution of acetyl groups,
(3) the partial depolymerization of the amylopectin structure, which causes a decrease in
molecular weight (MW) [88,132], (4) a decrease in starch crystallinity [92,132,133] and the
limitation of starch intermolecular interactions [84].

The acetyl group can have two properties, namely hydrophilic and hydrophobic.
Acetylation at low DS makes starch tend to be hydrophilic, while acetylation at high DS
makes starch tend to be hydrophobic [93,134]. Therefore, several studies reported that
acetylation causes an increase in OAC [85,89,90,93]. The high OAC value has the potential
to improve the flavor and mouthfeel of food products, such as whipped cream, sausages,
chiffon cakes, and various processed desserts [135].

Several studies have reported that acetylation can reduce the tendency of starch to
experience retrogradation and syneresis and shows a better level of clarity and transparency
of starch than natural starch [77,85,89]. This is due to the substitution of acetyl groups
which will hinder the association between starch molecules [88]. The clarity of starch is
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related to the ability of starch hydration (WAC and SP). The increased hydration ability
of the granules causes more water molecules to be trapped in the granules so that when
observed using a spectrophotometer, more light can be transmitted by the paste [136].

Acetylation can reduce the occurrence of syneresis in starch. A decrease in the per-
centage of syneresis indicates an increase in the stability of the paste against frozen stor-
age [13,15]. Syneresis is related to retrogradation events in which reassociation occurs
between starch molecules when stored at low temperatures. Syneresis causes a decrease in
the water content of amylose/amylopectin, which can affect product characteristics. The
substitution of acetyl groups can prevent the reassociation of the starch molecules so that
the retrogradation tendency decreases. In addition, the substitution of acetyl groups also
increases the water storage capacity so that the retention power of granules to water is also
greater [10,46,83,88,130]. Mendoza et al. [84] reported that limiting the intermolecular asso-
ciations of starch due to acetylation was necessary to produce starch with high hydration,
good storage stability, and high clarity.

Acetylation modifications can also be combined with other modifications. The com-
bination of acetylation with hydrothermal treatments (ANN and HMT) can increase the
hydration and solubility of starch [26,97]. A single hydrothermal modification generally
reduces the hydration power and solubility of starch. The addition of esterification modifi-
cations (acetylation or hydroxypropylation) can increase the hydration ability of granules
and starch solubility. This statement is supported by several studies, which reported that
the combination of acetylation + ANN modification in waxy cereal and potato starches had
a higher swelling power (SP) than native starch and ANN starch, while the combination
with HMT could increase SP, but this combination decreased the solubility of starch [10].

The substitution of ester groups (acetyl/hydroxypropyl) can weaken the crystalline
structure of granules so that water penetration into the granules becomes easier and SP
increases [10,23]. Nonetheless, Sitanggang et al. [97] reported that the combination of
acetylation + ANN modification in black bean and pinto bean starches reduced SP and
starch solubility. This decrease was due to an increase in starch crystallinity due to ANN
modification, so the hydration power of the granules decreased [28]. In addition, the
substitution of the acetyl group in this dual-modified starch causes the starch to become
more hydrophobic [86,93].

Egodage [10] reported that the combination of acetylation + ANN modification in
waxy rice and waxy potato starches increased the percentage of transmittance, which
indicated an increase in the clarity of the paste. Low-temperature storage conditions caused
a decrease in the clarity of the paste caused by the retrogradation process. The decrease in
clarity of acetylated and acetylated + ANN-modified starch paste was not as big as that of
natural starch and ANN-modified starch. The substitution of the acetyl group prevented
amylopectin molecules from aggregating in the paste so that the retrogradation tendency
decreased [10,77]. Reducing the retrogradation tendency could reduce the level of paste
syneresis. Abedi et al. [130] reported that the combination of acetylation + sonication modi-
fications reduced the percentage of syneresis due to the substitution of acetyl groups, which
prevented the retrogradation process. Thus, the combination of acetylation + hydrothermal
modification can improve the functional characteristics of starch. Changes in the functional
properties of starch depend on the dominant modification treatment. Acetylation modifica-
tion tends to weaken the crystalline structure of starch, so if this modification is combined
with hydrothermal-modified starch, it can weaken the perfect structure. The substitution
of ester groups with low DS tends to cause hydrophilic starch, thereby increasing the
hydration ability of the modified starch, but if the DS is too low, the esterification reaction
does not change the characteristics of the starch [93,137].

4.2. Pasting Properties of Acetylated Modified Starch/Flour

Pasting properties are indicators that determine starch properties during process-
ing, which affect the cooking quality and functionality. Pasting properties described
as an amylographic curve can be used to determine the application of starch in food
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ingredients [138,139]. Starch with low viscosity is suitable for liquid-based foodstuffs,
while starch with high viscosity is suitable for use as a thickening agent [140–142].

Based on the amylographic curve, starch is classified into four types, namely types A,
B, C, and V [143,144]. Starch type A shows high swelling of starch granules followed by
a rapid decrease in viscosity during cooking, commonly found in potato starch, cassava
starch, and several types of cereals. Type B starch, which has almost the same curved
shape as type A but has a lower viscosity, is usually found in cereals. Type C starch,
which exhibits limited swelling of the granules, has no peak viscosity, and tends to be
heat-stable, is commonly found in modified starches and legumes. Type V starch, showing
limited swelling of the granules, is usually found in starch that interacts with alcohol or
fatty acid [144,145]. The effect of acetylation modification and its dual modification on the
pasting properties of starch/flour is presented in Table 4.

Table 4. The effect of acetylation and its dual modification on the pasting properties of starch/flour.

Treatments Starch/Flour Pasting Properties References

Acetylation (pH 8.0–8.5,
NaOH 1 M, 5 min) Sweet potato starch

Peak viscosity (PV), setback viscosity (SB),
breakdown viscosity (BD), and pasting

temperature (PT) decreased.
[128]

Acetylation by vinyl acetate Amaranth starch PV and BD increased, while PT and final
viscosity (FV) decreased. [126]

Acetylation-Enzymatic Sweet potato flour
Potato flour PV, BD, and SB decreased. [104]

Acetylation Sweet potato starch
Potato starch

PT and SB of potato starch did not change
significantly, but PV and BD decreased.

Whereas in sweet potato starch, there was a
decrease in PT, PV, BD, and SB.

There was a decreased PT, PV, BD, and SB in
acetylated flour.

[127]

Acetylation Commercial potato starch PT, PV, BD, SB, and final viscosity (FV)
decreased. [146]

Acetylation Potato starch PT, PV, and SB decreased, while BD increased. [147]

Acetylation (pH 8.0–8.4,
NaOH 3%, 10 and 240 min)

Purple yam (PY) starch
White yam (WY) starch

The initial gelatinization temperature
decreased, but heating to 95 ◦C increased the

viscosity.
PV and SB in purple yam increased, while PV

and BD in white yam decreased.

[84]

Acetylation (pH 8.0–8.5,
NaOH 1 M, 5 min) Cocoyam starch

PT, PV, hot paste viscosity (HPv), cold paste
viscosity (CPv), and SB decreased.

BD increased.
[85]

Acetylation, NaOH (pH
8.0–8.5, NaOH 1 N, KOH 1 N,

Ca(OH)2 1 N, 60 min)
Waxy maize starch PV increased, while PT decreased [61]

Acetylation and HMT Buckwheat seed starch

PV, FV, trough viscosity (TV), and PT for
acetylated starch increased, while BD and SB

decreased.
PT in HMT-starch increased, while PV, FV, TV,

BD, and SB decreased.

[59]

Acetylation (pH 8, NaOH 3%) Rice starch PV and TV increased, while PT
and SB decreased. [88]
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Table 4. Cont.

Treatments Starch/Flour Pasting Properties References

Acetylation and ANN Black bean starch
Pinto bean starch

Acetylation-ANN reduces PV, HPV, CPV, BD,
and SB

Acetylation lowers PT and faster
gelatinization time

ANN increases PT and longer
gelatinization time

[129]

Acetylation (pH 8.0–8.4,
NaOH 1 M, 30 min) Sword bean starch PV, BD, and PT increased, while SB decreased [90]

Cross-linked Acetylation
starch (Acetic anhydride,

pH 8, and sodium
trimetaphosphate 0.7–0.9%)

Maize starch PV and SB increased, while PT and BD
decreased [60]

Acetylation (acetic anhydride,
pH 7.5–9.0, 1–2 h, 20–25 ◦C)
and (vinyl acetate, pH 9–10,

1–2 h, 20–25 ◦C)

Yellow pea starch
Chickpea starch
Cowpea starch

The smaller the particle size of the chickpea
and yellow pea, the greater the viscosity of the

paste, while the particle size of the cowpea
does not affect the viscosity.

Acetylation using vinyl acetate produces a
paste with a greater viscosity.

[62]

Acetylation (8% Acetic
anhydride, 30 ◦C, pH 8,
NaOH 1 M, 15–20 min)

Small granule wheat starch
Large granule wheat starch

Acetylation increased paste viscosity, but PT
decreased [92]

Acetylation (4% NaOH, pH
7.8–8.2, 5 min)

Japonica rice starch
Indica rice starch

PV and PT decreased; the reduction was
greater with the single acetylation modification.

BD and SB increased.
[91]

Acetylation-sonication (25, 40,
and 25 + 40 Hz, 5 min,

45–75 ◦C)
Wheat starch PV and BD increased, while PT and SB

decreased [130]

Acetylation-ANN Mung bean starch PV, BD, HPv, and CPv decreased, while PT and
SB increased [97]

Acetylation-retrogradation
(pH 8.5, NaOH 0.5 M, 15 min)

Purple sweet potato flour and
starch

Gelatinization occurs more quickly
PV, BD, TV, FV, and SB decreased drastically [94]

In general, acetylation modification causes a decrease in starch gelatinization tempera-
ture so that it facilitates product application in terms of energy saving and its utilization in
products that are susceptible to heat [128]. Several studies reported that the modification
of acetylation causes a decrease in gelatinization temperature in sweet potato starch [128];
potato starch [147]; yam starches [84,85]; cowpea, yellow pea, and chickpea starches [62];
pinto bean and black bean starches [129]; rice starch [88,91]; waxy cornstarch [61]; and
wheat starch [92], as well as decreased setback viscosity in sweet potato starch [104,128];
potato starch [127]; sword bean starch [90]; yellow pea, and chickpea starches [62]; black
bean and pinto bean starches [129]; and rice starch [88]. A decrease in SB indicates a de-
creased retrogradation tendency, making the starch more stable at low-temperature storage.
Meanwhile, most studies report that acetylation causes an increase in viscosity followed by
an increase in starch hydration ability [59,62,88,90,92].

Table 4 also shows that acetylation modification combined with hydrothermal treat-
ment can improve the pasting properties of starch to cover the weaknesses in hydrothermal
modification. Sitanggang et al. [97] reported that the combination of acetylation + ANN
modification could increase PT and SB and reduce PV and BD. The addition of the esterifica-
tion treatment (acetylation/hydroxypropylation) was able to weaken the crystalline matrix
so that it had a higher viscosity and a lower gelatinization temperature when compared to
the single hydrothermal treatment [23,148,149].
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The substitution of acetyl groups causes weak intermolecular forces, which decreases
the gelatinization temperature of starch acetate. This statement is supported by several
researchers who reported a decrease in gelatinization temperature after the modification of
acetylation, including sweet potato starch [128], potato starch [147], yam starches [84,85],
cowpea, yellow pea, and chickpea starches [62], pinto bean and black bean starches [129],
rice starch [88,91], waxy maize starches [61], and wheat starch [92]. A decrease in the
pasting temperature of the acetylated starch indicates that a large amount of energy is
not required for the starch to gelatinize. This can be used to save energy in cooking or
processing using acetylated starch [128].

The substitution of the acetyl group weakens the intermolecular bonds between amy-
lose and amylopectin, thereby facilitating the penetration of water into the amorphous
region, which is followed by an increase in the ability to absorb water during gelatiniza-
tion [59,85,88,90]. Increasing the hydration ability of starch granules during gelatinization
can increase the viscosity of the paste. Several studies reported an increase in paste
viscosity after the modification of acetylation in sweet potato starch [127], purple yam
starch [84], sword bean starch [90], yellow pea cowpea, and chickpea starches [62], buck-
wheat starch [59], waxy maize starch [61], rice starch [88], and wheat starch [92]. However,
the effect of acetylation modification on starch viscosity is not always the same. Several
studies reported that acetylation can have a different effect on each type of starch. The
difference in results obtained is influenced by several factors, including the distribution of
amylopectin chains, amylose content, molecular arrangement of granules, and the degree
of substitution of acetyl groups [62,84].

Acetylation modification can reduce the setback viscosity (SB), which indicates an
increase in starch storage stability, especially at cold temperatures. This statement is
reinforced by several studies which reported a decrease in SB after modification of acetyla-
tion [62,88,90,104,127,129]. Acetyl group substitution inhibits intermolecular interactions
of starch, thereby minimizing the tendency of starch retrogradation [88,94,104].

The modification of acetylation with different materials and types of starch can produce
different pasting properties as well. Acetylation with vinyl acetate and acetic anhydride in
starch can cause a decrease in the gelatinization temperature due to the weakening of the
intermolecular interactions of starch [25,150]. However, acetylation with vinyl acetate in
yellow pea and chickpea starches changed the type of starch gelatinization from type C
to type B. In contrast, acetylation with acetic anhydride did not change the gelatinization
pattern. The peak viscosity of all types of starch increased after acetylation modification
with vinyl acetate. In contrast, acetylation with acetic anhydride caused a decrease in the
peak viscosity of cowpea and chickpea starches. Both types of reagents caused a decrease in
the SB of cowpea starch but an increase in SB in yellow pea starch. Meanwhile, acetylation
with either acetate anhydride or vinyl acetate did not change the SB chickpea starch. Thus,
the modification of acetylation with different reagents and starch sources has a different
effect on its pasting properties [62,84,127].

Hydrothermal modification can increase the starch gelatinization temperature fol-
lowed by a decrease in peak, BD, and SB viscosity, while acetylation causes a decrease
in PT and SB followed by an increase in PV and BD [59,151,152]. Changes in the pasting
properties of hydrothermally modified starch are contradictory to acetylation modifications.
Sitanggang et al. [97] reported that the combination of acetylation + ANN modification
led to an increase in PT and SB, followed by a decrease in peak viscosity and BD. This
indicates that ANN modification is dominant because the resulting characteristics resemble
ANN starch. In other studies, the dual modification of retrogradation + acetylation [94] and
sonication + acetylation [130] produced starch with characteristics like acetylated starch.
Yu et al. [94] reported that acetylation of retrograded starch caused a greater decrease
in viscosity. This may be due to the substitution of acetyl groups causing starch to be
hydrophobic. Referring to Rahim et al. [93], the greater the substituted acetyl group, the
more hydrophobic the starch. In addition, acetylation treatment can increase the PV and
BD and decrease the pasting temperature (PT). This is due to the substitution of acetyl
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groups weakening the crystalline structure so that water penetration into the granules is
easier [11,41]. Thus, the pasting properties of the dual-modified starch will lead to the
dominant treatment.

4.3. Starch Granule Morphology of Acetylated Modified Starch/Flour

The shape and size of starch granules vary depending on the starch source. Most of the
tuber starches have oval-shaped granules, but some have round, polygonal, and spherical
ones, and some are irregular; the size varies from 1 to 110 μm depending on the type of
starch [153]. For example, sweet potato starch has polygonal granules [154,155], round,
hexagonal, and spherical with a size of 4–26 μm and a smooth surface without cracks [104].

Changes in the morphology of starch granules are commonly found in modified
starches. Several studies have stated that acetylation modification causes granule damage
(deformation, fusion, cracking, resulting in holes) [84,88,94]. However, some modifications,
such as annealing, generally do not cause significant changes in granule morphology. The
morphological characteristics of modified starch may vary in each sample and are influ-
enced by several factors, including the source of starch, the type of modification, and the
modification conditions (time, temperature, and reagents used). The morphological char-
acteristics of starch granules can be analyzed in several ways, including light microscopy,
scanning electron microscope (SEM), transmission electron microscope (TEM), atomic force
microscope (AFM), and confocal laser scanning microscope (CLSM) [27,156,157]. Infor-
mation on the morphological characteristics of acetylated and its dual modification of
starch/flour can be seen in Table 5.

Table 5. The effect of acetylation and its dual modification on the morphological characteristics of
starch/flour.

Treatments Starch/Flour Granule Morphology References

Acetylated-Enzymatic Sweet potato flour
Potato flour

Aggregation of starch granules was formed,
and the surface became irregular/rough. [104]

Acetylation by vinyl acetate Amaranth starch The surface of the granules was smooth,
showing, and no significant changes occurred. [126]

Acetylated (pH 8, NaOH 3%,
10–20 min)

Potato starch
Cassava starch

No significant changes occurred
Slight granule fusion occurred [83]

Acetylation (acetic acid, pH
8.0–8.5 by NaOH 0.5 N)

Corn starch
Potato starch

The surface of starch granules in corn and
potato starch becomes rough due to

breakdown and erosion.
[44]

Acetylation Potato starch Fragmentation of starch granules [147]

Acetylated (pH 8.0–8.4, NaOH
3%, 10 min)

Potato starch
Corn starch

Fusion of starch granules occurred where
potato starch granules were more susceptible

than corn starch.
The greater the concentration of reactants and

DS, the greater the damage that occurred.

[77]

Acetylated (acetic anhydride)
and acetylated distarch

adipate (acetic anhydride and
adipic acid)

Potato starch

Hole formation occurred in the middle of the
granules (doughnut-like forms) in acetylated

starch.
There was no significant change, but the

modified acetylated distarch adipate starch
had a more compact surface.

[158]

Acetylated (pH 8.0–8.4, NaOH
3%, 10 and 240 min)

Purple yam (PY) starch
White yam (WY) starch

Holes appeared, but starch granules tended to
retain their shape [84]

Acetylated (pH 8, NaOH 1 M,
60 min) Corn starch

Granule aggregation occurred; the aggregation
between granules was getting bigger along

with the greater concentration of acetic
anhydride.

[87]
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Table 5. Cont.

Treatments Starch/Flour Granule Morphology References

Acetylated (pH 8, NaOH 50%,
15–240 min) High-amylose maize starch

In the largest DS (2.23), granule fusion
occurred, which caused the surface to become

rougher and shaped like fibers.
Granular damage was getting bigger along

with the bigger the DS value.

[73]

Acetylated (pH 8, NaOH 3%) Rice starch

Aggregation and deformation of starch
granules occurred

The size of the starch granules became smaller
Starch granules became hollow

[88]

Acetylated (pH 8–8.5, NaOH
1 M, 5 min) Oat starch The texture of the starch granules becomes

coarser, and small pores appear on the surface. [89]

Acetylated (pH 8.0–8.4, NaOH
1 M, 30 min) Sword bean starch

Some of the starch granules were broken
(<10%) and caused the surface texture to

become rough.
[90]

Acetylated (8% Acetic
anhydride, 30 ◦C, pH 8,
NaOH 1 M, 15–20 min)

Small granule wheat starch
Large granule wheat starch

Starch granule damaged
Starch with a larger granule size was easily

damaged
[92]

Acetylation (Acetic anhydride
6% and 8%, pH 8.0–8.4, NaOH

3%, T = 25 ◦C, t = 10 min.)
Oat starch The whole surface of starch granules was

slightly damaged. [21]

Acetylated and HMT Buckwheat seed starch

The granules decreased slightly in size and
became more separated from each other.

Combination with HMT caused some starch
granules to perforate.

[59]

Cross-linked Acetylation
starch (Acetic anhydride, pH

8, and sodium
trimetaphosphate 0.7–0.9%)

Maize starch
No significant changes occurred

Starch granules have smooth surfaces
and clear edges.

[60]

Acetylated and retrogradation
(pH 8.5, NaOH 0.5 M, 15 min)

Purple sweet potato starch
and flour

Acetylation caused granule aggregation and an
increase in size

Modification of acetylation + retrogradation
resulted in a more compact structure, where

the granule structure of starch is more compact
than that of flour

[94]

Acetylated -sonication (25, 40,
65 Hz, 5 min, 45–75 ◦C) Wheat starch

Starch granule fusion occurred
There were holes and cracks on the surface of

the starch granules
[130]

Acetylated and ANN Mung bean starch

The granules became weaker and had a
rougher surface

The distance between granules became more
tenuous, especially in dual-modified starch

[97]

Acetylated and ANN

Waxy potato (WP) starch
Waxy rice (WR) starch

Waxy barley (WB) starch
Waxy corn (WC) starch

Acetylated starch had a rougher surface than
native starch; the greater the damage, the

greater the DS.
The combination of acetylation + ANN caused

a slight change in the granule surface in the
form of a rougher surface.

[10]

In general, acetylation can cause the fusion and aggregation of starch granules [73,77,
88,147]. This is related to the substitution of acetyl groups, which causes the disintegration
of the structure and the more porous nature of the granules [104,159]. Xu et al. [73] reported
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that the substitution of acetyl groups in high numbers caused granule fragmentation, where
the starch granules melted to form a fiber-like structure.

In addition, several studies have stated that acetylation reactions can also cause the
formation of holes or pores so that the surface of the granules becomes rough [89,90,158].
These changes may occur due to partial hydrolysis by acids and reactions with alkalis.
Fornal et al. [158] reported that the formation of holes or pores could be associated with
the gelatinization of the granule surface due to the neutralization reaction with alkali
(NaOH) in the acetylation modification process. However, several studies stated that acety-
lation modification at low DS did not cause changes in granule morphology [10,59,83,84].
Examples of morphological changes in acetylated starch can be seen in Figure 4.

 

Native Acetylated Starch

chestnut 
Starch

Barley 
Starch

Figure 4. Morphological changes in acetylated modified chestnut starch [14] and barley starch [160],
with permission from Elsevier, 2015.

Figure 4 shows that the modification of acetylation can cause starch granules to
deform to form small fragments. The substitution of acetyl groups into starch molecules
weakens the inter-/intramolecular bonds of starch and causes starch granules to lose
their integrity [88,159]. The integrity of the starch is weakened, and its structure becomes
increasingly porous during the acetylation reaction; then, the starch granules experience
fragmentation and aggregate with each other [15,159].

Changes in the morphology of starch granules due to acetylation modifications can
have different results. Several factors affect the morphological diversity of acetylated starch,
namely internal factors such as the content of amylose-amylopectin and external factors
such as type of reactant, concentration of reactant, reaction time, temperature, type of
alkali, and concentration of alkali. Morphological changes will increase with the greater
substitution of acetyl groups [126,160]. This may be due to the low DS acetylation reaction
only taking place in the amorphous area of the granule surface so that it does not cause
changes in the granule structure, whereas, at high DS, acetylation reactions can take place
in the internal structure of the granules which causes greater damage [84,159].

The combination of acetylation with other modifications (dual modifications), such
as hydrothermal treatment, also produces a variety of granule morphology. Acetylation
modifications generally cause granule aggregation and fusion, whereas hydrothermal
modifications (HMT and ANN) are more likely to maintain their integrity [10,161,162].
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Therefore, in the dual treatment, the resulting modification of the morphological charac-
teristics depends on the dominant modified treatment. However, there are dual-modified
treatments that give a synergistic effect, while others depend on the most dominant treat-
ment. The dual modification treatment that is synergistic includes sonication-acetylation
modification. The sonication modification facilitates the acetylation reaction so that the
effectiveness of the acetylation reaction in starch granules increases [130].

The dual modification of ANN-acetylation can produce starch with morphological
characteristics resembling acetylated starch. This indicates that the modification of esteri-
fication/acetylation has a dominant effect [97]. Egodage [10] reported that the use of 5%
ANN-Acetylation treatment did not cause granule changes, but 10% ANN-Acetylation
treatment caused morphological changes resembling acetylated modified starch. This
was due to the 5% acetylation of substituted acetyl groups that are too low to change the
morphology of the granules. Although there was a slight change in the acetylated and dual-
modified starch granules, the sizes and shapes of the granules did not change significantly;
this indicates that the integrity of the granules was maintained during modification [10].
Different results were reported by Yu et al. [94], who stated that the dual modification of
acetylation-retrogradation in starch and sweet potato flour caused granule deformation
where the granules undergo fusion and aggregation. This could lead to granule damage
when the ANN modification is smaller than during the retrogradation modification, so the
ANN-acetylated starch is more stable in maintaining its structure than the retrogradation-
acetylated starch. The differences in the characteristics produced are influenced by several
factors, including the type of modification, the type of starch and its structure, as well as
the conditions and treatment of the modification [56,163].

4.4. Starch Crystallinity of Acetylated Modified Starch/Flour

The crystallinity of starch can be determined by observing the X-ray diffraction pat-
tern. The X-ray diffraction pattern is related to the formation of semicrystalline regions
during modification so that the amorphous and crystalline areas can be identified [164,165].
The basic principle of this test is the exposure of X-rays to the sample by scanning the
diffraction area at an angle of 2θ from 4◦. The diffractogram pattern will produce a series
of diffraction peaks with varying relative intensities along a certain value (2θ). Amorphous
and crystalline regions can be distinguished by making curves and linear lines. The curve
is made by connecting each point of minimum intensity; the area above the curve is known
as the crystalline region (αc). The linear line is made by connecting two intensity points
at 4◦ and 37◦ (2θ); the area that lies between the curve and the linear line is known as the
amorphous region (αa). The ratio of the upper area (αc) to the total diffracted area (αc + αa)
is known as the degree of crystallinity or relative crystallinity [165–168].

Based on the intensity peaks formed, the starch crystallinity is divided into three types,
namely types A, B, and C. The type A diffraction pattern has a distinctive pattern with peaks
of 23◦, 18◦, 17◦, and 15◦ (2θ), commonly found in cereal starch (rice) [169,170], and sweet
potatoes [153–155,171]. The type B starch diffraction pattern is characterized by a small peak
at 5.6◦ (2θ) and double peaks at 24◦ and 22◦ (2θ), commonly found in fruits, tubers, and
high amylose starch [172,173]. Type C starch is a combination of different type A and type B
crystal structures and is further classified into type CA (close to type A) and CB (close to type
B). Type C starch showed strong diffraction peaks at 17◦ and 23◦ (2θ) and some small peaks
around 5.6◦ and 15◦ (2θ). CA-type starch showed a shoulder peak at 18◦ (2θ), while CB type
showed two shoulder peaks at 22◦ and 24◦ (2θ) [167]. Type C starch is commonly found in
beans and sweet potatoes. Besides types A, B, and C, there is type V, which is formed due
to the presence of amylose-fat complexes. Lopez-Rubio et al. [174] V-type crystals show
diffraction peaks at points 7◦, 13◦, and 20◦ (2θ). Guo et al. [141], in their research, stated
that sweet potato has a type C diffraction pattern. The acetylation modification process and
its combination can affect starch crystallinity. Information regarding the effect of acetylation
modification and its combination on various types of starch on crystallinity can be seen in
Table 6.
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Table 6. The effect of acetylation and its dual modification on the crystallinity of starch/flour.

Treatments Starch/Flour Crystallinity References

Acetylation by acetic
anhydride and toluene

sulfuric acid
Corn starch

Acetylation reduced the degree of crystallinity
of corn starch by increasing the

amorphous regions.
Acetylated starch with a DS of 3 had a slightly

higher Tg than acetylated starch with
a DS of 1.5.

[81]

Acetylation Sweet potato
Potato

There was no significant change in the
crystalline region [82]

Acetylation by vinyl acetate Amaranth starch
There was no change in the crystalline

diffraction pattern, but the relative crystallinity
(RC) decreased.

[126]

Acetylation (pH 8, NaOH 3%,
10–20 min)

Potato starch
Cassava starch

There was no change in the crystalline
diffraction pattern, but the crystallinity index

increased.
[83]

Acetylation Potato starch The degree of crystallinity increased [147]

Acetylation (pH 8, NaOH 3%,
30–55 min) Banggai yam starch

The crystalline diffraction pattern remained the
same, but the degree of crystallinity increased.
Acetylation for 50 min had the highest degree

of crystallinity

[175]

Acetylation (pH 8.0–8.4,
NaOH 3%, 10 and 240 min)

Purple yam (PY) starch
White yam (WY) starch

The type of crystallinity remained the same,
but the degree of crystallinity decreased with

increasing DS.
[84]

Acetylation (pH 8.0–8.5,
NaOH 1 M, 5 min) Cocoyam The crystalline diffraction pattern and degree

of crystallinity did not change significantly. [85]

Acetylation (NaOH 20%,
40 min, and NaOH 2%,

120 min)
Waxy maize starch

The crystalline diffraction pattern remained
the same, but there was a decrease in the

degree of crystallinity.
[86]

Acetylation (pH 8.0–8.5,
NaOH 1 N, KOH 1 N, and

Ca(OH)2 1 N, 60 min)
Waxy maize starch The crystalline diffraction pattern remained

the same. [61]

Acetylation (pH 8, NaOH 50%,
15–240 min) High amylose maize starch

The crystalline diffraction pattern remained
the same, but an increase in the degree of

crystallinity.
[73]

Acetylation (pH 8–8.5, NaOH
1 M, 5 min) Oat starch

The crystalline diffraction pattern remained
the same, but there was a decrease in the

degree of crystallinity.
[89]

Acetylation (pH 8.0–8.4,
NaOH 1 M, 30 min) Sword bean starch There was a change in the type of starch

crystallinity from type B to type C [90]

Acetylation (acetic anhydride,
pH 7.5–9.0, 1–2 h, 20–25 ◦C)
and (vinyl acetate, pH 9–10,

1–2 h, 20–25 ◦C)

Yellow pea starch
Chickpea starch
Cowpea starch

The crystalline diffraction pattern and the
degree of crystallinity of the starch did not

change significantly.
[62]

Acetylation (acetic acid, pH
8.0–8.5 by NaOH 0.5 N)

Corn starch
Potato starch

There was a similar diffraction pattern of
starch crystallinity but a slight loss in the

degree of starch crystallinity.
[44]

Acetylation Corn starch
Waxy corn starch

The crystalline diffraction pattern remained
the same, but there was a decrease in the

degree of starch crystallinity.
[79]
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Table 6. Cont.

Treatments Starch/Flour Crystallinity References

ANN-Acetylation Mung bean starch

The crystalline diffraction pattern remained
the same,

The crystalline index increased, where the
crystallinity of ANN was greater than the

crystallinity of the dual modification.

[97]

ANN-Acetylation

Waxy corn (WC) starch
Waxy barley (WB) starch

Waxy rice (WR) starch
Waxy potato (WP) starch

The degree of crystallinity decreased in
acetylated starch, where the greater the DS, the

greater the decrease.
The greatest decrease in crystallinity occurred
in the dual modification (ANN- Acetylation)

[10]

Sonication- Acetylation (25, 40,
and 25 + 40 Hz, 5 min,

45–75 ◦C)
Wheat starch

There was a change in the type of starch
crystallinity and a decrease in the degree of

starch crystallinity as the sonication frequency
increased in the dual modification

(sonication-acetylation).

[130]

The type of starch crystallinity due to modification treatment can change, as indi-
cated by the change in diffraction intensity. The acetylation treatment conditions and
the dual modifications applied can change the polymorphic properties of starch. In gen-
eral, acetylation at low DS can weaken the diffraction intensity, but no change in the
crystalline diffraction pattern was found. This is supported by several studies, which
stated that starch acetate weakened diffraction intensity but still retained its type of crys-
tallinity [10,61,62,73,77,83–86,175]. However, the results obtained in each study were not
always the same. Shah et al. [89] reported that acetylation did not change the type of starch
crystallinity but caused a decrease in the diffraction intensity peak and found an increase
in the peak 2θ of 20◦. This peak may reflect the formation of amylose complexes with other
compounds, such as amylose-lipids. In comparison, Adebowale et al. [90] reported that
acetylation modification changed the crystallinity type of sword bean starch from type B to
type C, indicating that polymorph A began to form during the modification.

The modification treatment of both acetylation and dual modification can increase,
decrease, or not change the relative crystallinity (RC) of starch. The rearrangement of the
double helix structure in starch granules can increase starch crystallinity, while the decrease
occurs due to the partial gelatinization of starch granules [28,176]. The modification of
starch caused an increase in RC, as seen in studies of acetylation modification of potato
and cassava starch [83,147] and on the dual ANN-acetylation modification in mung bean
starch [97]. Meanwhile, a decrease in RC occurred in the modified acetylation of white
and purple yam starch [84], oat starch [89], high amylose maize starch [73], Banggai
yam starch [175], waxy maize starch [86], waxy barley, waxy corn, waxy potato, waxy
rice starch [10], and corn starch [79]. RC reduction also occurred in dual modifications
acetylation-ANN of waxy potato starch, waxy barley starch, waxy rice starch, and waxy
corn starch [10]. However, no RC changes were found in the modified acetylation of peas
starch [62], cocoyam starch [85], and waxy maize starch [61].

The effect of acetylation on crystallinity depends on the type of starch and the treatment
conditions. Differences in starch crystallinity are affected by several internal components
of starch, including the interaction of double helices in crystals, the arrangement of double
helices in the crystalline area, and the number of crystalline areas, which is affected by
amylopectin content and chain length, and crystal size [164,165]. The polymorphic type
and crystallinity of starch are also strongly affected by the internal components of starch
and external factors such as environmental conditions and the presence of fat, which can
form amylo-lipid complexes [28,177,178].

The substitution of hydroxyl groups with acetyl groups can weaken the hydrogen
bonds that connect between starch molecules, which then causes a decrease in starch crys-
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tallinity [159]. This statement is supported by several studies, which stated that acetylation
modification caused a decrease in RC [10,73,79,84,89,175]. Nonetheless, the crystallinity
index of cassava and potato starch increased after acetylation modification [83,147]. This
was due to the weakening of the amorphous area of the granules followed by an increase in
the crystalline area. Meanwhile, in several studies, acetylation with low DS only took place
in the amorphous area of the granules, so it did not cause any changes in the crystalline
area [61,62,85]. The effect of acetylation modification on the X-ray diffractogram profile can
be seen in Figure 5.

Figure 5. XRD profiles of acetylated modified chestnut starch at different reaction times (NS = native
starch, ACS-1 = acetylated starch 30 min, ACS-2 = acetylated starch 60 min, ACS-3 = acetylated starch
90 min) [14].

Figure 5 shows that the acetylation process does not cause changes in the diffraction
peaks. Acetylation reactions with a low degree of substitution tend to attack amorphous
areas so that no significant changes are found in the crystalline structure and do not change
the diffraction pattern [14,85,175]. In Figure 5, two types of peaks are observed, namely
the B-type peaks at 5.6◦ (2θ) and A-type peaks at 17.0◦ and 23.0◦ (2θ). The acetylation
modification did not significantly change the A-type polymorphs at 17.0◦ and 23.0◦ (2θ)
because these A-type polymorphs have a strong crystalline structure that is difficult to
penetrate by acetylating reagents. However, the longer acetylation was able to reduce the
number of B-type polymorphs at 5.6◦ (2θ), which had a weak crystalline structure. This
could be due to the longer acetylation increasing the substitution of acetyl groups and
reducing the hydroxyl groups in the amylose and amylopectin molecular chains, thereby
damaging the long-range order of double helices so that the intra- and intermolecular
bonds of starch weakened and caused a decrease in crystallinity [14]. However, an increase
in crystallinity was found after 50 min of acetylation. This may have been due to the acid
residue left after modification. This residue can cause the degradation of starch amorphous
areas [175]. Wang et al. [179] reported an increase in crystallinity after the modification of
acid hydrolysis because acid tends to attack amorphous areas. Acetylation with high DS can
leave more acid residues and cause damage to amorphous areas. Thus, DS on acetylation
modification in starch and flour greatly affects the crystallinity of the resulting starch.

Acetylation modification can be combined with several other modifications, especially
hydrothermal modification, to obtain the desired crystallinity characteristics. In general,
the combination of acetylation and hydrothermal modification (HMT, ANN) did not cause
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a change in the crystalline diffraction pattern, but a change in the RC did occur. The
combination of ANN + acetylation modification caused a decrease in crystallinity in waxy
(rice, barley, corn, and potato) starches [10]. Nonetheless, the dual ANN + AS modification
of mung bean starch caused an increase in crystallinity, but the crystallinity was lower
when compared to the single ANN treatment. This indicated that acetylation modification
could disrupt the crystal structure of ANN starch, which was already perfect. The dual
modification treatment could also weaken the effect of changing one of the treatments, such
as the ANN + acetylation modification in mung bean starch [97].

The modification of acetylation and the combination of ANN + acetylation did not
cause any changes in the starch crystalline diffraction pattern. However, the modification
of acetylation could cause a decrease in RC and increases in DS. This was due to the
substitution of acetyl groups weakening the formation of intermolecular hydrogen bonds,
causing a weakening of the crystalline structure [86]. The dual combination of ANN +
acetylation modification could cause a greater decrease in RC than ANN modification.
This decrease indicated that the effects of these two modifications are opposite to each
other. Structural changes that occurred during ANN led to an increase in the mobility of
the amylopectin chains in the amorphous lamellae and the movement of molecules in the
crystalline region, facilitating the entry of acetyl groups into the granules. This increase in
acetyl group substitution then caused greater damage [10,15].

4.5. Comparison of Acetylated Modified Starch/Flour with Other Modifications

The modification of acetylation in starch/flour has several advantages, including
a relatively easy modification process that can produce starch/flour, which has a high
swelling ability, clear starch paste, and good stability against retrogradation [14,98,100,102].
However, acetylation modification has several drawbacks because it requires a process
to clean up chemical residues, which is quite expensive; the potential for waste is not
environmentally friendly; and acetylated starch is unstable to thermal processes [15–17]. In
addition, different characteristics may occur depending on the type of starch/flour and the
processing conditions. The general comparison of acetylated modified starch/flour with
other modifications can be seen in Table 7.

Table 7. The general comparison of acetylated modified starch/flour with other modifications.

Parameters Acetylated Starch Oxidized Starch Crosslinked Starch
Hydrothermal Starch

(HMT and Others)

Energy consumption for
process modification Low Low Low High

Environmental
friendliness

Less environmentally
friendly

Less environmentally
friendly

Less environmentally
friendly Environmentally friendly

Starch paste clarity Paste clarity increases Paste clarity increases Paste clarity increases Paste clarity decreases

Starch solubility Solubility increases Solubility increases Solubility decreases Solubility decreases

Swelling power (SP) SP increases SP increases SP decreases SP increases

Water absorption capacity
(WAC) WAC increases WAC increases WAC increases WAC increases

Stability at high
temperatures The stability decreases The stability increases The stability increases The stability increases

Stability against
retrogradation The stability increases The stability increases The stability decreases The stability decreases

Degree of crystallinity The degree of crystallinity
decreases

The degree of crystallinity
decreases

The degree of crystallinity
increases

The degree of crystallinity
increases

Starch granule
morphology

The starch granules are
rougher

The starch granules are
rougher and more porous

The starch granules are
rougher

The starch granules are
rougher
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5. Conclusions and Future Research

The modification of acetylation in starch/flour generally causes the fusion of starch
granules, increasing the granule hydration ability, solubility, paste viscosity, storage stability
and decreasing the gelatinization temperature and retrogradation stability. Acetylation
generally does not change the crystalline structure of starch because it takes place in
the amorphous areas of the granules, and some of them reduce the degree of crystallinity.
Changes in starch/flour characteristics due to acetylation are strongly affected by the degree
of acetyl group substitution. Dual acetylation modification with hydrothermal treatments
such as HMT/ANN or cross-linking can produce starch/flour with better cooking and
storage stability than native starch or single-modified starch and broaden its application to
various products.

The modification of acetylation in starch/flour is continuing to develop, especially
to increase the efficiency of the modification process and the application of acetylated
starch in various fields and products. The efficiency of the modification process is being
improved, including via pre-treatment through the formation of porous starch, such as by
ultrasonication, partial hydrolysis, or oxidation. Acetylated starch/flour was also devel-
oped through dual modifications, including cross-linking and hydrothermal treatments,
to increase thermal stability. The application of acetylated starch has also been developed
more broadly to produce starch nanoparticles, which can then be used for encapsulation,
starch-based composite, biofilms, drug delivery systems, and other applications.
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Abstract: This present study optimized the cellulose nanofiber (CNF) loading and melt processing
conditions of poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) P(HB-co-11% HHx) bionanocomposite
fabrication in twin screw extruder by using the response surface methodology (RSM). A face-centered
central composite design (CCD) was applied to statistically specify the important parameters, namely
CNF loading (1–9 wt.%), rotational speed (20–60 rpm), and temperature (135–175 ◦C), on the me-
chanical properties of the P(HB-co-11% HHx) bionanocomposites. The developed model reveals
that CNF loading and temperature were the dominating parameters that enhanced the mechanical
properties of the P(HB-co-11% HHx)/CNF bionanocomposites. The optimal CNF loading, rotational
speed, and temperature for P(HB-co-11% HHx) bionanocomposite fabrication were 1.5 wt.%, 20 rpm,
and 160 ◦C, respectively. The predicted tensile strength, flexural strength, and flexural modulus
for these optimum conditions were 22.96 MPa, 33.91 MPa, and 1.02 GPa, respectively, with maxi-
mum desirability of 0.929. P(HB-co-11% HHx)/CNF bionanocomposites exhibited improved tensile
strength, flexural strength, and modulus by 17, 6, and 20%, respectively, as compared to the neat
P(HB-co-11% HHx). While the crystallinity of P(HB-co-11% HHx)/CNF bionanocomposites increased
by 17% under the optimal fabrication conditions, the thermal stability of the P(HB-co-11% HHx)/CNF
bionanocomposites was not significantly different from neat P(HB-co-11% HHx).

Keywords: poly(3-hydroxybutyrate-co-3-hydroxyhexanoate); cellulose nanofiber; bionanocomposite;
melt-extrusion processing; optimization; response surface methodology

1. Introduction

The growing use of plastics around the world has led to an increase in plastic waste.
In Malaysia, plastic waste constituted 19% of the total waste generated where most of the
commodity plastics are derived from petroleum, and they are single use, i.e., they are be
discarded after being used only once [1]. This leads to the accumulation of disposal plastic
waste that mostly ends up in landfills or dumps in the open environment. According to
Jambeck et al. [2], Malaysia was placed eighth among the world’s top 10 countries for
having poorly managed plastic waste. In light of the environmental damage caused by
plastic waste pollution, and also the difficulties of managing that waste on land and in
water, there is indeed an urgent need to establish sustainable and cost-effective solutions.
Therefore, recent advancements in biodegradable and recyclable polymers are essential,
considering the uncertainty of petroleum usage worldwide. Manufacturing industries are
transitioning to more eco-friendly, sustainable economic production as a consequence of the
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intense pace of scientific and technological advancement. Today, the most well-known and
widely used polymers in a multitude of areas are polylactic acid (PLA), polycaprolactone
(PCL), polyglycolide (PGA), and polyhydroxyalkanoates (PHAs). Among all, PHA has
drawn significant attention as one of the most viable substitutes for synthetic polymers.
This is because PHAs are more compostable and biodegradable in marine conditions than
PLA. Although PLA is compostable, it may remain in the ocean for up to 1000 years before
it can be composted [3]. PCL and PGA are considered to be non-toxic, yet because of their
higher crystallinity they degrade more slowly than PLA [4]. Moreover, PHA properties are
comparable to most non-degradable materials [5], making PHA suitable for industrial uses,
particularly in packaging.

PHA is recognized as a sustainable alternative among the most prominent synthe-
sized and commercialized biodegradable polymers as it can be converted into water and
carbon dioxide in the presence of oxygen, or into methane under anaerobic conditions
without forming toxic products, by microorganisms found in water and soil [6]. PHAs
are a type of linear biopolyester made up of hydroxyalkanoate (HA) units organized in
a basic structure produced via bacterial fermentation and are currently being marketed
as a means of creating a more sustainable future [7]. Their properties differ significantly
depending on the structure and composition of their monomers [8]. PHAs offer several
benefits over petroleum-based polymers, including the ability to be synthesized from re-
newable carbon sources, processability, and biodegradability. The most widespread and
extensively studied member of this family is the homopolymer poly(3-hydroxybutyrate)
(PHB) and the copolymers poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) and
poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) (PHBHHx).

PHBHHx is one of the most promising biodegradable aliphatic polyesters of the PHA
family due to the fact that it has unique combination properties including full anaerobic
degradability, moisture resistance, and good barrier properties [9]. PHBHHx has higher
elastic characteristics and a wider processing window than PHB and PHBV due to the
relatively long alkyl side chain, making it a suitable biopolymeric source for developing
biocomposites with increased flexibility [10,11]. However, despite their potential, the ef-
fective utilization of PHBHHx-based materials is exacerbated by their low mechanical
properties and difficulties in processing as compared to synthetic polymers [12]. In addi-
tion, PHBHHx-based materials are still hindered by their high production costs and are
dependent on the performance of bacterial fermentation [13]. Their high manufacturing
cost has surpassed the cost of manufacturing conventional plastics. These limitations have
restrained the applicability of these materials in a wide range of applications. The incor-
poration of nanofillers, particularly bio-based nanofillers in PHBHHx, is seen as an ideal
strategy for developing bio-based nanocomposites with superior mechanical properties.

Nanofillers have a higher aspect ratio than micro-sized fillers, giving them better
reinforcement effects. Recent studies have focused on the use of nanocellulose, particularly
cellulose nanofiber (CNF) as reinforcing bio-based nanomaterials. CNF has been known for
its outstanding properties such as high mechanical properties and thermal stability, large
specific surface area, renewability, biodegradability, and biocompatibility properties that can
be produced by mechanical or chemical treatments which are advantageous for reinforced
polymers [14]. CNF has a low coefficient of thermal expansion of 0.1 ppm/K; an estimated
strength of 2–3 GPa, which is five times stronger than mild steel; and a high Young’s
modulus of 130–150 GPa [15]. Recently, the effect of CNF as a reinforcement material for
PHBHHx has been widely reported [14–17]. Most studies agreed that the addition of CNF
can enhance the mechanical properties of PHBHHx bionanocomposites significantly.

Nonetheless, CNF loading beyond a certain percentage can be detrimental as it may
lead to significant nanofiller agglomerations. Several studies have documented that the
improvement of polymer nanocomposite may endure immense difficulty attributable to
the dispersion of nanofibers [18–22]. The hypothesis is that if the nanofibers are evenly
distributed throughout the polymer matrix, the optimal nanocomposite properties can
be attained. It should be highlighted at this stage that proper alignment and control of
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nanofiber dispersion have remained a key problem for many years [23]. The effectiveness
of load transfer between the nanofibers and the polymer matrix and subsequently the
mechanical properties of nanocomposite are both governed by the strength of adhesion in
the interface region [23]. Consequently, the characteristics of the nanocomposite deteriorate
if there is inadequate adhesion at the interphase.

In complement to the CNF reinforcing effect, in practice, the applied melt-processing
process and conditions can have a profound effect on the mechanical properties [12].
Nonetheless, studies on the mechanical properties of PHBHHx/CNF bionanocomposites
under the influence of processing temperature and shear stress have been scarcely reported.
To our knowledge, there are no studies that explicitly correlate variations in mechanical
properties to the practical processing parameters and CNF loading used in melt extrusion
of PHBHHx. Identifying the optimal values for these parameters to enhance the mechanical
properties of the bionanocomposite is a challenging and complicated task as there are so
many design parameters to consider. In light of this, the prediction and assessment of
design parameters is vital for the optimum design of bionanocomposites for a particular
application. However, few studies to date have quantitatively optimized the mechanical
characteristics of PHBHHx/CNF bionanocomposites depending on the design parameters.
Hence, the present in-depth research was performed with the purpose of improving the
mechanical characteristics of P(HB-co-11% HHx) through the optimization of CNF loading
and processing conditions. Through the use of Design-Expert software, mathematical mod-
els were generated between the aforementioned parameters and responses. The validation
experiment was conducted to verify whether the obtained optimal conditions result in the
intended mechanical properties for P(HB-co-11% HHx)/CNF bionanocomposites.

2. Materials and Methods

2.1. Materials

Poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) with 11 mol% of HHx unit, P(HB-co-
11% HHx) as determined by 1H-NMR was supplied by ©KANEKA Biodegradable Polymer
TM (Kaneka Co., Osaka, Japan). Spray-dried CNF was purchased from ZoepNano Sdn.
Bhd., (Serdang, Malaysia) and used in this experiment as nanofiller. The CNF powder had
an average particle size of less than 100 nm.

2.2. P(HB-co-11% HHx) Bionanocomposite Fabrication and Molding

P(HB-co-11% HHx)/CNF bionanocomposite was fabricated by using twin-screw ex-
truder (Labtech Engineering Co., Ltd., Bangkok, Thailand) with the screw diameter of
16 mm. Prior to mixing, P(HB-co-11% HHx) powder was dried in an oven at 60 ◦C for
24 h to remove moisture because it is very essential to minimize the hydrolytic degrada-
tion during the processing at high temperature [24]. The P(HB-co-11% HHx) and CNF
powder were mechanically mixed before being fed into the extruder. After the extrusion,
the obtained filament was granulated by a pelletizer (SHEER SGS 25–E4, MAAG Group
manufactures, Zurich, Switzerland) and then molded into 11 × 11 cm film with thickness of
1 mm by direct compression molding using a hydraulic hot press at temperature of 160 ◦C
and 110 kg.cm−2 pressure for 10 min. Cooling was then performed for 30 min under the
same pressure.

2.3. Characterization of P(HB-co-11% HHx) Bionanocomposite
2.3.1. Mechanical Analysis

Mechanical properties of bionanocomposites were analyzed using an Instron Universal
Testing Machine–Instron 5566 (Instron, Norwood, MA, USA) with load cell of 10 kN at room
temperature. Five dog-bone-shaped specimens for tensile strength were tested according to
the standard method of ASTM D 638-05 with crosshead speed of 1 mm/min. Meanwhile,
flexural strength and modulus tests were performed at 1.21 mm/min speed according to the
standard method of ASTM D790. One-way ANOVA and Duncan’s multiple range test were
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used to statistically evaluate the mechanical properties of the fabricated bionanocomposites
following the validation experiment.

2.3.2. Experimental Design and Optimization

A face-centered central composite design (CCD), comprising three different factors,
was used to run the experiment: CNF content (X1) (1 to 9 wt.%), rotational speed (X2) (20 to
60 rpm), and temperature (X3) (135 to 175 ◦C). In this study, CCD was used to determine the
optimum melt-extrusion conditions in fabrication of P(HB-co-11% HHx)/CNF bionanocom-
posites with maximum mechanical properties. The temperature was set between 135 and
175 ◦C in consideration of the onset melting point of P(HB-co-11% HHx) from differential
scanning calorimetry (DSC), which is approximately 155 ◦C, and onset degradation of
CNF and P(HB-co-11% HHx) from thermogravimetric (TG) analysis around 280–290 ◦C.
These variables were studied at five different levels coded as –α, −1, 0, +1, and +α, where
α = 2. Actual and coded values of the variables are summarized in Table 1. The CCD
consists of 19 runs including five replications of center points to determine pure error
and reduce the variability in the data collection. The mechanical properties of the tensile
strength (Y1), flexural strength (Y2), and flexural modulus (Y3) were recorded as responses.
The experimental design arrangement was randomized to prevent systematic error and
minimize the effects of uncontrolled factors.

Table 1. Central composite design matrix of coded and actual factor level.

Run
CNF Loading (wt.%), X1 Rotational Speed (rpm), X2 Temperature (◦C), X3

Coded Actual Coded Actual Coded Actual

1 0 5 2 60 0 155
2 0 5 0 40 0 155
3 0 5 0 40 0 155
4 –2 1 0 40 0 155
5 –1 3 –1 30 1 165
6 0 5 0 40 0 155
7 0 5 0 40 0 155
8 1 7 –1 30 1 165
9 0 5 0 40 2 175

10 0 5 –2 20 0 155
11 0 5 0 40 0 155
12 –1 3 1 50 1 165
13 –1 3 –1 30 –1 145
14 2 9 0 40 0 155
15 1 7 1 50 1 165
16 1 7 1 50 –1 145
17 –1 3 1 50 –1 145
18 1 7 –1 30 –1 145
19 0 5 0 40 –2 135

The experimental data were analyzed, and response surface plots were generated us-
ing Design-Expert statistical software (Version 7.0, Stat-Ease Inc., Minneapolis, MN, USA).
Analysis of variance (ANOVA) was used to determine the significance of each factor and
the regression coefficient of the linear, quadratic, and interaction terms with a confidence
level over 95% or a p-value lower than 0.05. The influence of the factors on the responses
was illustrated using a contour plot, and the optimal levels were identified. Actual experi-
mentation was performed to verify and validate the predicted optimal conditions obtained
from software for CNF content, rotational speed, and temperature. Data were fitted to a
second-order polynomial equation as shown in Equation (1), where Y1, Y2, and Y3 are the
responses; X1, X2, and X3 are the varied factors ranging from –2 to 2, which influence the
response Y; β0 is the constant coefficient; β1, β2, and β3 are linear coefficients; β11, β22, and
β33 are quadratic coefficients; and β12, β13, and β23 are interaction coefficients. The validity
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and adequacy of the regression models were verified by comparing the experimentally
obtained data with the fitted value predicted by the models.

Y = β0 + β1X1 + β2X2 + β3X3 + β11X1
2 + β22X2

2 + β33X3
2 + β12X1X2 + β13X1X3 + β23X2X3 (1)

2.3.3. Thermal Stability Analysis

Thermal stability of neat P(HB-co-11% HHx) and P(HB-co-11% HHx)/1.5% CNF
bionanocomposites were analyzed using a thermogravimetric analyzer (TGA 4000, Perkin
Elmer, Waltham, MA, USA). The samples weighing around 8–12 mg were placed on a
ceramic pan and heated from 50 to 500 ◦C at a heating rate of 10 ◦C/min under nitrogen
flow of 100 mL/min.

2.3.4. X-ray Diffraction Analysis

X-ray diffraction (XRD) spectroscopy was used to quantify the crystallinity of bio-
nanocomposites. An automated Shimadzu 6000 X-ray diffractometer (Tokyo, Japan) oper-
ating at 40 kV with a current of 20 mA and Cu radiation of =1.5406 between 2T = 10 and
50◦ was used for the experiment.

3. Results and Discussion

3.1. Response Surface Model Analysis

The design matrix generated by Design-Expert software included data on tensile
strength, flexural strength, and flexural modulus allowed regression analysis to be per-
formed to identify the best-fit model for the experimental data, with the derived regression
equation being used to predict a particular response at points that are not included in
regression [25]. The tensile strength, flexural strength, and flexural modulus were indicated
to be correlated with CNF loading, rotating speed, and temperature by regression analysis
of the experimental data. Different parameters including the model F value, the lack of
fit F value, the coefficient of determination R2, adjusted R2, press value, and coefficient of
variation (CV) were used to assess the model’s adequacy. The experimental and predicted
values of responses are summarized in Table 2.

Table 2. The experimental and predicted values of responses.

Run
CNF Loading (wt.%), X1 Rotational Speed (rpm), X2 Temperature (◦C), X3

* Exp. ** Pred. * Exp. ** Pred. * Exp. ** Pred.

1 21.27 20.58 31.36 31.34 1.05 1.05
2 21.63 21.35 31.74 31.49 1.09 1.06
3 21.73 21.35 31.61 31.49 1.05 1.06
4 22.96 22.49 33.91 33.87 1.00 1.00
5 21.21 21.35 30.64 30.93 1.03 1.03
6 21.93 21.35 31.96 31.49 1.05 1.06
7 21.61 21.35 31.00 31.49 1.04 1.06
8 18.78 19.43 30.25 30.45 1.06 1.07
9 16.50 15.86 25.26 24.96 0.99 0.99

10 21.41 21.26 32.46 32.26 1.04 1.03
11 20.67 21.35 31.37 31.49 1.08 1.06
12 18.61 19.58 29.68 29.72 1.00 1.01
13 20.12 20.60 31.55 31.49 0.96 0.97
14 20.41 20.04 31.58 31.40 1.06 1.05
15 17.80 18.16 29.15 29.43 1.07 1.08
16 19.95 20.65 29.67 29.60 0.98 0.98
17 21.01 21.19 31.58 31.59 0.97 0.97
18 19.70 19.56 29.14 29.31 0.95 0.95
19 17.79 17.60 25.61 25.69 0.84 0.83

* Exp.: experimental; ** Pred.: predicted.
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Full quadratic models were adopted as the best-fitting model for all responses as
detailed in Table 3. The models were chosen using an ANOVA with a sufficient coefficient
of determination (R2) (above 80%), insignificant lack-of-fit probability (p > 0.005), and
significant model probability (p < 0.05). A significant p-value and an insignificant lack of
fit, respectively, indicate a good model and a good fit of the model to the data [2,3]. The
linear (X1, X2, X3), interactive (X1X2, X1X3, X2X3), and quadratic (X1

2, X2
2, X3

2) p-values
are presented in the same table. A lower p-value (p < 0.05) suggests that the corresponding
coefficient is more significant.

Table 3. Analysis of variance (ANOVA) for response surface quadratic model.

Tensile Strength
(MPa), Y1

Flexural Strength
(MPa), Y2

Flexural Modulus
(GPa), Y3

Model 0.0010 * <0.0001 * <0.0001 *

Linear – – –
X1–CNF content 0.0078 * <0.0001 * 0.0085 *

X2–Rotational speed 0.3705 0.0197 * 0.4362
X3–Temperature 0.0391 * 0.0523 <0.0001 *

Interaction – – –
X1X2 0.6425 0.7058 0.1807
X1X3 0.4108 0.0051 * 0.0812
X2X3 0.0460 * 0.0195 * 0.2325

Quadratic – – –
X1

2 0.8958 0.0021 * 0.0441 *
X2

2 0.4919 0.2788 0.1997
X3

2 <0.0001 * <0.0001 * <0.0001 *

Lack of fit 0.1462 ** 0.6977 ** 0.8991 **
R2 0.9092 0.9883 0.9619

Standard deviation 0.72 0.33 0.017
* Statistically significant at p < 0.05 for model; ** statistically insignificant at p > 0.05 for the lack of fit.

The p-values for the lack-of-fit of tensile strength, flexural strength, and modulus were
0.1462, 0.6977, and 0.8991, respectively, which were higher than 0.05, signifying that the
model had insignificant lack-of-fit. This is a good indicator that the proposed model fits
the experimental data, and the factors have a significant effect on the responses. If the
model exhibits significant lack-of-fit, it should not be applied to predict a particular re-
sponse as it fails to represent data at points that were not included in the regression [25,26].
Ghelich et al. [27] mentioned that the significant lack-of-fit may be related to (i) replicate
measurements with repetitive center point data that are consistent with each other, (ii) miss-
ing significant higher order non-standard terms or engagement in the model, (iii) larger
residual errors compared to the pure error, or (iv) inadequate equal error at any points,
i.e., heteroscedasticity (significant disparity between sizes of the observations), implying a
more appropriate model fitting.

The coefficient of determination R2 measures the quality of experimental data fitting
to the model where the value was approximately near 1, highlighting that the dependent
variable was predicted with less error than the independent variables of CNF loading,
rotational speed, and temperature. The R2 values for tensile strength, flexural strength,
and modulus were 0.9092, 0.9883, and 0.9619, respectively, signaling a high proportion
of variability predicted by the models of 91%, 99%, and 96%, respectively, from CNF
loading, rotational speed, and temperature of P(HB-co-11% HHx)/CNF bionanocomposite
fabrication, as seen in Table 3. Moreover, a high R2 value close to 1 displays good agreement
between predicted and reported results within the experimental range [28]. Figure 1 shows
the plot of experimental by predicted values, where the proximity of the points scattered
along the fitted line demonstrates agreement between experimental and predicted values,
evidencing the adequacy of models to estimate the mechanical properties of P(HB-co-11%
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HHx)/CNF bionanocomposites prepared at varying CNF loadings, rotational speeds,
and temperatures. Hence, these findings affirm that all the responses are affected by
experimental factors.

The mathematical relationship between the response and variable process parameters
can be established using response surface modeling. The final regression equations (in
terms of coded factors) to predict the effect of factors on the responses are shown in
Equations (2)–(4), where Y1, Y2, and Y3 represent tensile strength, flexural strength, and
flexural modulus, respectively; X1, X2, and X3 are CNF loading, rotational speed, and
temperature, respectively.

Y1 = 21.35 − 0.61 X1 − 0.17 X2 − 0.44 X3 − 0.020 X1
2 − 0.11 X2

2 − 1.15 X3
2 + 0.12 X1X2 −

0.22 X1X3−1.15 X2X3
(2)

Y2 = 31.49 − 0.62 X1 − 0.23 X2 − 0.18 X3 + 0.29 X1
2 + 0.077 X2

2 − 1.54 X3
2 + 0.045 X1X2

+ 0.43 X1X3 − 0.33 X2X3
(3)

Y3 = 1.06 + 0.014 X1 + 0.003375 X2 + 0.038 X3 − 0.007963 X1
2 − 0.004713 X2

2 − 0.037
X3

2 + 0.0085 X1X2 + 0.012 X1X3 − 0.007963 X2X3
(4)

 

Figure 1. Cont.
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Figure 1. Experimental and predicted values for (a) tensile strength, (b) flexural strength, and (c)
flexural modulus of P(HB-co-11% HHx)/CNF bionanocomposites.

The polynomial equation in terms of uncoded variables of factors was obtained by
exchange of coded variables with actual values as shown in Equations (5)–(7).

Y1 = −292.88125 + 1.20304 (CNF content) + 0.95185 (Rotational speed) + 3.82790
(Temperature) − 0.00499155 (CNF content)2 − 0.00106216 (Rotational speed)2

− 0.011550 (Temperature)2 + 0.006125 (CNF content)(Rotational speed)
− 0.011 (CNF content)(Temperature) − 0.0059 (Rotational speed)(Temperature)

(5)

Y2 = − 333.88437 − 4.40841 (CNF content) + 0.41136 (Rotational speed) + 4.78479
(Temperature) + 0.071529 (CNF content)2 + 0.000773649 (Rotational speed)2

−0.015414 (Temperature)2 + 0.00225 (CNF content)(Rotational speed) + 0.021250
(CNF content)(Temperature) − 0.00327 (Rotational speed)(Temperature)

(6)

Y3 = − 8.61259 − 0.079280 (CNF content) + 0.013608 (Rotational speed) + 0.11970
(Temperature) − 0.0019907 (CNF content)2 − 0.0000471284 (Rotational speed)2

− 0.000373378 (Temperature)2 + 0.000425 (CNF content)(Rotational
speed) + 0.000575 (CNF content)(Temperature) − 0.000075 (Rotational

speed)(Temperature)

(7)

3.2. Effect of Melt-Extrusion Processing Conditions on Mechanical Properties of P(Hb-Co-11%
HHx)/CNF Bionanocomposites

The effect of each processing factor, namely CNF loading, rotating speed, and temper-
ature, on the mechanical characteristics of P(HB-co-11% HHx)/CNF bionanocomposite was
assessed using a quadratic regression model. The contour and response surface plots gen-
erated from the empirical predicted model in Equations (2)–(4) can be used to better assess
the whole relationship between the independent variable X and the response variable Y, as
depicted in Figures 2–4. The response surface plots, which are shown from the pairwise
combination of targeted variables by keeping other variables at their center point level,
demonstrate the mutual interaction of the independent factors. The response surface plots
were converted into a three-dimensional (3D) diagram to determine the optimal conditions
for each variable towards maximum mechanical properties. Thus, in all response surface
and 3D contour plots, the fixed variable is held at a rotational speed of 30 rpm.
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Figure 2. The 3D and response surface contour plots for the dependence of P(HB-co-11% HHx)/CNF
bionanocomposite’s tensile strength on CNF loading and temperature as significant factors.

 
 

Figure 3. The 3D and response surface contour plots for the dependence of P(HB-co-11% HHx)/CNF
bionanocomposite’s flexural strength on CNF loading and rotational speed as significant factors.

  

Figure 4. The 3D and response surface contour plots for the dependence of P(HB-co-11% HHx)/CNF
bionanocomposite’s flexural modulus on CNF loading and temperature as significant factors.

Figure 2 depicts the 3D and response surface contour plots for the effects of CNF
loading and temperature on tensile strength based on Equation (1). Results indicate that
these variables are the most important factors influencing tensile strength (Table 3). It was
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observed that further increment in CNF loading of more than 3 wt.% reduced the tensile
strength of the bionanocomposites. This might be due to the agglomeration of the CNF
within P(HB-co-11% HHx) matrix which disrupted the compactness and the spherulite
structure of the bionanocomposites [29,30]. Meanwhile, the tensile strength of P(HB-co-11%
HHx)/CNF bionanocomposites increased as temperature rose from 135 to 155 ◦C before
declining from 155 to 175 ◦C. This result may be explained by the fact that P(HB-co-11%
HHx) twin-screw extrusion at high temperature can result in a reduction in molecular
weight owing to thermal degradation [10,24]. It has been discovered that random chain
scission is the process of degradation causing PHAs to rapidly lose molecular weight when
exposed to heat [31].

Figure 3 the depicts 3D and response surface contour plots for the effects of CNF
loading and rotational speed on flexural strength based on Equation (3). CNF loading
(linear and quadratic) had a significant effect (p < 0.05) on flexural strength, as well the
linear effect of rotational speed, interaction effect of CNF loading-rotational speed, and
CNF loading-temperature and also the quadratic effect of temperature (Table 3). In compar-
ison to the quadratic effect of temperature, the quadratic effect of CNF loading was less
pronounced, with the coefficient of each factor of 1.54 and 0.29, respectively (Equation (3)).
It was discovered that CNF dispersion in P(HB-co-11% HHx) was unaffected by rotating
speed, as demonstrated by insignificant changes in tensile strength and flexural modulus.
Conversely, a significant linear effect was noticed for flexural strength (Table 3), where a
minor improvement could be noticed while processing P(HB-co-11% HHx) bionanocom-
posite at a slower rotational speed (Figure 3). Flexural strength decreases with the increase
in CNF loading and rotational speed from 1 to 9 wt.% and 20 to 60 rpm, respectively.

Similar to flexural strength, significant quadratic effects of both CNF loading and
temperature were observed against flexural modulus with no significant interactions be-
tween all factors (Table 3). Flexural modulus decreased with the increase in processing
temperature from 155 to 175 ◦C, which is similar to the results of tensile and flexural
strength. As aforementioned, fabricating bionanocomposites at high processing tempera-
ture leads to polymer degradation due to random chain scission, resulting in brittleness
of the bionanocomposites [32,33]. Since the polymer molecular weight substantially de-
creases at temperatures above 155 ◦C, processing at those temperatures seems unsuitable.
However, different from tensile and flexural strength, the addition of CNF up to 9 wt.%
did not negatively affect the flexural modulus (Figure 4). In this study, CNF distribution in
P(HB-co-11% HHx) was found to be unaffected by rotational speed, as proved by in Table 3,
where no significant interaction can be seen between CNF loading and screw speed.

3.3. Response Surface Optimization of P(HB-co-11% HHx)/CNF Bionanocomposites

Numerical optimization was performed in accordance with the design and analysis,
taking each criterion into consideration (Table 4). Due the severity of the effect on tensile
and flexural strength as well as flexural modulus, these responses were set at a maximum
value. As shown in Table 4, the optimal CNF loading, rotational speed, and temperature for
P(HB-co-11% HHx)/CNF bionanocomposite fabrication were 1.5 wt.% CNF, 20 rpm, and
160 ◦C, respectively. For these ideal conditions, it was predicted that the tensile strength,
flexural strength, and modulus would be 22.96 MPa, 33.91 MPa, and 1.022 GPa, respectively,
with a maximum desirability of 0.929.

3.4. Validation Experiment

The mechanical properties of the P(HB-co-11% HHx)/CNF bionanocomposite fabri-
cated at the proposed parameter were consistent with the predicted value throughout the
validation experiment as tabulated in Table 5, with the exception of the tensile strength,
which was 9% higher. This finding was very good and favorable in light of the objective of
this study, which was to attain high mechanical properties.

446



Polymers 2023, 15, 671

Table 4. The settings and solutions of the numerical optimization criterion.

Factor Constraints

Name Goal Lower Limit Upper Limit
X1 Is in range 1.00 9.00
X2 Is in range 20.00 60.00
X3 Is in range 135.00 175.00

Response Constraints

Y1 Maximize 16.50 22.96
Y2 Maximize 25.26 33.91
Y3 Maximize 0.836 1.086

Optimum Solutions

Number X1 X2 X3 Y1 Y2 Y3 Desirability
1 1.54 20.00 159.53 22.96 33.91 1.022 0.929
2 1.54 20.00 159.33 22.96 33.94 1.022 0.928
3 1.50 20.67 159.40 22.96 33.91 1.022 0.928
4 1.46 21.28 158.84 22.96 33.99 1.021 0.927

Table 5. Comparison between predicted and experimental values of P(HB-co-11% HHx)/CNF
bionanocomposites fabricated at optimal conditions.

Predicted Experimental

Tensile strength (MPa), Y1 22.16 25.11 ± 0.4
Flexural strength (MPa), Y2 33.91 32.46 ± 0.4
Flexural modulus (GPa), Y3 1.02 1.00 ± 0.1

The mechanical properties of the neat P(HB-co-11% HHx) and P(HB-co-11% HHx)/CNF
bionanocomposites prepared under these ideal conditions are shown in Table 6. This result
demonstrated the ability of CNF to increase tensile strength, flexural strength, and flexural
modulus by 17, 6, and 20%, respectively.

Table 6. Mechanical properties of neat P(HB-co-11% HHx) and P(HB-co-11% HHx)/CNF1.5 bio-
nanocomposites.

Neat P(HB-co-11% HHx) P(HB-co-11% HHx)/CNF1.5

Tensile strength (MPa) 21.48 ± 0.4 b 25.11 ± 0.4 a

Flexural strength (MPa) 30.54 ± 0.7 b 32.46 ± 0.4 a

Flexural modulus (GPa) 0.83 ± 0.1 b 1.00 ± 0.1 a

All data are means of five replicates ± S.D. The superscript letters indicate significant difference (p < 0.05)
according to Duncan’s multiple range test.

3.5. Effect of CNF on Thermal Stability and Crystallinity Properties of P(HB-co-11%
HHx)/CNF Bionanocomposites

The thermal stability of spray dried-CNF, neat P(HB-co-11% HHx) and P(HB-co-11%
HHx)/CNF1.5 bionanocomposites was investigated by thermogravimetric analysis. The
TG and DTG curves are presented in Figure 5, and the thermal degradation data are
summarized in Table 7. T10 represents the temperature at which 10% of mass reduction
was recorded, while Tmax represents the temperature at maximum mass loss, which was
taken from the DTG thermogram.
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Figure 5. TG and DTG curves for neat P(HB-co-11% HHx) and P(HB-co-11% HHx)/CNF1.5 bio-
nanocomposites (Red arrow shows the zoom in peak for SD-CNF for DTG).

Table 7. Thermal degradation temperatures of neat P(HB-co-11% HHx) and P(HB-co-11% HHx)/CNF
at 10 wt.% of weight loss (T10) and maximum degradation temperature (Tmax).

Sample T10 (◦C) Tmax (◦C)

Neat P(HB-co-11% HHx) 294 307
SD–CNF 281 350

Optimized P(HB-co-11% HHx)/CNF1.5 293 307

P(HB-co-11% HHx) thermal decomposition commenced at 280 ◦C and was completed
at 320◦C with single step degradation profile. As seen from Table 7, the T10 and Tmax of
neat P(HB-co-11% HHx) were 294 and 307 ◦C, respectively. Spray dried-CNF was less
thermally stable at the beginning, where some weight loss started to occur at temperature
around 100 ◦C, indicating the removal of moisture. Nevertheless, the Tmax value was higher
compared to P(HB-co-11% HHx). The addition of 1.5 wt.% CNF did not change the thermal
stability of neat P(HB-co-11% HHx).

X-ray diffraction (XRD) analysis was performed to determine the crystallinity proper-
ties of neat P(HB-co-11% HHx) and optimized P(HB-co-11% HHx)/CNF1.5 bionanocom-
posites. Figure 6 displays the XRD patterns for both bionanocomposite samples, and the
crystallinity index calculated is tabulated in Table 8.

Table 8. Crystallinity index (CI) of neat P(HB-co-11% HHx) and P(HB-co-11% HHx)/CNF bio-
nanocomposites.

Sample Crystallinity Index (%)

Neat P(HB-co-11% HHx) 25.1
P(HB-co-11% HHx)/CNF1.5 30.1
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Figure 6. XRD patterns of neat P(HB-co-11% HHx) and optimized P(HB-co-11% HHx)/CNF1.5
bionanocomposites.

Sharp crystal peaks are visible in this sample, and their intensity was noticeably higher
than that seen in the neat P(HB-co-11% HHx) sample, in accordance with the pattern of
a bionanocomposite film containing 1.5 wt.% of CNF. This can be linked to the effective
CNF distribution in the film matrix. This finding demonstrated that the addition of CNF
promotes the growth of crystalline areas in the P(HB-co-11% HHx) matrix as evidenced
by the increase in crystallinity index from 25.1 to 30.1%. As proved in Table 6, it has
been suggested that an increase in crystallinity leads to an increase in the strength and
modulus of bionanocomposites. Additionally, there is no peak shift in the XRD pattern of
P(HB-co-11% HHx)/CNF bionanocomposites, indicating that the melt compounding by
the twin screw extrusion process did not alter their crystal structures [24].

4. Conclusions

P(HB-co-11% HHx)/CNF bionanocomposites fabricated using twin screw extruders
were evaluated and predicted, and their melt-extrusion processing parameters were opti-
mized using response surface modeling analysis based on the CCD method. The individual
and interaction effects of three important melt-extrusion processing conditions, namely
CNF loading, rotation speed, and temperature, on mechanical properties of P(HB-co-11%
HHx)/CNF bionanocomposites (tensile strength, flexural strength, and modulus) were
adequately modeled and optimized. It was discovered that CNF loading and temperature
have a substantial effect on the mechanical properties of the P(HB-co-11% HHx)/CNF
bionanocomposites; however, rotational speed has a less influential effect on mechani-
cal properties except flexural modulus. At optimum CNF loading, rotational speed, and
temperature of 1.5 wt.%, 20 rpm, and 160 ◦C, tensile strength, flexural strength, and flex-
ural modulus are reported to be 22.96 MPa, 33.91 MPa, and 1.022 GPa, respectively. The
response values obtained from the validation experiment were in good agreement with
the predicted values. Validation tests proved that the response surface equations were
adequate for predicting responses. The results of the TG and DTG study indicated that
the thermal stability of the P(HB-co-11% HHx) matrix did not differ significantly from
neat P(HB-co-11% HHx) when the optimum amount of CNF was introduced. The XRD
analysis revealed that the addition of CNF increased crystallinity, which promotes the
formation of crystalline regions in the P(HB-co-11% HHx) matrix. This research highlights
the importance of optimal melt-extrusion processing conditions and their influence on the
mechanical properties of P(HB-co-11% HHx)/CNF bionanocomposites. The findings of this
research are anticipated to aid in the invention of novel P(HB-co-11% HHx) materials for
packaging and other applications, taking into consideration the relevance of the correlation
between melt-extrusion process parameters and the potential for process optimization to
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enhance the mechanical properties of P(HB-co-11% HHx). This process optimization can be
further used as one of the technical developments for bio-based nanocomposites derived
from green materials with excellent prospects in novel high performance food packaging
materials. With the optimum process conditions, the properties such as high mechanical
performance with additional desired function such good thermal and barrier properties
can be achieved. In addition, the application of bio-based materials to replace the synthetic
fossil-based materials provides a range of benefits for various economic entities. Positive
feedback has also been reported concerning ecological, economic, and social aspects asso-
ciated with the transition from traditional plastic to bio-based plastics that can be widely
used as packaging materials and act as a significant driver of the industry’s growth.
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Abstract: The study was used in the context of realigning novel low-cost materials for their better
and improved optical properties. Emphasis was placed on the bio-nanocomposite approach for
producing cellulose/starch/silver nanoparticle films. These polymeric films were produced using
the solution casting technique followed by the thermal evaporation process. The structural model
of the bio-composite films (CS:CL-CNC7:3–50%) was developed from our previous study. Subse-
quently, in order to improve the optical properties of bio-composite films, bio-nanocomposites were
prepared by incorporating silver nanoparticles (AgNPs) ex situ at various concentrations (5–50%
w/w). Characterization was conducted using UV-Visible (UV-Vis), Fourier Transform Infrared (FTIR),
Scanning Electron Microscope (SEM) and Transmission Electron Microscope (TEM) to understand
the structure–property relationships. The FTIR analysis indicated a reduction in the number of
waves associated with the OH functional groups by adding AgNPs due to the formation of new
hydrogen bonds between the bio-composite matrix and the CL-WE-AgNPs. Based on mathematical
equations, the optical bandgap energy, the energy of Urbach, the edge of absorption (Ed), and the
carbon clusters (N) were estimated for CS:CL-CNC and CS:CL-CNC-AgNPs (5–50%) nanocomposite
films. Furthermore, the optical bandgap values were shifted to the lower photon energy from 3.12 to
2.58 eV by increasing the AgNPs content, which indicates the semi-conductor effect on the composite
system. The decrease in Urbach’s energy is the result of a decrease in the disorder of the biopolymer
matrix and/or attributed to an increase in crystalline size. In addition, the cluster carbon number
increased from 121.56 to 177.75, respectively, from bio-composite to bio-nanocomposite with 50%
AgNPs. This is due to the presence of a strong H-binding interaction between the bio-composite
matrix and the AgNPs molecules. The results revealed that the incorporation of 20% AgNPs into the
CS:CL-CNC7:3–50% bio-composite film could be the best candidate composition for all optical prop-
erties. It can be used for potential applications in the area of food packaging as well as successfully
on opto-electronic devices.

Keywords: green macroalga; red sea; Chaetomorpha linum; cellulose nanocrystals; starch; green silver
nanoparticles; bio-nanocomposite films; optical properties

1. Introduction

The development of the bio-composites was based on the environmental knowledge
that was generated over time. The remaining natural starch is a vital biomaterial for making
environmentally friendly materials. In order to improve the properties of these biomaterials,
a new area was created, including the development of bio-nanocomposites [1]. This is a
continuous polymer phase in which loads of at least one size on a nanoscale are dispersed.
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At this scale, the surface effects become predominant with volume effects in order to obtain
original properties different from massive objects. The synthesized nanocomposites have
demonstrated their versatility as a catalyst in the esterification response for the production
of bio-diesel, a very good potential substitute for Gram-positive antimicrobial activity,
as well as Gram-negative micro-organisms and an effective material for energy storage
applications [2]. In this regard, nanostructures and nanocomposites, due to their small size,
good catalytic activity, high surface area and outstanding selectivity, can play an important
role in the near future [3]. Nanofillers, by their specific properties and the multitude of
forms they can take, produce functional materials of interest in a number of areas such as
electronics, medicine, cosmetics, optical physics and packaging [1].

Polymer matrices used for the production of CNC-reinforced composites could be
divided into two parts: biodegradable and non-biodegradable polymers [4]. For example,
natural polymers including by-products of cellulose, starch, natural rubber, and biopoly-
mers such as polyhydroxyalkanoate (PHA), polylactic acid (PLA), polycaprolactone (PCL),
etc., were widely used as biodegradable polymers to prepare bio-nanocomposites rein-
forced with cellulose nanocrystals [4,5]. Therefore, in our recent studies [6], we sought to
reinforce the bio-composite film, with the introduction of a green C. linum silver nanopar-
ticle in order to improve the optical properties of the biofilm. The study provided not
only the optical property but also the characterization that led to the development of an
optoelectronic bio-nanocomposite.

Due to remarkable physical and chemical properties, noble metallic nanoparticles
play their role in various domains such as biological markers [7], treatment of cancer
tumors [8], fluorescence [9], improving the efficiency of solar panels [10] or the signal in
Raman spectroscopy [11]. Moreover, through enhanced optical response, these nanopar-
ticles are indirectly used to characterize the physical properties of other particles such
as catalysis [12]. However, integrating metallic nanoparticles in the polymer matrix is a
fundamental and critical industrial challenge. In fact, their load properties, their nature
and their presence in the matrix considerably alter the mechanical, thermal, electrical
or optical properties, as well as contributing to simplifying and reducing the cost of the
transformed material. In recent years, silicon nanowires decorated with silver nanoparticles
have also been identified as semi-conductor and antibacterial unidimensional synthetic
nanomaterials [13]. AgNPs with diverse properties such as catalytic activity [14], Raman
diffusion [15], good conductivity [16], anti-microbial [17] and optical activity [18] have gen-
erated considerable interest in the area of nanotechnology [19]. AgNPs can be synthesized
using physical, biological and chemical approaches [20]. However, physical–chemical tech-
niques are highly productive in designing well-defined nanoparticles, but they have certain
limitations, such as the use of hazardous chemicals, high costs, time-consuming processes,
and the generation of impurities [21]. Green synthesis has gained more interest and actively
increased progress in the fields of science and industry due to its ecological, cost-effective
and non-hazardous nature [22]. To synthesize AgNPs, a metal precursor, reducing agents,
and a non-toxic stabilizing/capping agent were required [23,24]. However, the presence
of biomolecules of natural active agents in plants plays a significant role in reducing and
stabilizing nanoparticles [24,25]. The phytochemical substances involved in reducing and
capping nanoparticles are terpenoids, flavonoids, phenols, alkaloids, polysaccharides,
proteins, enzymes, amino acids, etc. [26]. In addition, other active agents were reported
such as linalool, quinol, methyl chavicol, eugenol, chlorophyll, caffeine, theophylline,
ascorbic acids, and so on [27,28]. Several methods have been developed for incorporat-
ing nanoparticles into a polymer matrix in two ways, which are known as ex situ and
in situ [29].

Each organic semiconductor has its own energy levels that basically depend on the
molecular structure. Thus, the electronic bandgap is the energy difference between the
lowest unoccupied molecular orbital (LUMO) and highest occupied molecular orbital
(HOMO) level [30]. This difference in energy reveals the bandgap that electrons can only
penetrate by external excitation. In general, it is 1 to 3 eV for organic semiconductors and

454



Polymers 2023, 15, 2148

zero for conductors with overlapping valence and a conductive band. When it is high
(>6 eV), the material is insulating, since it does not transfer electrons [31].

The objective of this study was to Integrate ex situ AgNPs as an electron donor
reinforcement at the bandwidth of the bio-composite developed in our recent study [6] in
order to develop new low-bandgap bio-nanocomposites for an optoelectronic application.
The main requirement was to reduce the HOMO energy level as well as the bandgap of the
polymers in order to increase the open circuit voltage of organic photovoltaic solar cells.

2. Experimental Work

2.1. Materials

Macroalgae thalli belonging to the order Cladophorales, Chaetomorpha linum were used
as raw material to prepare AgNPs. Green algae were collected on the southwest coast of the
Red Sea in Jeddah KSA (coordinates 21◦37′41′′ N and 39◦6′11′′ E). A CS:CL-CNC7:3–50%
bio-composite (Table 1) was developed by reinforcing the thermoplastic starch matrix with
cellulose nanocrystals (CL-CNCs) derived from C. linum algae biomass, according to the
treatment detailed in our previous studies [6]. Silver nitrate-AgNO3 (99.8%) was purchased
from VWR, PROLABO.

Table 1. Composition of the cellulose nanocrystals, starch, glycerol, and CL-WE-AgNPs used in the
investigation for the development of bio-composite and, bio-nanocomposites films.

Sample Code
CL-CNC

(g)
% NaOH

(mL)
CS
(g)

Distilled Water
(mL)

Glycerol
(mL)

CL-WE-AgNPs
(mL)

CS:CL-CNC7: 3–50% [6] 3.00 40 7.00 140 90.0 -

CS:CL-CNC7:3-AgNPs 5% 2.85 38 6.65 133 85.5 9
CS:CL-CNC7:3-AgNPs 10%, 2.70 36 6.30 126 81.0 18
CS:CL-CNC7:3-AgNPs 15% 2.55 34 5.95 119 76.5 27
CS:CL-CNC7:3-AgNPs 20% 2.40 32 5.60 112 72.0 36
CS:CL-CNC7:3-AgNPs 40% 1.80 24 4.20 84 54 72
CS:CL-CNC7:3-AgNPs 50% 1.50 20 3.50 70 45 90

2.1.1. Colloidal Silver Nanoparticle (AgNP) Synthesis

The hydrosoluble polymers were obtained from 2 g of dry C. linum powder (CL-R) by
extraction for 2 h in hot deionized water (1:40 w:w, 80 ◦C) with mechanical stirring. The
mixture was filtered through a cloth and then centrifuged (5000 rpm) for 20 min to produce
the CL-W fraction, as illustrated in Figure 1a. The filtrate was precipitated with the addition
of 95% ethanol (40:60 v:v) to remove the remaining salts as well as low-molecular-mass
polymers (proteins and polysaccharides) [32]. After decanting for 12 h (4 ◦C), the insoluble
material was centrifuged out (5000 rpm) for 30 min to obtain the CL-WE fraction and
recovered in deionized water. This fraction was used as a reducing and stabilizing agent
for AgNPs synthesis [32]. To synthesize the colloidal AgNPs, 10 mL of seaweed extract
was added to 90 mL of a 1 mM aqueous solution of silver nitrate (AgNO3) with constant
stirring. The pH was adjusted to 9 by using 1 M NaOH solution to promote the reduction
of Ag+ ions at ambient temperature. Within hours, the color changed from yellow to
dark brown, which confirmed the formation of AgNPs [33]. The synthesized material was
labeled CL-WE-AgNPs.
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2.1.2. Development of Optical Bio-Nanocomposite Films

To improve the performance of the bio-composite packaging, which was produced
with the best formulation made for the biodegradable film (containing cellulose nanocrys-
tals and thermoplastic starch), CL-WE-AgNPs were added in order to enhance the optical
properties of bio-composite films.

Firstly, five solutions were prepared using the CS:CL-CNC7:3–50% bio-composite, and
they were mixed successively with different compositions of CL-WE-AgNPs by weight
with 190 mL of distilled water, stirred for five minutes and sonicated for 15 min. Then,
the solutions were heated in a water bath at 85 ◦C for 30 min. The solution was moved
into a Petri dish and stored in the oven for 24 h at 45 ◦C for drying. The films were peeled
and retained in a desiccator (48 h) to control moisture (Figure 1b). The composition of the
materials was fixed in cellulose nanocrystals, starch, and glycerol, which vary only with
the percentage by weight of AgNPs, as shown in Table 1. Consequently, the percentage
by weight of CL-WE-AgNPs was derived from the total quantity of mixture added. The
resulting biofilms are named: CS:CL-CNC7:3-AgNPs (5%), CS:CL-CNC7:3-AgNPs (10%),
CS:CL-CNC7:3-AgNPs (20%), CS:CL-CNC7:3-AgNPs (40%), and CS:CL-CNC7:3-AgNPs
(50%) for the bio-nanocomposite films and CS: CL-CNC7:3–50% for the controlic bio-
composite film.

2.2. Characterization Methods
2.2.1. UV-Visible Analysis

For optical properties, the UV-Vis-NIR (JASCO; V670) (JASCO; V670, Easton, Port-
land, OR, USA) spectrophotometer was used to study the optical transmittance (T) and
absorbance (A) of films prepared over the wavelength range of 190 to 900 nm (Figure 8a,b).

Determining the bandgap value of both amorphous materials and polymers is crucial
for their applications. The most popular technique to stimulate the bandgap is a mea-
surement of the optical absorption coefficient. This coefficient was determined by mean
absorbance (A), and Equation (1) was followed [34]:

α =
2.303 A
d(cm)

(1)

where d = 0.02 cm, and the film thickness was determined by a Vernier caliper. The
functions of the absorption coefficient with incident photon energy for bio-composite films
CS:CL-CNC7:3–50% and for bio-nanocomposite films CS:CL-CNC7:3-AgNP (5–50%) are
shown, respectively, in Figure 9a,b.

The energy bandgap (Eg) deviation of all the prepared films was determined by
intercepting the plotted linear portion (α hν)2 versus hν, as shown in Figure 10a, pursuing
Tauc’s method (Equation (2)) [35,36]:

αhν = B(hν − Eg)n (2)

where B is the width parameter of the absorption edge, hν is the incident photon energy
calculated from hν (eV) = 1240/λ (nm), and n is the factor that takes 3/2 or 1/2 for direct
transitions and 2 or 3 for indirect transitions relaying on the forbidden or allowed transition,
respectively.

For determining the band tail that refers to the width of localized states, the absorption
coefficient α(v) near the band edge as exponential dependence of photon energy (hv) was
determined from the Urbach relationship (Equation (3)) [37,38]:

α (hν) = α0 e(
hν
Ee ) (3)

where α0 is known as the constant and Ee denotes the band tail (Urbach tail), referring to
the localized state’s width (Figure 10b).
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The number of carbon atoms (N) in a cluster is calculated from the optical energy
bandgap (Eg) using the following relation (Equation (4)) [39,40]:

Eg = 34.4/
√

N (4)

2.2.2. FTIR Analysis

Several stages involved in the development of bio-nanocomposite films were studied
by FTIR (Thermo spectrophotometer, Nicolet IR 200, Madison, WI, USA). FTIR spectra
were recorded between 4000 and 400 cm−1 and compared with data already reported to
distinguish the signal in a specific manner.

2.2.3. SEM and TEM Analyses

The JEOL model JEM-2000FX (Tokyo, Japan) instrument operated at an accelerating
voltage of 200 Kilo voltage used to determine SEM (scanning electron microscope), EDX
(energy-dispersive X-ray spectroscopy), and TEM (transmissions electron
microscopy) measurement.

SEM and EDX images were taken for the characterization of the morphology, and the
microstructures of all the materials were obtained at different stages of the bio-nanocomposite
film development process.

In order to better clarify the morphology and size of the particles, TEM analysis was
applied. A few drops of sonicated powdered sample were prepared and placed on a
carbon-coated copper grid and air-dried for 1 h. The CL-WE-AgNP sample was selected
for TEM analysis.

3. Results and Discussion

3.1. Impact of AgNPs Density on Optical Responses of Bio-Nanocomposite Films
3.1.1. Synthesis of Colloid Silver Nanoparticles (AgNPs)

AgNPs (5, 10, 20, 40 and, 50%) were ex situ incorporated in (CS:CL-CNC7:3–50%)
biofilm employing the matrix containing CL-CNC from C. linum (3 g), CS (7 g) and 50%
glycerol as plasticizer agent to improve the optical properties of our previous biofilm [6].
The reduction of AgNPs was carried out by UV-Visible, SEM-EDX, TEM, and FTIR.

The reduction of the Ag+ ion into AgNPs was analyzed by color change (Figure 2a–d).
Before adding the solution (AgNO3, 1 mM), the supernatant of the C. linum extract precipi-
tated in ethanol (CL-WE) was pale white–yellow (Figure 2b); it turned to a yellow–brown
color after 30 min of contact (Figure 2c) and then brownish at the end of the reaction with
the ions (after 48 h of contact) (Figure 2d).

These results were confirmed by UV-Visible characterization spectrophotometry, which
is a technique that proved to be very useful for the rapid analysis of colloidal solutions
of AgNPs. This helps to determine whether the synthesis process was terminated by the
formation of nanoparticles. The formation and stability of the reduced silver nanoparticles
in the colloidal solution were monitored by UV-Vis spectrophotometric analysis [41]. The
UV-Vis spectra showed a maximum absorbance at 415 nm that increased with the incubation
time of silver nitrate with C. linum extract (Figure 2a) [42]. The presence of an absorbance
peak at approximately 415 nm makes clear the formation of AgNPs in the solution, which
is due to surface plasmon resonance (SPR) electrons present on the nanoparticle surface.
The intensity of the SPR band increased with reaction time (30 min, 2 h, 6 h, 12 h, 24 and
48 h) and showed a maximum absorbance at 432 nm after 48 h (Figure 2a), indicating the
synthesis of the AgNPs [42]. It is reported earlier that the absorbance at about 430 nm for
silver is a feature of these noble metallic particles [43,44]. These results confirmed that
48 h time is the longest synthesis time at the present temperature and pH. It was observed
that with an increase in the contact time between CL-WE and AgNO3, the absorption
peak shifted to a higher wavelength (from 415 to 432 nm), indicating an increase in the
size of the AgNPs synthesized extract. These results are similar to those reported in the
literature [41,42,45].
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Figure 2. (a) UV-Vis absorption spectrum of silver nanoparticles CL-WE-AgNPs synthesized using
aqueous dialyzed extract of fresh C. linum (CL-WE) as a function of reaction time, (b) beginning of
the reaction (pale white–yellow), (c) after 30 mn (yellow–brown color) and (d) after 48 h (brownish
color) at 40 ◦C, and pH = 9.

3.1.2. Morphological Analysis of Synthesized AgNP and Its By-Products

A scanning electron microscope with an energy-dispersive X-ray spectrometer (SEM-
EDX) was used to determine the silver concentration of the nanoparticles (Figure 3a–c).
However, the EDX analysis of the aqueous extract of C. linum (CL-W) (Figure 3a) showed
a high percentage of chlorine and salt, while after precipitation with ethanol (Figure 3b),
the percentage of chlorine was decreased, so we note the presence of sulfur specific for
glucosamines, which confirms the role of ethanol purification. After the reduction of the
silver ions with the aqueous extract (CL-WE) (Figure 3c) which performs both reducing
and stabilizing effects, a new distinct peak was detected at 2.983 keV in the CL-WE-AgNPs.
Prasad, Kambala [46] have shown that AgNPs generally exhibit an absorption peak in the
region of 3 keV due to the phenomenon of surface plasma resonance. The appearance of
this peak (Figure 3c) confirmed the presence of elemental silver in the nanoparticles thus
produced (CL-WE-AgNPs) with a silver concentration of around 38.41 ± 1.06%, which
was detected after an incubation of 48 h. The morphology of the CL-WE-AgNPs shows
that several co-components appear alongside silver: in particular, iron, magnesium, zinc,
cadmium, chlorine, sulfate . . . This is due to the reduction of silver by the aqueous C.
linum extract, which was accompanied by the reduction of those trace metals and led to the
formation of co-nanoparticles as a trace. Despite the low metal content (zinc and cadmium
≤ 1 ppm, iron ≤ 2 ppm, and magnesium ≤ 5 ppm per mass) that coexist with silver
(originally VWR Chemicals commercial silver nitrate), ethanol precipitates of aqueous
extract have been able to reduce these metals and obtain co-nanocomposites alongside
nanocomposite silver synthesis. This explains the effect of ethanol precipitation of the plant
extract that characterizes our method of green synthesis of AgNPs, which promotes the
increase in the reducing properties of the plant extract following the purification of ethanol.
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Figure 3. SEM and EDX image of silver nanoparticles synthesized steps: (a) CL-W, (b) CL-WE,
(c) CL-WE-AgNPs.

Figure 4 represents the TEM image of CL-WE-AgNPs (48 h) determining that the
AgNPs are well defined and are spherical with slight agglomeration. The presence of ag-
glomeration could be due to the drying effects produced during sample preparation [47,48].
The aggregation behavior of AgNPs is mostly affected by pH and electrolyte concentra-
tion [49], while the presence of biomolecules can improve particle stability due to the
biomolecular coronary effect [49]. In our work, we show that a degree of detected aggre-
gation can be attributed to the ethanol precipitation effect of water extract (CL-W) that
removes the salt that coexists with biomolecules. As shown, the size of nanoparticles
increases with increasing concentration of AgNO3. The Ag size range thus detected varied
from 20 to 30 nm with an average of 21.4 nm. In comparison to the previous research, it
was concluded that AgNPs with 20 nm size have a plasmon resonance band around 430 nm
(violet absorption) and are brown [50].

3.1.3. FTIR Analysis of Synthesized AgNPs and Its By-Products

The biomolecules present in the root extract of C. linum played an active role in
reducing Ag+ to AgNPs, as confirmed by the FTIR analysis. Figure 5a,b represent the FTIR
spectrum of C. linum extract before and after ethanol precipitation. The FTIR spectra of dried
C. linum extract before purification by ethanol (CL-W) (Figure 5a) have shown many peaks
at 614 cm−1, 645 cm−1, 706 cm−1, 839 cm−1, 863 cm−1, 924 cm−1, 1004 cm−1, 1047 cm−1,
1095 cm−1, 1224 cm−1, 1412 cm−1, 1538 cm−1, 1645 cm−1, 2297 cm−1, 2842 cm−1, 2910 cm−1,
2938 cm−1, 3279 cm−1 and 3338 cm−1. However, the FTIR spectra of dried C. linum extract
after purification with ethanol precipitation (CL-WE) have shown disparate peaks at
614 cm−1, 645 cm−1, 924 cm−1, and 2297 cm−1 specifying aliphatic bromo compound,
aliphatic-chloro compound, nucleic acid (other phosphate-containing compounds) [51,52]
and nitrile compounds [53], respectively. Meanwhile, the decrease in the peak at 1539 cm−1

is of amide II [54], explaining the effect of precipitation in ethanol which eliminates the
salt compounds and minimizes the presence of free protein and increases the level of
polysaccharides in the solution [32]. The appearance of the strong peak at 1220 cm−1 is
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specific to the asymmetric stretching vibration of sulfate groups commonly available in
C. linum in the form of sulfated polysaccharides [55], which are used for the stabilization
of AgNPs [56]. However, the corresponding bands observed at 1545 cm−1 and 1643 cm−1

are assigned successively to the amide II from proteins and the stretching vibration of the
(NH) C=O group. After the reduction of AgNO3, the shift of the bands from 1538 cm−1 and
1524 cm−1 is attributed to the involvement of the secondary amines in the reduction process
and the binding of the (NH) C=O group with nanoparticles. Since a member of the (NH)
C=O group within the cage of cyclic peptides is involved in stabilizing the nanoparticles,
the shift of the (NH) C=O band is quite small. Thus, the peptides play a major role for the
reduction of Ag+ to AgNPs. New bands in CL-WE-AgNPs at 1133 cm−1 and 1467 cm−1

(Figure 5b) may be attributed as vibrations of the glycosidic C-O bond (C-O-C) stretches
from carbohydrates as well as to C=C-C, aromatic ring stretch, and the aromatic compound.

 

Figure 4. TEM image of CL-WE-AgNPs (48 h).

3.2. Characterization of Bio-Nanocomposite Films
3.2.1. Morphological Analysis

To analyze the surface morphology of the films produced, and to show the distribution
of AgNPs in the bio-nanocomposites (Starch/Cellulose/AgNPs) thus formed, a scanning
electron microscope with an energy-dispersive X-ray spectrometer (SEM-EDX) was used.
Figure 6a–e provides specific information about the structure and changes in the optical
properties of films resulting from the addition of AgNPs. The SEM image of the film
without AgNPs (CS:CL-CNC7:3–50%) in one of our recent studies [6] shows a porous
surface with rough tufts. In contrast, the SEM images of the films with AgNPs (CS:CL-
CNC7:3-AgNP5–50%) (Figure 6a–e) show more or less smooth surfaces with the emergence
of some small aggregates corresponding to CL-WE-AgNPs in the form of white markings
merged into nanoclusters [57,58]. The SEM images (Figure 6c) show a better distribution
of CL-WE-AgNPs in CS/CL-CNC7:3–50% films with a percentage of 20% of AgNPs,
indicating sufficient interfacial interaction with the matrix of the CS/CL-CNC mixture and
the CL-WE-AgNPs [59].
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Figure 5. FTIR analysis of (a) C. linum water extract before and after purification with ethanol
precipitation and (b) colloidal silver nanoparticle CL-WE-AgNPs synthesis.

3.2.2. FTIR Analysis

After the preparation of the bio-nanocomposites by the modification of CS:CL-CNC7:3–
50% films, by the incorporation of different levels of CL-WE-AgNPs (5–50%), FTIR mea-
surements (Figure 7, Table S1) were performed to verify the formation of chemical bonds
between the functionalized CL-WE-AgNPs and the matrix of CS:CL-CNC7:3–50%, which
was carried on from our previous article for the current study [6]. The shape of the curves
showed that the interactions of the matrix chains increase with the velocity of the nanoparti-
cles (Figure 7). For all the matrices (CS:CL-CNC7:3–50%-AgNPs), new bands have appeared
(1642 cm−1 and 1787 cm−1) showing a better interaction in the order of CL-WE-AgNPs
rate: 5%, 10%, 40%, 50%, to 20%. Although the bio-nanocomposite containing 20% CL-WE-
AgNPs seems best in terms of composition, it suggests a good intermolecular interaction
between the different compositions of the matrix.
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Figure 7. FTIR analysis of development bio-nanocomposite films (400–1800 cm−1).

The band appeared at 1643 cm−1 specifying the groups of water released from CL-
CNC, as we stated in one of our recent studies [6]. The absorbance increases as CL-
WE-AgNPs are added, indicating that water absorption is inversely proportional to the
proportion of hydrophilic CL-WE-AgNPs [60–62]. However, the band around 1787 cm−1 is
attributed to the elongational vibrations of the C=O bond which occur due to the presence
of hemicellulose residues from the CL-WE-AgNPs matrix on cellulose chains [60,63].

The number of waves associated with OH functional groups at 3321 cm−1 was reduced
due to the formation of new hydrogen bonds between the bio-composite matrix and the
CL-WE-AgNPs [64]. A similar result was reported by previous research, which is explained
in terms of weakened hydrogen bonding due to electron delocalization [65,66].

3.3. Optical Properties of the Synthesized Bio-Nanocomposites Films: The Ability to Protect Films
against UV

The absorbance of the bio-composite films of CS:CL-CNC:7:3–50% (control) [6] and
with 5 to 50% of CL-WE-AgNPs was incorporated over the wavelength range of 190
to 900 nm, as shown in Figure 8a. As we stated in one of our recent studies [6], the
starch/cellulose/glycerol-based bio-composite film exhibited UV absorbance at 273 nm but
was not present in visible regions. In contrast, CS-CL-CNC-AgNPs (5–50%) films showed
strong absorbance bands in the UV range around 212–300 nm (Figure 8a), which was due
to the presence of AgNPs in the matrix. This explains that these bio-nanocomposites could
be used in different fields of application. This is due to efficient UV absorbers, mainly
for UV-C rays (100–280 nm), but also for UV-B rays (280–315 nm). He also noted that
the intensity of the absorption peaks increases with the increase in the AgNPs content in
CS-CL-CNC-AgNPs films (5–50% by weight), explaining a higher UV absorption ability
for CS-CL-CNC-AgNPs 50% film compared to other matrices. Figure 8b revealed a strong
absorption peak between 336 and 600 nm with a maximum absorbance of about 420–434 nm,
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which is the typical plasmon resonance band of AgNPs [33,67]. The peak indicates that the
Ag+ ions in the solution (AgNO3, 1 mM) were successfully reduced to AgNPs.

 

Figure 8. (a) UV-visible absorption spectra of bio-composite formulation with the integration of
CL-WE-AgNPs (10%, 20%, and 50%), and (b) Optical absorbance spectra of development bio-
nanocomposite films.

The absorption coefficient (α) of the bioplastic film (CS-CL-CNC7:3–50%) is calculated
according to Equation (1) and illustrated in (Figure 9a,b). The α-values of the film (Figure 9a)
are high and draw a broad spectrum in the spectral region > 1.55 eV, which recommends
the film for specific applications in the field of solar cells. Two absorption peaks also
appeared at hν ≈ 2.1 eV and 4.6 eV in the visible and UV spectra range, respectively.
These peaks are attributed to the π–π* transition between bonding and molecular orbital
antibonding [68,69].

Figure 9. Optical absorption coefficient as a function of photon energy of (a) CS-CL-CNC7:3–50%
bio-composite film [6] and (b) CS-CL-CNC-AgNPs (5–50%) development bio-nanocomposite films at
ambient temperature.

The band structure of solid materials can be identified by studying the optical ab-
sorption spectrum [70,71]. Optical absorption studies on polymer blend films without and
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containing various concentrations of CL-WE-AgNPs (5–50%) are presented in Figure 9b. It
was carried out to determine the optical constants: namely the position of the edge of the
fundamental band and the optical bandgap (Table 2).

Table 2. Values of absorption edge (Ed), bandgap (Eg), band tail (Ee), and carbon cluster number
N of CS-CL-CNC7:3–50% bio-composite film [6], and CS-CL-CNC-AgNPs (5–50%) development
bio-nanocomposite films, at ambient temperature.

Absorption Edge
(Ed) (eV)

Optical Bandgap
(Eg) (eV)

Urbach Energy
(Ee) (eV)

Carbon Cluster
Number (N)

CS:CL-CNC7:3–50% [6] 2.47 3.12 6.89 121.56
CS:CL-CNC-AgNPs 5% 1.51 2.91 5.41 139.74
CS:CL-CNC-AgNPs 10% 1.44 2.88 5.21 142.67
CS:CL-CNC-AgNPs 20% 1.32 2.82 4.25 148.80
CS:CL-CNC-AgNPs 40% 1.20 2.76 3.65 155.35
CS:CL-CNC-AgNPs 50% 1.08 2.58 3.62 177.78

Figure 9b demonstrated the optical absorption coefficients versus the photon en-
ergy of the biofilm mixture of CL-NCN and starch (CS-CL-CNC7:3–50%) and the bio-
nanocomposites films (CS-CL-CNC-AgNPs (5–50%). In particular, the optical absorption
coefficients of the CS-CL-CNC7:3–50% film decrease as the AgNP content increases (Table 2).
This reduction in Ed is attributed to the increase in the number of charge carriers by the
structural modifications of the polymer matrix, which is due to molecular interactions
between polymeric chains and CL-WE-AgNP [72]. They are also related to the changes in
the number of electrons and the holes in the conductive and valence bands [73]. Specifically,
the optical absorption edge shift explains the electronic coupling between CL-WE-AgNPs
and CS-CL-CNC7:3–50% [72,73].

The optical bandgap energy (Eg) is the most interesting parameter for integrated
optical optoelectronic and photovoltaic devices [74]. Therefore, by extrapolating the linear
region to the abscissa, we obtain the energy of the optical bandgap of the amorphous
material (Figure 10a). Table 2 shows that the energy value of the bandgap of the CS-CL-
CNC7:3–50% film without CL-WE-AgNPs is 3.12 eV and decreases with increasing AgNPs
content to 2.58 eV for the CS:CL-CNC-AgNPs 50% nanocomposite film. In this case, the
bandgap energy is lower (<3 eV), indicating that it is a semi-conductor [75]. In particular,
the reduction of Eg of the polymer matrix of the different films is attributed to the fact
that the content of CL-WE-AgNPs is responsible for modifying the degree of disorder
of the polymer as well as its structure. As a result, these changes reflect the localized
states in the bandgap, which are responsible for decreasing the bandgap energy of the
polymer [39,76]. Thus, the reduction in the bandgap is due to the addition of CL-WE-AgNPs
in the CS:CL-CNC-7:3–50% matrix, which was carried on from our previous article for the
current study [6]. This is due to the increased carrier–carrier interaction in the valence and
conduction bands and subsequently the displacement of the valence and conduction band.
However, the decrease in Eg reflects the formation of charge transfer complexes (CTCs) as
trap levels between the bands of the HOMO, which is mainly carried by the silver metal
and is an MO type Ag-d(π), and the LUMO, which is carried by the polymer matrix and it
is an MO type (π*) [77]. This highlights the good miscibility between the CL-WE-AgNPs
and the polymer matrix [39].
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Figure 10. (a) Relationship between (αhν)2 verses photon energy (hν), (b) Absorption coefficient Ln
α versus photon energy for CS-CL-CNC7:3–50% bio-composite film [6], and CS-CL-CNC-AgNPs
(5–50%) development bio-nanocomposite films at ambient temperature.

The Urbach curve is shown in Figure 10b, and the logarithm of the absorption coeffi-
cient (α) is plotted as a function of the photon energy (hv). Table 2 groups the estimated
values of the tail of the samples (Ee) which were obtained by the inverse of the slope of the
linear part of these curves (Equation (3)). The absorption edge called the Urbach energy,
and it depends on induced disorder, static disorder, temperature, thermal vibrations in
the lattice, strong ionic bonds and on average photon energies [78]. In our study, the
temperature and the thickness of films were fixed, respectively, at ambient temperature and
0.02 cm. It is apparent in Figure 10b that the incorporation of CL-WE-AgNPs significantly
reduces the absorption edge and decreases the Ee values in the films (Table 2) [79]. Indeed,
the values of Ee decrease from 6.89 to 3.62 eV with the increase in the concentration of
CL-WE-AgNPs from 0 to 50% by weight. This decrease in the Urbach energy is the result of
the decreased disorder of the biopolymers matrix, and/or this was attributed to an increase
in crystalline size [78]. Results were explained by several studies, showing that AgNPs [39]
and other nanoparticles such as carbon nanotubes [79] lead to a redistribution of states
from the band to the tail and thus promote a large number of tail-to-tail transitions [39,79].
Other studies showed that the width of the Urbach tail decreased by moving from thicker
film to finer film, which meant from order to disorder [80]. However, the addition of
CL-WE-AgNPs costs a charge transfer complex and reduces both Eg and Ee. At the same
time, nanocomposite films achieve a good transparency of about 20%, and these values are
suitable for certain applications. The correlation between Urbach energy and film thickness
should be investigated.

The carbon atom number in clusters of CS-CL-CNC7:3–50% films and different bio-
nanocomposite films were calculated (Equation (4)) and are regrouped in Table 2. The value
of N for a bio-composite film without CL-WE-AgNPs is around 121.56, which increases to
177.78 in CS:CL-CNC-AgNPs 50% bio-nanocomposites. The increase in N value is due to
the conjugation in monomer units of CS:CL-CNC7:3–50% matrix post embedding of AgNPs.
Meanwhile, the band tail and the number of carbon clusters in the samples increased with
increasing AgNPs contents [39].

The increase might be due to the breaking of electrons in the C–H bonds due to the
liberation of hydrogen [81]. During irradiations, there is the release of gases from the
polymeric material. These released gases such as H2, H, CO, and CO2 can be led to the
carbonaceous clusters (being rich charge carriers) in the polymer matrix. This carbonaceous
cluster impacts the various physical properties of the polymeric material. Hence, the
increase may be due to the carbon network and bonding of polymer–metal, and it ensures
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the conductivity of polymers [40]. Another study also shows that the value of the optical
bandgap Eg shows a decreasing trend with the fluence of the irradiated ions and with two
kinds of ions (Si8+ and Ne6+) [82]. In addition, the number of carbon atoms per conjugation
length increases with the increase in the ion dose built into the bio-composite matrix [82].
The formation of these clusters in polymer films with ion irradiation has been investigated
extensively [82,83], and it is explained by the carbon clusters, which are supposed to be
carriers in electrical conductivity, being formed along the latent pathways of energy ions
in polymers.

4. Conclusions

The improvement of the optical properties of the bio-composite film was obtained
by integrating ex situ variable percentages of CL-WE-AgNPs (5–50%) synthesized from C.
linum by green means. SEM/EDX confirmed a uniform dispersion of CL-WE-AgNPs in
the bio-composite matrix with small agglomerations. A fundamental study of the optical
properties of films was carried out to determine the absorption of UV with the presence
of AgNPs in composites. However, a decrease in optical bandgap, edge absorption, and
Urbach energy was observed compared to the CS:CL-CNC7:3–50% film developed in our
recent study. The bandgap of the bio-composites decreases from 3.12 to 2.58 eV with
the increase in the AgNPs content to 50%. In this case, the bandgap energy is lower
(<3 eV), indicating that it is an improved semi-conductor. The decrease in Urbach energy
results from a decrease in the matrix of biopolymers and/or an increase in crystalline size.
Furthermore, the cluster carbon number increased, respectively, from 121.56 to 177.75 from
bio-composite to bio-nanocomposite with 50% AgNPs. This is due to the presence of a
strong H-binding interaction between the bio-composite matrix and the AgNP molecules.
Consequently, the incorporation of AgNPs into the bio-composite film CS/CNC costs a
load transfer complex and reduces Eg and Ee. At the same time, nanocomposite films
attain a good transparency of about 20%. It could be applied to potential applications in the
field of food packaging and can be used successfully on opto-electronic devices. Due to the
promising properties of bio-composites, several new ones are emerging, and the assessment
of their risks requires an individual approach of each nanomaterial. As a result of concerns
about the safe use of bio-nanocomposites, further research into their mechanical properties
and biological activity is required to provide a clear response regarding how and what
nanomaterials can be a viable alternative to applications in many different areas.

Supplementary Materials: The following supporting information can be downloaded at: https:
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Abstract: In the reported study, two composites, namely sisal-wool hybrid composite (SWHC) and
pineapple leaf fibre(PALF)-wool hybrid composite (PWHC) were prepared by mixing natural rubber
with equal quantities of wool with sisal/PALF in a two-roll mixing mill. The mixture was subjected
to curing at 150 ◦C inside a 2 mm thick mold, according to the curing time provided by the MDR. The
physico-mechanical properties of the composite viz., the tensile strength, elongation, modulus, areal
density, relative density, and hardness were determined and compared in addition to the solvent
diffusion and thermal degradation properties. The hybrid composite samples were subjected to
accelerated aging, owing to temperature, UV radiation, and soil burial tests. The cross-sectional
images of the composites were compared with a scanning electron microscopic analysis at different
magnifications. A Fourier transform infrared spectroscopic analysis was conducted on the hybrid
composite to determine the possible chemical interaction of the fibres with the natural rubber matrix.

Keywords: aging; coarse wool fibre; hybrid composites; natural rubber; PALF; sisal fibre

1. Introduction

Green composites are expected to be the next generation of sustainable composite
materials, and both academia and industry are interested in them [1]. These materials are
made from natural resources that are renewable, recyclable, and biodegradable. Green
composites are typically made by combining natural resins with plant and animal fibres.
Natural fibres are demonstrating that they are a more ecologically friendly, cost-effective,
and a lighter alternative to synthetic fibres [2]. Bio-resins, which are derived from protein,
starch, and vegetable oils, have been created as an alternative to petroleum-based polymers.
Compared to synthetic fibres, natural plant-based fibres have a number of clear advantages,
such as a reasonable price, good mechanical properties, thermal and acoustic insulation,
and can degrade naturally. The short natural fibre reinforced rubber composites have been
found to possess a good dimensional stability and high green strength [3].

Sisal is a commercially valuable fibre, extracted from Agave sisalana leaves. It is
primarily utilized in the production of carpets, insulating panels, and maritime ropes and is
commercially grown in Brazil, Tanzania, Kenya, and Madagascar. It has tremendous tensile
strength and is quite robust. Many research attempts have been reported for the use of sisal
fibre in composites [4]. Pineapple is one of the most popular fruits extensively grown in
Costa Rica, the Philippines, Brazil, Thailand, China, and India. The pineapple leaf fibre
(PALF) is extracted from the leftover leaves of the pineapple plant. Of all of the natural
fibres derived from plant leaves, PALF has the largest proportion of cellulose content and
the lowest microfibrillar angle, which results in an exceptionally good tensile strength.
PALF isused for a variety of purposes, such as the creation of textiles [5], paper [6], and
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composites [7]. Both PALF and sisal fibres are extracted by a mechanical extraction process
known as decortication.

Wool is a protein fibre obtained from sheep. Based on the fibre fineness, it is categorized
as fine, medium coarse and very coarse (kempy). The fine and medium coarse wool is
employed in the apparel and carpet industries, respectively. The very coarse wool fibre
has medullation, as result it is highly brittle and does notfind applications in the above
said industries. Currently, they are used in decentralized sectors, viz., quilt industries,
handmade felt, and so forth [8]. Few studies have been reported about the use of coarse
wool in composites [9–11].Natural rubber (NR) is one of the unavoidable polymers in the
world. It is extracted as a resin from the Hevea brasiliensis tree and further dried into sheets
or blocks. The plastic qualities of the natural rubber are transformed into elastic through
vulcanization, ultimately resulting in the hardness and resilience of NR. The NR is a highly
preferred matrix for the composite researchers.

Several recent studies have been reported, regarding the fabrication of PALF and sisal
fibre reinforced natural rubber composite [12,13]. Sisal fibre is considered as an important
reinforcement, due to the presence of excess cellulose components which make them less
susceptible to moisture [14]. The physical and mechanical characteristics of the hybrid
composites are determined by factors, such as type of fibre, aspect ratio, orientation, length,
and interfacial adherence to the matrix [15].

The objective of our work is to give a value addition to the highly coarse wool, which
has no other purpose at the moment. In our previous work, we employed coarse wool fibre
as reinforcement in the rubber matrix and subsequently made few prototypes. However,
we realized the need of improving the mechanical properties of the wool- NR composite,
without compromising the “natural touch”. Thus, it is decided to mix coarse wool with
appropriate plant fibre and to prepare the hybrid composites with better mechanical
properties. As per the author’s knowledge, the hybrid composite of wool with other plant
fibres in the natural rubber matrix, has never been reported. Hybrid composites are often
prepared to conceal the flaws of one or more component fibres. Many research attempts
have been reported on the hybrid composites of natural fibres [16,17]. In this study, two
hybrid composites (wool + sisal + rubber) and (wool + PALF + rubber) were prepared by
mixing equal quantities of wool with sisal/PALF in a rubber matrix. The morphological,
thermal, physico-mechanical properties, and accelerated aging of these hybrid composites
were analyzed and compared.

2. Materials and Methods

The natural rubber of grade ISNR-5 (Indian Standard Natural Rubber) was sourced
from M/S Malankara Plantations, Thodupuzha, Kerala, India. The coarse wool fibre
(Patawadi sheep breed) (bundle strength—13.67 g/tex, fibre diameter—44 microns), sisal
fibre (bundle strength—30.9 g/tex, fineness—30 tex, density—1.45 g/cm3) was supplied by
ICAR- Central Sheep and Wool Research Institute, Avikanagar, Rajasthan, India, and ICAR-
Sisal Research Station, Odisha, India, respectively. The PALF was extracted from remnant
pineapple leaves after cultivation, using a decorticator at Mahatma Gandhi University, Kot-
tayam, Kerala, India. (bundle strength—38.5 g/tex, fineness—3.5 tex, density—1.43 g/cm3).
The chemicals used in the rubber vulcanization viz., sulphur (sp. gravity 2.05), zinc ox-
ide (sp. gravity 5.55), stearic acid (sp. gravity 0.85), Wingstay L (antioxidant), and CBS
(N-cyclohexylbenzothiazylsulphenamide), were purchased from Sameera Chemicals, Kot-
tayam, Kerala, India.

2.1. Preparation of the SWHC and PWHC

The wool, sisal, and PALF fibre were chopped in to 1.5 cm length. The NR was
adequately masticated in a two-roll mixing mill (300 × 500 cm) for two minutes. The
masticated rubber, the vulcanizing agents, and the fibreswere combined, as mentioned in
Table 1. Just before adding sulphur, the wool fibre was added to the NR polymer matrix,
along with the sisal fibre for the SWHC and withthe PALF for the PWHC. Care was taken
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to preserve the compound flow direction so that the majority of the fibres followed the
same flow path. In order to ensure an equal distribution of thefibres in the polymer matrix,
samples were milled for 10 min [18].

Table 1. List of rubber compounding ingredients [19,20].

Ingredients
SWHC
(phr)

PWHC
(phr)

Natural Rubber 100 100

Zinc Oxide 5.0 5.0

Stearic Acid 2.5 2.5

Wingstay L 1.0 1.0

CBS 1.5 1.5

Wool Fibre 50 50

Sisal Fibre 50 -

PALF - 50

Sulphur 2.5 2.5
phr indicates parts per hundred of rubber.

Using a Moving Die Rheometer (Rheometer MDR 2000, Alpha Technology), the curing
properties of the SWHC and the PWHCwere studied, in accordance with the ASTM D5289
method at 150 ◦C. The compositeswerevulcanized at 150 ◦C inside a 2 mm thick mold,
according to the curing time provided by the MDR at 100 bar pressure (5 min for curing for
both composites (see t90 vales in Table 2). Following thevulcanization, the hybrid composite
samples were removed from the mold and cooled. The samples were pre-conditioned at
25 ◦C and 65% RH before further analysis. For each set of composites, fivereplicas were
prepared. The cure rate index, which is a measurement of difference between t90 (optimum
cure time)and ts2 (insipient scorch time), was calculated using the formula [21]

Cure rate index = 100/(t90 − ts2) (1)

Table 2. Torque and cure time values of the SWHC and PWHC samples.

Sample Name
Maximum Torque

(dNm)
Minimum Torque

(dNm)
t90

(min)
ts2

(min)
Cure Rate Index

(min−1)

SWHC 38.36 0.76 5.12 2.29 35.34

PWHC 48.68 1.72 5.14 2.29 35.09

2.2. Analysis of the Physico-Mechanical Properties of the Composites

A universal testing machine (Tinius Olsen H50KT) was employed for the determina-
tion of the tensile and tear strength of the SWHC and PWHC. The samples were analyzed,
in accordance with the ASTM D412 and ASTM D624 standards, respectively. Three sam-
ples were tested for each composite and the average result was calculated. The moisture
content of the hybrid composites was determined, in accordance with ASTM D2495-07.
The hardness of the SWHC and PWHC was assessed with the aid of a Shore-A hardness
tester (Presto), following the ASTM D-2240 guidelines. The areal density of the composites
was calculated, using the following formula.

Areal density =
Weight o f the composite (g)
Area o f the composite (cm2)

× 10000 (2)
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The relative density of the SWHC and PWHC in water was calculated according to
ASTM D792, using the equation below.

Relative density =

(
Weight in air

Weight in air − Weight in water

)
× Density o f water (3)

The SWHC and PWHC were analyzed for their solvent diffusion properties using
water and toluene. Three replicas from each composite were cut in a round disc shape
(2 cm diameter).Prior to dipping in the solvent, both specimens underwent preconditioning
(25 ◦C and 65% RH) and were weighed. The hybrid composite samples were dipped in their
respective solvents and removed from the solvents in predefined intervals. The specimens
were gently hand pressed in between a blotting paper, to remove the surplus solvent and
weighed. The procedure was repeated until a swelling equilibrium was reached [18].The
mole% solvent uptake of the composite samples was calculated using the Equation (4).
Qt represents the solvent’s mole% uptake at a certain time t. Further, to investigate the
diffusion properties of the SWHC and PWHC with water and toluene, a graph of Qt vs.

√
t

was generated.

Qt =
(
(Mass o f solvent absorbed by thecomposite/Molar mass o f the solvent)

Initial mass o f the composite

)
× 100

(4)
The crosslink density, associated with the composites immersed in toluene is calculated

using the following sets of equations below [18]

= 1/2Mc (5)

Mc = − ρp Vs φ(
ln [1 −φ] +φ+ φ2

) (6)

φ =

W1
ρp(

W1
ρp

)
+

(
W2
ρs

) (7)

χ = β+
Vs
RT

(δp − δs)2 (8)

The crosslinking density of the material is given by Equation (5). Equation (6) is used to
compute the molar masses between the crosslinks, or “Mc”. Equation (7) is used to compute
“φ”, which is the volume fraction of rubber at the swelling equilibrium. “ρp” stands for the
polymer density, “ρs” for the solvent density, and “Vs” for the molar volume of each solvent.
Equation (8) can be used to calculate “χ” which is the interaction parameter between the
polymer and the solvent. Equation (6) would be used to derive “Mc”, using the values of
“φ” and “χ”, as determined by Equations (7) and (8), respectively. In Equation (4), “β” “δs”,
and “δp” stand in for the lattice constant (zero for polymers), the solubility parameter of
the solvent, and the solubility parameter of the polymer, respectively. “R” is the universal
gas constant and “T” is the temperature. For all testing, five replicas were made and the
average value was taken.

2.3. FTIR, SEM, TGA, and the Aging Analysis of the Composites

With a Perkin Elmer Spectrum-2 spectrometer, the FT-IR spectra of theSWHC and
PWHC were recorded across a range of 4000 cm−1 to 400 cm−1, using the attenuated
total reflection (ATR). The spectrum was obtained after 24 consecutive scans. The JEOL-
JSM-6390 scanning electron microscope was used to examine the surface morphological
properties of the hybrid composites. The samples were sputter coated with gold-palladium
to prevent electron beams from having any charge effects during the examination. The
images were captured at various magnifications at a 20 kV accelerating voltage. The
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thermogravimetric analysis was carried out, using TA instruments (SDT Q600) in an inert
atmosphere at temperatures ranging from 25 ◦C to 700 ◦C. The heating rate, 10 ◦C/min
and a DTA sensitivity of 0.001 ◦C were maintained throughout the analysis. The composite
samples were subjected to accelerated aging to temperature (ASTMD 573-04), UV, and
biodegradation as per the standard methods reported in our previous studies [22].

3. Results and Discussion

3.1. Cure Characteristics

Figure 1 shows the cure characteristics of the SWHC and PWHC. It is apparent from
the figure that both composite mixtures followed almost the same pattern in the MDR
curve. It can be clearly understood from the graph that the time required for the initiation
of the crosslinking is nearly the same for the SWHC and PWHC. There is an initial decrease
in torque that was noted in both the SWHC and PWHC, because of the softening of the
rubber polymer matrix, when subjected to heat. When the crosslinking was initiated, with
respect to time, the torque increased to a maximum, where the crosslinking was the highest
and then showed a slight reduction, and then became almost constant. The corresponding
torque and cure time values are shown in Table 2.

Figure 1. Cure characteristics of the SWHC and PWHC.

In fibre reinforced rubber composites, the maximum torque is an indication of the
extent of the crosslinking and the stiffness, while the minimum torque indicates the fibre
content present in it [23]. The maximum torque for the PWHC (48.68) is marginally higher
than that for the SWHC (38.36). The value of ts2 (insipient scorch time) is same for both
composites, which indicate that the vulcanization in both composites begins at the same
time and the similar value of t90 shows that the vulcanization proceeds to a completion at
the similar time, for the composites.

Regardless of the same values for t90 and ts2 in both the SWHC and PWHC, the
maximum torque for the PWHC was found to be high. This indicates that the crosslinking
associated with the vulcanization was increased by the addition of PALF in the wool-NR
matrix, in comparison to the addition of the sisal fibre. The cure rate index is almost same
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for both composites, which indicates that the rate of curing is almost the same for the
SWHC and PWHC [24].Since the rubber content is lower in the NR hybrid composite,
the cure curve declined after reaching t90. This might be due to the over curing of the
composites. Similar observations have been reported elsewhere [25].

3.2. Tensile and Tear Properties

The stress–strain curve of the composite samples is depicted in Figure 2. The curves
indicate that the PWHCs could withstand more stress in comparison with SWHC, mean-
while the latter possess a higher elongation. The corresponding tensile strength data is
shown in the Table 3.

Figure 2. Stress–strain curve of the SWHC and PWHC.

Table 3. Tensile and tear properties of the SWHC and PWHC.

Sample Tensile Strength at Break (MPa) Elongation at Break (%) Young’s Modulus (MPa)
Tear Strength

(N/mm)

SWHC 6.09 (3.30) 5.42 (8.85) 169.3 (1.36) 45.9 (6.48)

PWHC 11.14 (7.08) 4.49 (3.1) 334 (3.00) 85.0 (6.18)

It is evident from Table 3 that the tensile strength for the PWHC (11.14 MPa) is almost
double thanthat for the SWHC (6.09 MPa). The higher tensile strength of the PWHC, in
comparison with the SWHC may be due to the following reasons. (i) The higher tensile
strength of the PALF (38.5 g/tex) than sisal fibre (30.9 g/tex), (ii) the dense packing of the
fibre, the lack of voids and a better interfacial adhesion of the PALF in the rubber matrix, as
observed from the SEM images, (iii) the better transfer of stress between the NR and PALF,
compared to that between the NR and sisal fibre, as indicated by the tear analysis (Table 3).
Thus, Young’s modulus associated with the PWHC is higher than that of the SWHC. The
lower value of Young’s modulus and the elongation (%) indicates that the PWHC has a
much better resistance to elastic deformation, compared to the SWHC.
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The tear strength of a polymer indicates the ability of the polymer to withstand tearing
or cracking, when they are subjected to an external force. The tear strength of the PWHC
(85.0 N/mm) is significantly higher than that for the SWHC (45.9 N/mm). This is because
the transfer of stress in the PALF incorporated composite, is better than that in the sisal fibre
incorporated composite. The lower tear strength is also an indication of a poor interaction
between the fibre and the polymer matrix [26]. The SWHC possessed a higher elongation
at break (5.42%) than the PWHC (4.49%).

3.3. Moisture Absorption and the Hardness Properties

In comparison with the synthetic fibre composites, the moisture content of the SWHC
and the PWHC was found to be in a higher range (Table 4). The higher moisture content of
the developed hybrid composites may be due to the high inclusion (100 phr) of hydrophilic
natural fibres. In comparison with the SWHC, the PWHC has a marginally lower moisture
content (5.90%), perhaps due to the fact that sisal fibres absorb more moisture than the
PALF [27]. In the context of composites, the high moisture content of the natural fibre is
a major concern to researchers. Sisal and PALF are lignocellulosic, and the presence of
hemicelluloses causes a high moisture uptake. The presence of moisture in the natural fibre
reinforced composites causes a weaker interaction between the fibres and the matrix [28].

Table 4. Moisture content and hardness of the PWHC and SWHC.

Sample
Moisture Content

(%)
Hardness
(Shore A)

Areal Density
(g/m2)

Relative Density
(g/cm3)

PWHC 5.90 91.56 2719.36 1.11

SWHC 6.57 91.30 2707.84 1.09

Rubber is a soft polymer. The inclusion of natural fibres, such as wool, sisal, and PALF,
in large quantity significantly increase the hardness of the composites. A good network
formation of a natural fibre inside of the soft rubber polymer matrix may be the reason
behind it, as a result, the Shore A hardness increased. The hardness of the PWHC was
91.56 and that of the SWHC was 91.3. Though there exists a considerable difference in
the mechanical properties, hardness (91), areal density (2700 g/m2), and relative densities
(1.11 g/cm3) of both, the PWHC and SWHC were found to be almost the same. It can be
seen from Table 4 that the relative density of both hybrid composites is almost same.

3.4. FTIR Analysis

Figure 3a displays the FTIR spectra of sisal, PALF, and wool fibre. The sharp peak
for wool fibre, seen at 1640 cm−1, is due to the amide I group present in the wool protein,
while the peak at 3272 cm−1 denotes the amide N-H stretching vibration. The bending
vibration of the C-N-H bond corresponds to the peaks at 1520 cm−1 [29–31]. The FTIR
spectra shows similar peaks for both the PALF and sisal, as theyare lignocellulosic fibres.
In case of the sisal fibre and PALF, the broad peak at 3332 cm−1 corresponds to the -OH
stretching vibrations from cellulose while the symmetric and asymmetric stretching of the
CH2 groups is indicated by the peak at 2886 cm−1 [32]. The peaks at 1732 cm−1 can be
attributed to the stretching vibration of C=O groups in hemicellulose and the peaks in
between 1627–1606 cm−1, indicate the aromatic C=C stretching vibrations in lignin [33,34].
It can also be observed that the intensity of the peak at 1606 cm−1 is higher for the sisal
fibre, compared to PALF, indicating that the lignin content is higher for the sisal. The C-O/
C-C group stretching is indicated by the peaks at 1017 cm−1 [35].

479



Polymers 2022, 14, 4882

Figure 3. FTIR spectrum of (a) sisal fibre, PALF and wool fibre (b) vulcanized rubber, PWHC
and SWHC.
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It can be clearly observed, from the Figure 3b, that the SWHC, PWHC, and the vulcan-
ized rubber shows almost the same peaks. The peaks observed at 2920 cm−1 and 2848 cm−1

indicate the symmetrical stretching of the -CH3 bonds and -CH2- bonds, respectively. The
characteristic in-plane bending of the amide II group in the wool protein is denoted by the
peak at 1536 cm−1. The sharp peaks observed at 1452 cm−1 and 1370 cm−1 indicate the
deformation of the -CH3 bonds, while the out of plane bending for the C=C-H group is
shown by the peak at 830 cm−1 [36]. All of these peaks are characteristic of the vulcanized
rubber sample. It is observed from the spectra that the peaks corresponding to the wool,
PALF, and sisal are not prominent and are masked by the natural rubber. No shifts in the
peaks, even after the addition of the fibres, indicates that there is no chemical interaction
between the fibres and the polymer matrix, leading to the conclusion that the interaction
may be physical, involving van der Waals forces or hydrogen bonds.

3.5. SEM Analysis

Figure 4a–d shows the cross-sectional scanning electron microscopic images of the
SWHC and Figure 4e–h shows that of the PWHC. It is visible from the images that in both
the composites, a good network of fibres is present throughout the polymer matrix. It can
also be seen from the images that the wool fibre (with scales) is distributed evenly with the
sisal fibre (without scales) in the SWHC and with PALF (without scales) in the PWHC. Most
of the fibres are in a uniform direction inside the rubber matrix. The absence of large voids
in the composites indicates that the hybrid composites are properly prepared without the
entrapment of air inside them. However; while comparing the SEM images (Figure 4d,h),
which is of the cross sectional images of the SWHC and PWHC, respectively, it is found
that the number of voids are comparatively higher in the SWHC than in the PWHC. This
indicates a good adhesion between the PALF and NR matrix. The fibre pull-out is visible
from the matrix in Figure 4b,f, and the images suggest that in the PWHC (Figure 4h), the
voids formed at the root of the pulled-out fibres, are relatively small when compared to that
in the SWHC. The higher interfacial adhesion between the natural fibres and the polymer
matrix keeps the fibres intact with the matrix, which can also be the reason for the higher
tensile strength, shown by the PWHC (11.14 MPa), compared to the SWHC (6.09 MPa) [37].
It has been reported that the formation of large voids is an indication of the poor interfacial
adhesion between the fibres and the matrix [13].It is inferred from the SEM analysis that
the failure mechanism in these composites was the fibre pull-out, the fibre fracture, and the
interfacial debonding.

Figure 5a shows the TG curve of the SWHC and PWHC. Due to the similarity in
the chemical nature and composition, both composites followed almost the same pattern.
As discussed regarding the physical properties of the composites, the composites have a
moisture content of 6–7%. The minor weight loss at 110 ◦C, may be due to the removal of
moisture from the composites. The TGA shows a major weight reduction between 250 ◦C
and 400 ◦C and both composites showed a weight loss of 84.14%, until a constant weight
was reached at a temperature of 442.5 ◦C.

The thermal degradation of the composites may be explained, based on the degrada-
tion of the individual components. In the case of the wool fibre, the thermal degradation
takes place in three steps [38]. The first stage of the degradation takes place between 100 ◦C
and 135 ◦C and is attributed to the loss of moisture content [39]. During the second step,
a maximum weight loss occurred between 218 ◦C and 390 ◦C, due to the breakdown of
the microfibril-matrix structure and the disulfide linkages [38]. In the third step, various
peptide bonds present in the wool were broken at around 390–500 ◦C. Above 500 ◦C, the
char oxidation reactions dominated [31,40].
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Voids

Figure 4. SEM images of the SWHC (a–d) and the PWHC (e–h) at various magnifications.

3.6. Thermogravimetric Analysis

Being lignocellulosic in nature, in both the sisal and PALF, after the removal of moisture
at 110 ◦C, the second weight loss corresponds to hemicellulose’s degradation that starts
at about 190 ◦C. Further, cellulose starts degrading from 290 ◦C up to 360 ◦C. The lignin
degradation starts at about 280 ◦C and continues even above 500 ◦C [32]. For the vulcanized
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rubber, the degradation begins at about 200 ◦C and is completed at about 475 ◦C, where
the maximum weight loss is obtained at 358 ◦C, which may be attributed to the oxidation
of the rubber [41]. It is also inferred from the data that the incorporation of wool, sisal, and
PALF, slightly increases the thermal stability of the vulcanized rubber.

Figure 5. (a) TGA and (b) DTG curve of the SWHC and PWHC.

The degradation process has demonstrated one corresponding weight-loss peak in
the DTG curves, as shown in Figure 5b, which corresponds to a single turn in the TG
curves and was caused by thermal scissions of the C-C chain bonds in the natural rubber
matrix [42].The DTG curves show that at 361.67 ◦C, both composites show an equal rate of
weight loss (0.8373%/◦C), with respect to the temperature. The results indicate that the
SWHC and PWHC possess a similar range of magnitude when considering their thermal
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stability, which may be due to the fact that both sisal fibre and PALF are plant fibres that
havean almost similar chemical structure and properties.

3.7. Solvent Diffusion

The uptake of toluene and water by the SWHC and PWHC, via the diffusion, was
analyzed and plotted between Qt (mole% uptake of solvent) and

√
t (min). The process

of diffusion is a parameter for the kinetics and is related to the nature of the polymer, the
nature of the fillers added, its free volume, the extent of crosslinking, etc. [18]. It is apparent
from Figure 6a that the rate of diffusion and the quantity of the toluene absorption is higher
in the SWHC, in comparison with the PWHC. The low absorption and diffusion of toluene
in the PHWC may be due to the dense packing of PALF inside the rubber matrix, which
restrict the diffusion of the aromatic solvent [43]. This is also supported by the SEM images,
which showed a higher packing density, a better adhesion, and less void contents in the
PWHC than the SWHC. At the time of saturation, the SWHC showed a weight gain of
184.65%, while it was 95.85% for the PWHC.

Figure 6. Diffusion curve of the SWHC and PWHC in (a) toluene (b) water.
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Interestingly, it can be also seen from Figure 6b, that the mole% uptake of water does
not show much difference for both the SWHC and PWHC, although the SWHC graph shows
a marginally higher uptake of water. Both composites showed similar rates of diffusion up
to the saturation. The water may enter the composite though the small cracks and pores and
generates diffusion pathways. Both the sisal fibre and PALF are hygroscopic and allow the
diffusion of water through them whilst, the matrix is hydrophobic. At the time of saturation,
the SWHC gained 14.99% and the PWHC gained 14.39% weight, respectively. These high
water absorption properties, though common in natural fibre-reinforced composites, are
not in an appreciable quality for the composites.

It can also be observed from Table 5 that both composites possess a similar crosslink
density. The crosslink density was defined as the density of chains or segments that connect
two infinite sections of the polymer network [44]. The value of “Mc”, which is the molar
masses between the crosslinks, is so high that it can be considered as an indication of the
greater crosslinking of the networks present in the composites [44].

Table 5. Crosslink density and Mc of the SWHC and PWHC.

Composite
Mc

(g/mol)
Crosslink Density

(g·mol/cc)

SWHC 62,840.43 7.96 × 10−6

PWHC 65,247.92 7.66 ×10−6

3.8. Accelerated Thermal and UV Aging

The composites of the NR are susceptible to degradation by heat, UV radiation, ozone,
humidity, etc. [45]. The PWHC and SWHC (Figure 7) were subjected to the accelerated
thermal and UV degradation and the change in their mechanical properties were analyzed.
In large chain macromolecules with complicated crosslinked structures, the application
of heat, as well as radiation, can cause scissions, not only to the main chain, but also to
the side chains which may lead to a loss of weight and the emission of gases with low
molecular weights. As a result, the exposure to heat/radiation can cause changes to the
chemical structure of the composites, such as the chain scission, crosslink formation, and
breakage [46].It can be observed from Figure 8 that there is a slight increase in the tensile
strength and Young’s modulus after the thermal aging for both the SWHC and PWHC.
This increase might be due to the formation of new crosslinks when the vulcanized NR is
subjected to heating [47]. When exposed to prolonged UV radiation, the tensile strength
increased for both the SWHC and PWHC, although there was a significant reduction in
Young’s modulus of the material. The trend shown by the un-aged, thermal aged, and UV
aged samples for both the PWHC and SWHC, was similar, such that there is an increase
in their tensile strengths. In the case of their stress % (elongation at break %), the two
composites showed a different trend, such as in the SWHC, the stress % demonstrates an
increase after the UV aging, with respect to the un-aged samples, where the stress % for
the PWHC remains stagnant. Similarly, Young’s modulus for both the PWHC and SWHC
showed a similar trend, such as an increase in the modulus after thermal aging and a
decrease in the modulus after UV aging.
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Figure 7. Images of the SWHC (green) and the PWHC (yellow). Note: Pigments were added during
the composite preparation for identification.

Figure 8. Cont.
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Figure 8. Mechanical properties of the SWHC and PWHC after the thermal and UV aging.

3.9. Biodegradation

Biodegradation is a process in which a compound decomposes due to the enzymes
or chemicals secreted by bacteria or fungi present in soil. Both the SWHC and PWHC
were subjected to accelerated biodegradation for 60 days through a soil burial test, as
mentioned earlier. Once the stated period was over, the reduction in weight for the
SWHC was found to be 2.43%, while it was 2.34% for the PWHC. It can be seen from
Table 6 that both composites showed an almost equal loss of weight. It appears that the
biological decomposition occurred at a very slow rate. This may be due to the following
reason. (1) The vulcanized rubber, as it is poorly biodegradable, due to the presence of
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high crosslinking. (2) Though wool, sisal, and PALF are natural fibres that degrade over
time, the presence of lignin in the PALF and the sisal mask and protects the cellulose and
hemicellulose from a rapid degradation by the microorganisms, due to the presence of the
aromatic and crosslinked structure of the lignin [13]. (3) The extensive packing of fibres
in the matrix can slow down the degradation process, since the tight network prevents
the excessive growth of microorganisms [48].Above all, these facts and the presence of
high amounts of natural fibres in the developed composites resulted in an increase in the
absorption of moisture which eventually led to the growth of microorganisms that caused
the mass degradation of the composite.

Table 6. Weight reduction of the SWHC and PWHC after 60 days of soil burial test.

Sample Weight Reduction (%)

SWHC 2.43 (0.38)

PWHC 2.34 (0.49)
Note: The values in the parenthesis indicate the standard deviation.

4. Conclusions

Hybrid green composites, SWHC (sisal fibre + coarse wool fibre + NR) and PWHC
(PALF + coarse wool fibre + NR) were fabricated and compared for their morphological,
physical, mechanical, and aging properties. In comparison with the SWHC, the PWHC
showed a higher tensile strength and modulus, a higher tear strength, a low moisture
absorption and low mole% uptake (diffusion) of toluene and water. The PHWC showed a
higher torque during the cure analysis. The results obtained from the FTIR spectraprovided
no valid evidence for any chemical interaction between the polymer matrix and the natural
fibres in both the SWHC and PWHC. An analysis of the SEM images showed that the
PWHC had a better packing of fibres, thereby an increased interfacial adhesion between
the fibres and the polymer matrix. The thermal degradation characteristics remained as
constant. Both the hybrid composites showed a slow pace of degradation while subjected
to the soil burial test. It is concluded that the newly developed hybrid composites can be
regarded as good substitutes for non-biodegradable composites and can be considered as
potential material for packing and household applications.
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Abstract: In this study, we utilized a hybridization approach for two different fibers to overcome the
drawbacks of single-fiber-reinforced PLA composites. Coir fiber and bamboo leaf fiber were used as
reinforcing natural fibers as their properties complement one another. Additionally, we combined
thermal annealing with hybridization techniques to further improve the overall properties of the
composites. The results showed that the hybridization of BF: CF with a ratio of 1:2 gave PLA-based
hybrid composites optimal mechanical and thermal properties. Furthermore, the improvement
in the thermal stability of hybrid composites, attributable to an increase in crystallinity, was a
result of thermal annealing. The improvement in HDT in annealed 1BF:2CF hybrid composite
was about 13.76% higher than that of the neat PLA. Annealing of the composites led to increased
crystallinity, which was confirmed using differential scanning calorimetry (DSC). The synergistic
effect of hybridization and annealing, leading to the improvement in the thermal properties, opened
up the possibilities for the use of PLA-based composites. In this study, we demonstrated that a
combined technique can be utilized as a strategy for improving the properties of 100% biocomposites
and help overcome some limitations of the use of PLA in many applications.

Keywords: polylactic acid; coir fiber; bamboo leaf fiber; hybrid composites; annealing; biocomposite

1. Introduction

Biopolymers are presently viewed as promising substitutes for traditional petroleum-
based polymers, as the latter have contributed to environmental issues related to pollution,
greenhouse gas emissions, and the depletion of fossil fuel reserves. Growing environmental
awareness and sustainability concerns among consumers have driven industries to search
for alternative, more environmentally friendly materials [1]. Polylactic acid or PLA stands
out as one of the extensively studied and commonly used biopolymers, garnering significant
interest for traditional uses like packaging materials, fiber production, and more recently,
in composite materials for diverse practical and mechanical applications. PLA occupies
a central role in the eco-friendly polymer market and emerges as a highly promising
choice for future advancements [2–4]. However, the use of PLA has been limited by its
thermal properties. It has a low heat-softening temperature and low thermal stability as
compared with petroleum-based polymers polyethylene (HDPE), polypropylene (PP), and
polystyrene (PS).

To overcome these limitations while maintaining a status of being 100% biodegradable,
natural fibers used as reinforcement in PLA-based biocomposites have been investigated
to improve PLA performance [5]. An increasing tendency has been observed in favor of
incorporating natural fibers as a reinforcement in polymer composites. This inclination
is driven by their adaptability during processing, well-defined strength characteristics,
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ready availability, biodegradable nature, cost-effectiveness (in terms of volume), and envi-
ronmentally friendly attributes. Polymer composites incorporating natural fibers present
numerous notable benefits compared with traditional synthetic alternatives, including their
biodegradability, environmentally friendly characteristics, affordability, ready availability,
low weight, and more. These natural fiber-reinforced polymer composites are receiving
increasing recognition and wider acceptance across various applications, such as food
packaging, interiors of automobiles, railway coaches, and airplanes, as well as storage
solutions and construction.

Recently, coir fibers (CFs) have stood out as excellent choices due to the fruit’s re-
markable versatility, serving a purpose as a food and contributing to the production of
a diverse array of industrial products. The extensive cultivation of coir crops results in
substantial biomass accumulation, often leading to its disposal in landfills or inappropriate
sites, giving rise to significant social and environmental challenges. On the other hand,
coir fiber-reinforced polylactic acid (PLA) biocomposites have gained substantial research
attention for their use in various applications [6–10]. Coir fibers possess low cellulose
(36–43%) and hemicellulose (0.2%), a high lignin content (41–45%), and a high microfib-
rillar angle (30–45◦, which results in their relatively low tensile strength and modulus as
well as the highest elongation at the break among other typical natural fibers [11–13], as
shown in Table 1. Because coir fibers possess a significant amount of lignin, they exhibit
durability, resistance to weather, a degree of waterproofing, and the potential for chemical
modification. Additionally, these fibers can be stretched beyond their elastic limit without
breaking, showcasing a high elongation at the break [14]. Many studies in the literature
contain comprehensive analyses of the structural, morphological, mechanical, and thermal
characteristics of coir fibers [15–20]. Bamboo leaf fiber (BF) is one of the most abundantly
available waste materials. BF has a shorter growing time than its culm. Studies on the
use of BF as a reinforcement material have not yet been widespread. Up to now, studies
have indicated that adding fibers into PLA matrices can improve the performance of PLA
composites. The selection of plant fibers determines the end properties of composites [21].

Incorporating natural fibers into polymer composites can be challenging due to certain
inherent characteristics that have potential downsides. These characteristics include limited
protection against microbial attacks, inadequate resistance to moisture, poor adhesion in
the fiber–matrix surface, and a tendency to form aggregates during processing. These
limitations can be addressed by alterations to the surface of fibers; this is achievable using
chemical techniques like mercerization [22], dewaxing, acetylation, chemical grafting,
bleaching, delignification, and salinization [23].

Because each fiber possesses unique advantages and drawbacks, reinforcing a given
polymer with a combination of two or more fiber types may help to overcome the drawbacks
of each fiber and, subsequently, improve the properties of the composite overall. This
technique is known as “hybrid composite” and has recently attracted significant attention
from researchers [9,24,25].

To further improve the mechanical properties and service temperatures of PLA-based
composites, we used thermal annealing together with hybridization in this study. Thermal
annealing can be carried out by subjecting specimens to a high temperature, above its
cold-crystallization temperature, and then using a slow cooling rate to induce the formation
of a crystallized structure that enhances the thermal properties of the material, as well as the
mechanical properties [26–28]. Thus, the service temperature and mechanical performance
of the PLA-based composite are expected to improve.

Many researchers try to improve natural fiber composite properties by carrying out
chemical treatment of the natural fiber [29]. However, because most of the chemical
treatment techniques use strong acidic or basic chemicals, they are inherently harmful to
the environment. Therefore, we focused on developing a 100% eco-friendly material in
this work. We strategically combined fiber hybridization and annealing to overcome the
drawbacks of PLA composites. In this study, first, we investigated the effect of fiber types
(coir and bamboo leaf fibers), fiber loading (5, 10, and 15 wt%), and thermal annealing
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on morphology, tensile properties, thermal properties, crystallinity, and heat distortion
temperature (HDT) of a PLA-based single-fiber composite. Then, we combined the fiber in
various ratios to create PLA-based hybrid composites. The fiber loading of 10 wt% was
kept constant. The ratio of coir fiber and bamboo leaf fiber was varied. The BF: CF ratios
were 1:1, 1:2, and 2:1. The fibers were incorporated into the PLA matrix using twin screw
extrusion, and the test specimens were prepared with compression molding. To enhance
the crystallization of PLA, annealing of PLA-based hybrid composites was performed at
120 ◦C for 30 min [30]. With these combined techniques, an improvement in the overall
properties of composites could be expected.

Table 1. The chemical, mechanical, and physical properties of natural fibers [31].

Sample Coir Bamboo Bamboo Leaf Sisal

Density (g/m3) 1.25–1.5 0.9 - 1.26–1.33
Diameter (μm) 100–450 - - 100–300
Cellulose (%) 36–43 26–43 19.5–26.3 74–75.2
Hemicellulose (%) 0.2 30 11.3–13.5 10–13.9
Lignin (%) 41–45 21–30 8.7–11.6 8–12
Microfibrillar angle (◦) 30–45 - - 10–20
Tensile strength (MPa) 105–175 - - 600–700
Young’s modulus (GPa) 4–6 - - 38
Elongation at break (%) 17–47 - - 3.64–5.12
Moisture absorption (%) 10 - - 11

2. Materials and Methods

2.1. Materials

Polylactic acid (PLA) (grade LX175, Purac Ltd., Ban Chang, Thailand) used was at an
extrusion grade with a density of 1.24 g/cm3 and a melt flow index of 3 g/10 min. Coir
(Cocos nucifera L., Thailand) and bamboo leaf (Bambusa ventricosa McClure, Thailand) were
purchased from local farmers in Nakhon Ratchasima, Thailand.

2.1.1. Fiber Preparation

The dried bamboo leaf and coir were crushed into fine fibers with shorter lengths using
a wood crusher machine (CT, CGR-20, Chareon Tut Co., Ltd., Samutprakarn, Thailand) for
1 h. The fibers with a diameter in the range of 45–106 μm were obtained. The obtained
fibers were given code names as bamboo leaf fiber (BF) and coir fiber (CF).

2.1.2. Preparation of PLA-Based Composites

A list of samples used in this study is shown in Table 2. The composites were prepared
with the melt mixing technique using a co-rotating twin screw extruder (Brabender, DSE
35/17D, Brabender GmbH & Co. KG, Duisburg, Germany). The fibers and PLA were
dried in a hot air oven at 80 ◦C for 4 h before use. Immediately after drying, the PLA and
fiber underwent melt mixing in the twin screw extruder at the screw speed of 20 rpm and
melting temperature of 170 ◦C. The compound pellets were then compression molded
at 170 ◦C for 10 min to form test specimens (See Figure 1). To investigate the effect of
annealing on the composite’s properties, samples were annealed at 120 ◦C for 30 min in a
hot air oven (Despatch, LAC series, Despatch Industries, Inc., Lakeville, MN, USA) before
being left cool at room temperature.
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Table 2. Composition of PLA-based composites.

Sample PLA (wt%) BF (wt%) CF (wt%)

Neat PLA 100 - -
5BF/PLA 95 5 -

10BF/PLA 90 10 -
20BF/PLA 80 20 -
5CF/PLA 95 - 5
10CF/PLA 90 - 10
20CF/PLA 80 - 20

1BF:2CF 90 3.33 6.67
1BF:1BF 90 5 5
2BF:1CF 90 6.67 3.33

Figure 1. Photograph of PLA, PLA composite, and PLA-based hybrid composite specimens.

2.2. Characterization and Test
2.2.1. Tensile Test

The tensile test of PLA and its composite was carried out according to ASTM D638 [32].
Five dog bone-shape specimens with a gauge length of 50 mm were tested at room tem-
perature (~25 ◦C) using a universal testing machine (UTM, INSTRON/5565, Instron Co.,
Ltd., Norwood, MA, USA). The test was performed using a 5 kN load cell at 5 mm/min
crosshead speed. The reported value is an average value from five replications. The error
bars shown in the graph represent the standard deviation value.

2.2.2. Morphological Study

The tensile fractured surfaces of PLA and its composites were used in the investigation
of the composites’ morphological structure. The fractured surface was used as it can reveal
information on the distribution and dispersion of the reinforcing agents and the adhesion
between the fibers and matrix as well as the failure mode (brittle or ductile fracture). The
fractured surfaces were then sputtered coated with gold for 3 min before being examined
using a scanning electron microscope, SEM (JEOL, model JSM6400, JEOL Ltd., Tokyo,
Japan), at 5–10 kV.

2.2.3. Differential Scanning Calorimetry (DSC)

The crystallization and melting behaviors of PLA and PLA-based hybrid composites
were determined using differential scanning calorimetry (DSC: Mettler Toledo STARe SW
8.1, Mettler-Toledo International Inc., Greifensee, Switzerland). A sample was heated from
25 to 200 ◦C with a heating rate of 10 ◦C/min (first heating scan). After keeping the sample
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at 200 ◦C for 1 min, it was cooled to 25 ◦C. Finally, it was heated again to 200 ◦C (second
heating scan). The degree of crystallinity (Xc) of the neat PLA, PLA composites, and PLA
hybrid composites was calculated using Equation (1) [33].

Xc =
ΔHm − ΔHcc

ωΔHo
m

× 100% (1)

where ΔHm is the heat of melting and ΔHcc is determined by integrating the areas (J/g)
under the peaks. ΔHo

m is a reference value and represents the heat of melting if the polymer
were 100% crystallinity (93.7 J/g for PLA) [34] and ω is the weight fraction of the PLA in
the composites.

2.3. Heat Deflection Temperature (HDT)

An HDT/VICAT manual heat deflection tester (model HDV1, Atlas Electric Devices
Co., Chicago, IL, USA) was used to measure the heat deflection temperature (HDT) of PLA
and its composites. The test was carried out using a load of 0.455 MPa, as specified by
ASTM D648 [35].

3. Results and Discussion

3.1. Effect of Fiber Type and Content on Tensile Properties of PLA-Based Composites

The tensile properties including modulus tensile strength, and elongation at break
of PLA and PLA single-fiber composites at various fiber loading are depicted in Figure 2.
Generally, neat PLA showed better tensile strength and elongation at break than those of
the PLA composites. This finding is in agreement with those reported by others [36,37]. The
neat PLA possessed the highest tensile strength and elongation at break of 51.85 MPa and
8.13%, respectively. The presence of natural fiber in PLA composite increased the tensile
modulus. The maximum tensile moduli were obtained from the composites containing
20 wt% fiber loading. Improvements in tensile moduli in the PLA composites over the neat
PLA were 41.18% and 40.20% for 20BF/PLA and 20CF/PLA, respectively.

Increasing the fiber loading resulted in an increase in the tensile moduli of PLA
composites, whereas the tensile strength and elongation at break of PLA composites were
decreased. The results suggested that with the presence of the natural fiber, the PLA-based
composite became more brittle. These results were expected, and they indicated a poor
adhesion between the natural fiber and the PLA matrix. Similar results were reported by
other researchers who suggested that these findings were associated with a low strength
of adhesion among the fibers within composite materials. The decrease in tensile strength
with the increasing fiber content may also be due to an agglomeration of fibers in the PLA
matrix [36–38]. The poor adhesion among the composite components stemmed from the
low hydrophilicity and polarity of PLA as compared with those of the plant fibers, which
possess polar hydroxyl groups on their surfaces. The PLA composites reinforced with plant
fibers tend to display inadequate interfacial adhesion, consequently leading to ineffective
stress transfer from the matrix to the fibers [39–41]. A poor adhesion between the fibers
and the PLA matrix could be seen in the results of the morphological study reported in the
next section. In addition, it was known that adding rigid particles into a polymer matrix
generally resulted in an increased stiffness of the polymer.

As compared with the same fiber content, the presence of BF and CF in the PLA
matrix gave the same moduli value, which increased with the fiber loading. Therefore,
the type of fiber was an insignificant parameter in increasing the composite stiffness. In
other words, the fiber content played a dominant role in controlling the composite moduli.
On the other hand, the type of fiber seemed to have a significant effect on the tensile
strength and elongation at break. The BF/PLA composites showed slightly higher tensile
strength, while the CF/PLA composites presented higher elongation at break. These
findings could plausibly be explained by the nature of the fiber (see Table 1). The coir fiber
possessed a low tensile strength and high stretching ability as compared with the other
fibers. Therefore, a composite of such fiber would sustain the same characteristics as its
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component [11–14]. Additionally, one could speculate that combining the two fibers would
yield the best characteristic of both fibers. To investigate the effect of fiber hybridization, we
considered using 10 wt% fiber for further study. Although the PLA composite containing
20 wt% of fiber possessed the highest modulus, because of the diminishing tensile strength
and elongation at break, it may not be optimal for further improvement in the composite
properties. PLA composites with 10 wt% fiber content possessed overall optimal properties
and offered the possibility for greater improvement as well as the opportunity to understand
the different effects of different fibers in hybridization on the composite performance.
Therefore, hybrid composites with different ratios of BF: CF were prepared with a constant
fiber loading of 10 wt%.

(a) 

(b) 

(c) 

Figure 2. Tensile properties of PLA and PLA composites with varied fiber content 5–20 wt% (a) tensile
modulus, (b) tensile strength, and (c) elongation at break.
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3.2. Effect of Fiber Ratio and Annealing on Tensile Properties of PLA-Based Composites

Hybrid composites with a constant fiber loading of 10 wt% were prepared with
different BF: CF ratios (1:1, 1:2, and 2:1). As can be seen in Figure 3, similar to the results
found for single-fiber composites, the modulus of the hybrid composites was dependent
only on the fiber loading. Different BF: CF fiber ratios gave insignificantly different modulus
as well as tensile strength. Among the hybrid composites, 1BF: 2CF showed the highest
tensile properties including tensile modulus, tensile strength, and elongation at break. It
was interesting to note that elongation at break of the composites seemed to improve with
the CF fiber content. As the ratio of the reinforced fiber changed, the decrease in CF content
in the composite resulted in a decrease in elongation at break. This finding that CF was
beneficial in improving elongation at break of single-fiber-reinforced PLA remained true
even in the hybrid composite, where two different fibers were combined.

Annealing was the strategy we used in combination with fiber hybridization. The
increases in modulus and tensile strength were expected as annealing generally increased
and improved crystallinity and crystal growth. The crystalline phase in a semicrystalline
polymer is known to be the main contributor to the hardening and strengthening of the
polymer. As expected, further increases in modulus and tensile strength were obtained
after thermal treatment/annealing of the PLA hybrid composites. However, elongation at
break of all annealed samples suffered, as shown in Figure 3. These could also be explained
by the increase in crystallinity in post-annealing samples. Higher crystalline materials
resulted in harder material, whereas the portion of amorphous regions providing the
elasticity of the sample was reduced. The presence of an increased crystal portion restricted
the chain movement in the samples, resulting in lower extensibility. The DSC results
reported in the next section confirm this speculation. It should be noted that the hybrid
composite containing a high content of coir fiber showed a lower degree of elongation
at break dimension after annealing. The decrease in elongation at break was about 7%
and 10% in 10CF and 1:2 BF: CF composites, respectively, and about 30% for the other
composites. This result indicated the strong dependency of elongation at break on fiber
type even after annealing, where crystallinity should be dominant. To our knowledge, this
particular point has not been reported elsewhere and may be worth investigating in depth
in future studies.

3.3. Morphology of PLA-Based Composites

SEM micrographs of the tensile fractured surface of PLA and its composites are shown
in Figure 4. The surface of neat PLA was smooth, all the composites were present with voids.
Figure 4b–g shows the void due to fiber pull-out and poor adhesion between the fibers
and matrix [42]. The void size tends to increase with increasing fiber content. Composites
with CF showed more voids with greater sizes than those with BF. These voids generate
weak zones where the load-bearing capacity tends to drop, leading to a reduction in tensile
strength and elongation at break of PLA composites. When comparing BF composites and
CF composites, the fractured surface investigation revealed that CF composites were more
ductile as compared with the BF composites. The yielding feature of the PLA matrix on the
fractured surface of CF composites was plausibly due to the ability of CF to elongate to
a greater extent than BF [14]. Thus, when the extensional force was applied, the CF held
the composites together, impeding a brittle failure and allowing a greater extension length
before braking. This finding agreed well with the tensile results shown in Figure 2. The
results also suggested that CF may have a better adhesion between fibers and the PLA
matrix; otherwise, fracture surface yield could not occur.
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(a) 

(b) 

(c) 

Figure 3. Tensile properties of PLA, PLA composites, and PLA hybrid composites with and without
thermal treatment (annealing at 120 ◦C for 30 min): (a) tensile modulus, (b) tensile strength, and
(c) elongation at break.
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(a) 

 
(b) (e) 

  
(c) (f) 

  
(d) (g) 

Figure 4. SEM micrographs of the tension-fractured surfaces of (a) neat PLA, (b) 5BF/PLA,
(c) 10BF/PLA, (d) 20BF/PLA, (e) 5CF/PLA, (f) 10CF/PLA, and (g) 20 CF/PLA.

3.4. Thermal and Crystallinity of PLA-Based Composites

Differential scanning calorimetry (DSC) was used to investigate the effect of fiber type,
fiber content, and thermal treatment in promoting the crystallinity of the PLA matrix. The
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DSC data including crystallinity (Xc) calculated using Equation (1), melting temperature
(Tm), and cold crystallization temperature (Tcc) from the first heating scan are presented
in Figure 5 and Table 3. It can be seen that the Tg of PLA was 61.18 ◦C. The Tg slightly
decreased with the addition of fiber into the PLA matrix. The TCC was observed in all
non-annealed samples, indicating that PLA molecules were unable to crystallize during the
cooling phase. It is well-known that PLA’s crystal formation is naturally low and requires
significant encouragement to induce crystallization [43]. An increase in crystallinity in PLA
results in an improvement in several properties such as tensile and thermal properties [44].
Tcc of PLA composites increased with the presence of fiber. This indicated a greater amount
of the non-crystalline phase in the composite as compared with that of the neat PLA. The
result agreed well with the crystallinity (XC). This was plausibly due to the incorporated
fiber restricting the mobility of PLA chains together with the fast-cooling conditions during
compression molding [45]. However, the Tg and Tcc peaks disappeared from the curve
after thermal annealing. The disappearance of the peaks signified the growth of crystals in
PLA (crystal perfection). This phenomenon was attributed to the rearrangement of PLA
molecules upon high temperature and slow cooling. The molecules had sufficient time to
slowly crystallize.

(a) 

(b) 

Figure 5. DSC thermograms of PLA, PLA composites, PLA hybrid composites (a) before and (b) after
heat treatment.
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Table 3. Transition temperatures obtained from the DSC first heating scan of PLA and its composites,
with and without thermal treatment.

Sample
Non-Annealed Annealed

Tg (◦C) Tcc (◦C) Tm (◦C) XC (%) Tg (◦C) Tcc (◦C) Tm (◦C) XC (%)

PLA 61.18 112.43 149.84 6.10 - - 151.82 38.90
10CF 61.28 115.22 150.30 2.85 - - 151.32 36.73

1BF:2CF 59.99 114.20 150.45 4.68 - - 151.62 37.38
1BF:1CF 59.63 114.53 150.62 3.63 - - 150.29 36.36
2BF:1CF 59.59 114.04 150.12 2.08 - - 150.76 36.23

10BF 59.75 116.25 150.47 2.44 - - 150.47 35.72

The XC of the neat, non-annealed PLA was 6.1%, which showed the tendency to
decrease with increasing fiber content. The nucleating ability of both fillers was insufficient
to obtain the dominant crystallinity of the PLA-based composites. The existence of both
fibers hindered the mobility of PLA chains, leading to the poor rearrangement of PLA
molecules and thus, lower crystallinity. The higher results for XC of post-annealed samples
were due to sufficient time and energy for the PLA molecules to rearrange and overcome
the hindrance of the fiber to crystallization during the annealing process.

3.5. Heat Deflection Temperature (HDT)

The heat deflection temperature (HDT) is commonly used to determine the maximum
service temperature of a material. PLA possesses a low service temperature, which limits
its use in various applications. For semicrystalline polymers such as PLA, HDT is strongly
dependent on crystallinity. The poor HDT of PLA is partly due to its naturally low crys-
tallinity. Figure 6 shows the HDT results of PLA and its composites. The HDT of neat PLA
was about 53.33 ◦C, which was rather low for various applications such as automotive parts
and packaging. With the presence of natural fiber in the PLA matrix, the HDT increased to
55.67 and 59.33 ◦C for the 10BF/PLA and 10CF/PLA composites, respectively. The increase
in HDT in this case was due to the higher stiffness (moduli) of the single-fiber composites.
As discussed previously, the presence of fiber in the composites reduced the crystallinity
slightly; therefore, the increase in HDT in the composite was not from the crystallinity.

°

Figure 6. HDT data for PLA, PLA composites, and PLA hybrid composites before and after
heat treatment.

In the case of hybrid composites created by adding BF: CF in different ratios (1BF:2CF,
1BF:1CF, and 2BF:1CF) into the PLA matrix, the HDT value of 1BF:2CF was the highest
among those hybrid composites. The HDT value of 2BF:1CF was 57.33 ◦C, which was a
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7.5% improvement as compared with the neat PLA. The increases in HDT for PLA hybrid
composites were also due to the increase in stiffness with the presence of fiber and not
because of crystallinity. Stiffness is defined as the ability of a material to resist deformation
under load. On the other hand, HDT is a measurement of the material while temperature is
increased. Therefore, the modulus of PLA composites and PLA hybrid composites were
also examined for an analysis of HDT. Referring to Figures 2a and 3a, it was shown that
the modulus of PLA composites and PLA hybrid composites were higher than that of the
neat PLA.

Annealing of the PLA composites gave rise to HDT in all samples. This was because
annealing increased both the crystallinity and modulus. The increase in HDT value of
the post-annealing samples might be due to the increase in crystallinity and consequently,
the modulus/stiffness. The high-temperature exposure and slow cooling process of PLA
composites induce the formation of a crystallized structure that enhances thermal properties.
The maximum HDT obtained in this work was 61.7 ◦C in an annealed 10CF sample, which
was an 8.3 ◦C increase over the non-annealed neat PLA. Other researchers also reported
an increase in HDT over the same temperature range. A further increase in HDT up
to 120 ◦C could be achieved using nucleating agents together with thermal treatment
manipulation [46].

4. Conclusions

In summary, we illustrated the possibility of improving PLA properties using com-
bined techniques of hybridization and thermal treatment. The hybrid composites created
using two different fibers can offer beneficial properties of the individual fibers used. Select-
ing a proper pair of fibers is critical to obtaining properties that complement one another.
In this work, the PLA composite reinforced with coir fiber offers better elongation at break
and HDT than BF composites, while bamboo leaf fiber offers better tensile strength than
CF composites. The fiber content played an important role in dominating the mechanical
properties of the final composite, specifically the stiffness (moduli). The PLA composites
consisting of 10 wt% of fiber possessed the most balanced properties in terms of tensile
modulus, tensile strength, and elongation at break. Hybridization of the BF: CF with the
ratio of 1:2 gave the most desirable properties. Thermal treatment or annealing further
improved the mechanical and thermal properties of hybrid composites. These improve-
ments are attributed to the increased degree of crystallinity brought about by the exposure
to high temperatures and slow cooling. However, the result of tensile properties showed
lower tensile strength, as compared with the neat PLA, due to poor adhesion between
fiber and matrix. Further studies can be performed to investigate several strategies to
improve the adhesion between fibers and the PLA matrix. It can be expected that when the
adhesion between fibers and the matrix is improved, the properties of PLA-based hybrid
composites will be greatly improved, which will consequently open more possibilities for
the utilization of PLA in various applications.
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Abstract: Excellent wound dressings should have crucial components, including high porosity, non-
toxicity, high water absorption, and the ability to retain a humid environment in the wound area
and facilitate wound healing. Unfortunately, current wound dressings hamper the healing process,
with poor antibacterial, anti-inflammatory, and antioxidant activity, frequent dressing changes, low
biodegradability, and poor mechanical properties. Hydrogels are crosslinked polymer chains with
three-dimensional (3D) networks that have been applicable as wound dressings. They could retain a
humid environment on the wound site, provide a protective barrier against pathogenic infections,
and provide pain relief. Hydrogel can be obtained from natural, synthetic, or hybrid polymers.
Honey is a natural substance that has demonstrated several therapeutic efficacies, including anti-
inflammatory, antibacterial, and antioxidant activity, which makes it beneficial for wound treatment.
Honey-based hydrogel wound dressings demonstrated excellent characteristics, including good
biodegradability and biocompatibility, stimulated cell proliferation and reepithelization, inhibited
bacterial growth, and accelerated wound healing. This review aimed to demonstrate the potential
of honey-based hydrogel in wound healing applications and complement the studies accessible
regarding implementing honey-based hydrogel dressing for wound healing.

Keywords: wound healing; wound dressings; hydrogel; honey; natural polymer; synthetic polymer

1. Introduction

Wounds are typically defined as damage to the skin as well as to epidermal- or dermal-
layer structures. They can be categorized as acute or chronic wounds depending on their
duration and the nature of the healing process [1]. Wound healing is a dynamic and
sophisticated tissue regeneration process that repairs the damaged skin and other soft
tissues locally or systematically. It involves four temporal stages: hemostasis, inflammation,
proliferation, and remodeling [2].

Wound dressings play a significant role in offering the optimum conditions for wound
healing and protecting the wounds from further damage and infection. Conventional
dressings, including gauzes, plasters, and bandages, are used as primary and secondary
dressings for protection against microbial infections [3]. However, these dressings absorb
a high amount of moisture on the wound, and can dry and adhere to the wound surface
and cause pain when removed [4]. Additionally, some of these dressings might not have
antimicrobial, antioxidant, and other bioactive components [5]. Therefore, it is essential
to design appropriate dressings that can be easily detached and do not cause any harm
to the surface of wounds during dressing replacement [6]. Additionally, it should offer
excellent antimicrobial activity, excellent mechanical properties, be able to deliver bioactive
agents [7], provide a physical protective barrier, promote the deposition of the extracellular
matrix (ECM), and maintain an optimal environment on the wound site, as well as promote
the process of wound healing [8].
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Hydrogels are three-dimensional (3D) networks made up of hydrophilic polymers
formed through hydrogen or covalent crosslinking using the process of a physical or
chemical reaction [9]. Hydrogels are commonly employed as wound dressings and have
been proven effective, mainly for treating wounds and skin ulcers [10]. These 3D polymer
networks can absorb a tremendous amount of liquid, offer a humid environment, excellent
biocompatibility [11], biodegradability, and adhesion that can efficiently stimulate cell
proliferation and facilitate the process of wound healing as well as improve the stage of
wound repair [5]. In addition, the hydrophilic groups in the polymeric chains cause the
hydrogel dressings to retain water, with a higher water content ensuring a good porosity,
softness, and elasticity [12] and a cooling effect, thus minimizing pains upon removal [13].

Hydrogels can be prepared through natural polymers, including alginate, chitosan,
hyaluronic acid, cellulose, starch, gelatin, etc., or synthetic polymers such as polyvinyl
alcohol (PVA), polyacrylamide, polyethylene glycol (PEG), etc., or a combination of both
polymers [14]. These combinations, which are known as hybrid polymers, could enhance
their individual physicochemical, mechanical, and biological properties and promote heal-
ing [13]. Some examples of this combination include PVA/chitosan [15], PVA/starch [16],
polyacrylamide/chitosan [17], etc. Hydrogel-based wound dressings are well recom-
mended for their healing-promoting properties, which speed up the proliferation and
epithelialization processes [8]. Therefore, they are acceptable as first aid for wound care [18].
Excellent wound dressings that are prepared from the polymers as mentioned earlier can
be further enhanced by incorporating nature-based bioactive agents [19].

Honey has been applied for centuries as a treatment for infected wounds to accelerate
the process of wound healing. Honey is gaining considerable attention as a regenerative
agent to treat ulcers, bed sores, skin infections, wounds, and burns. It offers antimicrobial,
anti-inflammatory, and antioxidant activity and maintains a moist wound environment
that acts as a protective barrier to prevent infection [20]. It also demonstrates the ability to
recover the development of new tissue to heal the wound through epithelization. Honey
rapidly clears wounds when applied topically to promote the deep healing of wounds
with infection [21]. The lower pH of honey (pH 3.5–4.0) could inhibit protease activity,
which increases oxygen release from hemoglobin, and promotes macrophage and fibroblast
activity on a wound site. In contrast, hydrogen peroxide sterilizes the wound and stimulates
vascular endothelial growth factor (VEGF) production [22].

The application of honey-based hydrogel wound dressings has been practiced in the
biomedical field. Some studies have demonstrated that honey-based hydrogel dressings
can increase water absorption and swellability, support epithelization, stimulate cell prolif-
eration, inhibit bacteria growth, and accelerate wound healing [23–25]. This review aimed
to focus on the potential of using honey incorporated into hydrogel patch formulation
as a promising approach for wound healing applications and highlight the honey-based
hydrogel’s properties in treating wound infection.

2. The Phase of Wound Healing

The process of wound healing is dynamic and sophisticated, consisting of four over-
lapping phases: hemostasis, inflammation, proliferation, and remodeling [26,27] (Figure 1).
Hemostasis begins with blood coagulation, including the formation of fibrin clots, de-
granulation, platelet accumulation, and release of growth factors. As a result, fibroblasts,
macrophages, and endothelial cells become involved in wound healing [28].

In the inflammatory stage, neutrophils protect the wound against pathogenic in-
fections and cleanse the wound from cellular debris to create a favorable condition for
rapid healing [29]. Exudates are responsible for inflammation symptoms, such as redness,
warmth, erythema, and swelling of the damaged skin. New epithelial cells infiltrate the
wound environment to replace the dead cells due to damaged skin [19]. The severity of the
damage determines the duration of the hemostasis and inflammatory stages [30].

In the proliferative stage, cell proliferation and connective tissue formation occur.
Next, ECM components, such as hyaluronic acid and glycosaminoglycan, contribute to the

506



Polymers 2023, 15, 3085

production of granulation tissue to replace the primary clot development. This stage can
last several days to a few weeks following injury [31]. The final stage is a remodeling or
maturation phase that starts around weeks and lasts up to months. Finally, the surface of
the damaged tissue is fully recovered with fibroblast cells with a scar formation [32,33].

Figure 1. The phases of wound healing. Adapted from Ref. [33].

3. Classification of Wound Dressings

Acute or chronic wounds need proper treatment to evade any shortcomings that may
arise throughout the healing process. Conventional, bioactive, and interactive dressings
and skin substitutes are applied to treat wounds [19] (Figure 2). Conventional wound
dressings, or passive dressings, protect wounds against external substances, infection, and
damage. Additionally, these dressings function to control blood, cover and absorb wounds,
and cushion the damage. Examples of conventional dressings are gauze, plasters, and
bandages. However, some limitations of these dressings are that they do not provide a
moist environment to the wound bed [34] and must be changed frequently during the
healing process, which may cause more skin damage [35].

Bioactive wound dressings are designed to provide bioactive compounds. To improve
the therapeutic efficiency of these dressings, they might be incorporated with antimicrobial
agents, growth factors, nutrients, nanoparticles, vitamins, plant extracts, and other natural
biomaterials to the wound site to promote the healing process [36]. Some formulation-
based bioactive wound dressing examples include sponges, foams, wafers, hydrogels, films,
membranes, and nanofibers [37]. In addition, bioactive wound dressings have properties
that include non-toxicity, excellent biocompatibility, and biodegradability [19].
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Figure 2. Classification of wound dressings. Adapted from Ref. [19].

Interactive dressings are applied directly to the wound site, removing debris, providing
a moist environment, and preventing infections [38]. Examples of these dressings include
sprays, films, foams, nanofibers, and sponges. In addition, they are favorable for re-
epithelization due to excellent oxygen concentration and pH control [39].

Skin substitutes are wound dressings that are developed to restore damaged skin.
They are made up of epidermal and dermal layers that are formed by fibroblasts and
keratinocytes on collagen matrices. The primary mechanism of these dressings is to secrete
and stimulate growth factors through which epithelization is achieved [3]. Autografts,
acellular xenografts, and allografts are some forms of skin substitute wound dressings. The
advantages of these wound dressings include minimizing scar formation, providing pain
relief, and accelerating healing. However, some limitations of these dressings are possi-
ble disease transmission, long preparation time, poor keratinocyte attachment, difficulty
handling, etc. [40].

4. Polymer-Based Hydrogels for Wound Healing

The polymer-based hydrogel can be employed in biomedical applications for wound
healing, drug delivery, and tissue engineering [41]. They can be classified as natural,
synthetic, and hybrid (combination of natural and synthetic) polymers (Figure 3). Excellent
polymer-based hydrogel wound dressings should have appropriate features, including
good biocompatibility and biodegradability, meaning the hydrogels could fully degrade
after a duration [5,11,42]. Additionally, it should have adequate adhesion and excellent
mechanical properties to ensure it can adhere to and cover the wounds entirely to prevent
microbial infection [43]. In addition, the hydrogels should provide and maintain a humid
environment at the wound site for cell migration and proliferation [11,44]. Therefore,
dressing selection needs careful consideration before promoting the healing process [45].
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Figure 3. Types of polymers.

4.1. Natural Polymer

Natural polymers have been applied over the centuries as the primary bioactive
substance in biomedical fields [45]. These polymers are naturally synthesized and extracted
from organisms and plants. Natural polymers including chitosan, collagen, starch, cellulose,
sodium alginate, agarose, gelatin, and hyaluronic acid are some examples that are broadly
utilized in synthesizing hydrogel wound dressings [14,46].

The interest in utilizing natural polymers as a hydrogel includes for their biodegrad-
ability, biocompatibility, non-toxicity, and low immunogenicity, and the structures are
similar to that of ECM [47]. They may also produce by-products that are well tolerated by
living organisms without triggering toxic reactions when subjected to enzymatic degra-
dation [48]. However, they have some limitations, such as pathogenic contamination,
uncontrollable degradation rate, complex modification, and low mechanical properties,
which may restrain tissue regeneration application [49].

4.2. Synthetic Polymer

Synthetic polymers are beneficial in a few properties over natural polymers, such
as endless forms, tunable properties, non-toxicity, and established structures [45]. Syn-
thetic polymers are typically designed to mimic the structures of natural polymers, with
minor modifications to enhance desired properties. These polymers contribute to form-
ing a controlled 3D network with a high molecular weight, new functional groups, and
charged groups. Some examples of synthetic polymers include PVA, PEG, polyurethane
(PU), polyvinyl pyrrolidone (PVP), and polyacrylamide [5]. In addition, the derivations
of cellulose, acrylic acid polymers, and vinyl polymers are some of the most commonly
used synthetic polymers [46]. The limitations of these polymers are that they have insuffi-
cient cell adhesion sites, require chemical modifications to improve cell adhesion [50], are
impermeable to drugs and proteins, and have poor mechanical stability [51].
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4.3. Hybrid-Based Polymers

Hybrid-based polymers are developed through the combination of at least two or more
polymer-based natural and synthetic polymers. Each polymer holds specific physicochemical
and biological properties in a blending [52]. Several researchers have investigated if hybrid
hydrogels can be widely used to overcome the limitations of both polymer types [13], as they
possess the advantages of both natural and synthetic polymers in terms of their physicochem-
ical, mechanical, and biological activities [53]. Additionally, these hybrid hydrogels could
offer excellent flexibility, biocompatibility, biodegradability, and high absorption capacity and
promote wound healing [54]. Some examples of hybrid polymers include PVA/sodium algi-
nate [55], PEG/chitosan [56], PVP/keratin [57], poly(N-isopropyl acrylamide)/cellulose [58],
chitosan/poly(N-vinyl-2-pyrrolidone)/polyacrylic acids [59], etc.

5. Physicochemical Properties and Composition of Honey

Honey is a raw substance with a sophisticated chemical composition and wound-
healing properties. In addition, it has a broad range of physicochemical properties and
compositions dependent upon its botanical and geographical areas [60].

The physicochemical composition of honey includes acidity, pH, moisture, ash con-
tent, hydroxymethylfurfural (HMF), sugar content, and enzyme activity. The chemical
composition of honey encompasses various constituents that contribute to its biological
activities. These constituents include proteins, organic acids, enzymes, phenols, flavonoids,
vitamins, etc. These components play a role in honey’s beneficial effects and potential
wound-healing properties [61].

A previous study has investigated the nutritional index of honey from diverse botan-
ical areas. They found that honey’s moisture content ranges from 27–31% of honey. The
ash levels were 0.15–0.9%, while the protein content was 0.2–0.8%. Additionally, the sugar
content for glucose, fructose, and sucrose was 29–31%, 45–48%, and 2–4%, respectively. The
HMF value also should not be more than 60 mg/kg. Its pH levels are between 3.24 to 6.1.
Honey contains several active compounds, including flavonoids, organic acids, phenolic
acid, vitamins, and enzymes, that may improve wound healing [62].

6. Biological Activity of Honey in Wound Healing

Honey has been well-known for wound treatment since ancient times. The healing
properties of honey are related to its antioxidant, anti-inflammatory, and antimicrobial
activities, and its capabilities of maintaining a moist wound environment, protecting the
wound, and preventing pathogenic infection [20]. The immunological activity of honey
is also crucial in wound healing as it has pro- and anti-inflammatory properties [63]. In
addition, honey has antimicrobial properties and has the potential to counter wound
infections and function as a physical barrier to the wound area, as well as promote wound
healing [21]. The antimicrobial properties found in honey play a significant role in the
body’s response to tissue damage [64].

Honey may aid in regenerating damaged tissues and wound healing as it contains
a high sugar content, reactive oxygen species generation, and anti-inflammatory prop-
erties [65]. Additionally, honey can sterilize wound infection, stimulate the growth of
tissues and re-epithelization, and reduce scar formation. These factors contribute to the
four phases of wound healing, as stated above [66]. Honey demonstrates diverse effects
in each stage of the wound-healing process [67]. During the inflammatory stage, honey
inhibits bacterial placement, lowers pH, increases antioxidant action, increases peroxide
generation, and releases pro-inflammatory cytokines [68]. It then promotes epithelization
and proliferation while decreasing edema and exudate in the wound during the prolifer-
ative stage. Next, during the remodeling stage, honey helps to recover the wound and
prevent scar formation [32].

Additionally, hydrogen peroxide (H2O2) production on glucose is another characteris-
tic of honey that causes antimicrobial action. This compound catalyze by glucose oxidation
of glucose which lead to the production of gluconic acid and hydrogen peroxide [68]. The
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formation of gluconic acid contributes to a decrease in pH levels, while hydrogen peroxide
enhances the antimicrobial properties of honey. This cascade of events, which includes pH
reduction to levels between 3.5–4.0, is crucial for initiating the tissue repair process [68,69].
Furthermore, H2O2-dependent honey may stimulate the synthesis of vascular endothelial
growth factor (VEGF) and sterilize the wound site [22]. In addition to glucose oxidase,
bees create invertase, which enhances the osmotic potential of honey by breaking down
sucrose into fructose and glucose (Figure 4) [69]. The production of H2O2 also tends to be
toxic to the cellular tissue when it is too saturated. However, it can be countered with an
antioxidant compound inside the honey [70].

Figure 4. The fundamental principle of honey in wound healing. Adapted from Ref. [69].

The antioxidant properties are also other medicinal properties of honey that have
been studied. The antioxidant action in honey is enhanced by the presence of phenolic
compounds [66]. Plants create various secondary metabolites in response to environmental
stresses and oxidative damage. These compounds are transferred to honey through nectar.
The phenolic compounds are divided into two categories, which are phenolic acids and
flavonoids. Free radicals are scavenged by phenolic acids and flavonoids, which reduce
tissue damage and inflammation. In biomedical fields, honey has been employed to
treat wounds, burns, and inflammation, and has a synergistic effect when combined with
antimicrobial agents [22,71]. Previous research discovered that the relative positions of
OH groups in the aromatic ring affect the antioxidant effect of phenolic acids and are also
found to be the most potent antioxidant among all phenolic acid compounds [72].

The current therapeutic applications used in wound management are beneficial for
inhibiting bacterial infection and promoting healing [73]. Using natural products with
antimicrobial properties in biomedical research has garnered considerable attention in
modern medicine [71]. The excellent properties of natural products, including honey,
curcumin, and aloe vera, are the most prominent arguments for applying natural products
in treating wounds [74]. Honey has been a topical treatment since ancient times and
has been officially recognized as a medical device in conventional medicine, and can be
combined with silver dressings or other formulations [56,63]. Table 1 shows the comparison
between honey and some bioactive substances that are commonly utilized in wound
healing applications.
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Table 1. Comparison between honey and other bioactive substances for wound healing applications.

Bioactive Substances Advantages Disadvantages References

Honey

- Rapid epithelization
and wound
contraction.

- Reduced pain and
inflammation.

- Cost-effective.

- Give a stinging
sensation in some
patients that can
cause some
discomfort.

[20]

Epidermal Growth
Factor

- Maintains tissue
hemostasis by
regulating cell
survival,
proliferation,
migration, and
differentiation.

- Short in vivo half-life
due to low stability.

- Restricted absorption
to the wound site.

- Elimination by
exudation before
reaching the wound
site.

- High-cost dressings.

[75]

ECM Protein

- Regulates cell
differentiation,
migration, and
proliferation.

- Uncontrolled cell
growth and invasion.

- Impaired apoptosis
and cell
differentiation.

- Dysfunction of all the
normal functions of
the skin.

[76]

Silver sulfadiazine

- Prevent and treat
wound infection
(second and
third-degree burns).

- Toxic to fibroblasts
when applied in high
concentrations.

[77]

7. Application of Honey-Based Hydrogel for Wound Healing

Hydrogels combined with honey have multiple benefits and are considered ideal
wound dressings to promote healing [20,78,79] (Figure 5). Hydrogels are 3D structures
crosslinked with hydrophilic characteristics that can hold abundant volumes of water and
other liquids [11,80]. Thus, it is applicable for wound healing due to its high porosity,
excessive water content, ability to release therapeutic agents, excellent biocompatibility,
biodegradability, and it can accelerate the wound healing process [5,19,81]. Furthermore,
honey has been traditionally utilized as a wound dressing to accelerate and enhance the
process of wound healing. Therefore, incorporating honey into the hydrogel could be
effective for wound healing [20,82].
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Figure 5. Schematic of honey-based hydrogel for wound healing. Adapted from Ref. [82].

Chopra et al. prepared a natural chitosan and PVA to formulate a hydrogel film
incorporating honey for wound healing treatment and evaluated their physicochemical and
mechanical properties. The findings showed that the thickness and weight of the films were
between 0.041 ± 0.006 to 0.055 ± 0.004 mm, and 0.425 ± 0.02 to 0.480 ± 0.04 g, respectively.
The folding endurance ranged from 350 ± 15 to 445 ± 7. The folding endurance values
increase as the chitosan concentration increases from F1–F5 (0.25–2%). The formulation of
batch F5 (2% of chitosan) gives a smooth surface and homogenous form with little porosity,
exhibiting excellent structural integrity. Additionally, the hydrogel’s moisture content
increases as the chitosan concentration increases. Swelling analysis indicates that increasing
the chitosan concentration may increase the water’s swelling ratio. The F5 showed the
highest swelling ratio, with 300% after 24 h. For mechanical characteristics, the results
showed a value from 4.74 ± 0.83 to 38.36 ± 5.39 N for tensile strength, and 30.58 ± 3.64 to
33.51 ± 2.47 mm for elongation at the break, respectively. A strong interaction and network
between the polymers could enhance the mechanical characteristics of the hydrogel film. In
addition, an antimicrobial study against Staphylococcus aureus (S. aureus) demonstrated that
a honey-based hydrogel film exhibited antimicrobial activity with excellent bacteriostatic
ability. The F4 showed an excellent antimicrobial effect, with the diameter of the inhibition
zone being 5.01 ± 0.32 mm [83].

Additionally, a study by Gopal et al. incorporated Kelulut honey and Tualang honey
into cellulose/PEG hydrogels to treat wound infections. The finding showed that the honey
hydrogels showed excellent antimicrobial activity compared to the control hydrogels. Tualang
honey hydrogels exhibited the highest zone of inhibition for negative Escherichia coli (E. coli),
and S. aureus, which could be influenced by the highly acidic component with pH 3.55–4.0
which may inhibit both bacteria. For E. coli, the Kelulut honey hydrogels showed slightly higher
inhibition zones than the Tualang honey hydrogels. Meanwhile, for S. aureus, the Tualang honey
hydrogels exhibited higher inhibition zones than the Kelulut honey hydrogels. In vitro cell
viability testing indicated that both honey-based hydrogels recorded the maximum cell viability
(90%) compared to control hydrogels without the incorporation of honey, which recorded the
minimum viability [23].

Lo et al. conducted a study that formulated cellulose/poly(lactic-co-glycolic acid)
(PLGA) patches incorporated with Kelulut honey for aphthous stomatitis treatment. The
ATR–FTIR study was utilized to analyze the morphology of the patches. In vitro cell
viability analysis indicated that the Kelulut honey patch stimulated an incre in cell viability
percentage by more than 90% compared to the control, which can promote angiogenesis by
supporting tissue regeneration and skin re-epithelization. Additionally, the PLGA polymer
released the honey into the extracellular matrix and rapidly closed the wound gap. In vivo
analysis also demonstrated that the honey patches could inhibit the growth of E. coli in the
first 2 h, followed by the inhibition of S. aureus in the next 2 h [84].

Zekry et al. investigated the PVA/honey hydrogel for wound healing. They prepared Manuka
honey (MH)/pomegranate peel powder (PPP)/PVA (10%/1%/12%), MH/PPP/PVA (20%, 2%,
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10.5%), MH/PPP/PVA (25%/2.5%/9.7%), MH/PPP/BV/PVA (25%/2.5%/0.01%/9.7%), and
LH/PPP/BV/PVA (25%/2.5%/0.01%/9.7%). Scanning electron microscopy (SEM) was used to
analyze the morphological structures of all formulations. The in vitro release study displayed
that the honey was released over 24 h with a low adhesion to the wound site, stimulating cell
proliferation and re-epithelization. Additionally, in vivo analysis of the wound healing activity
indicated that all treated groups achieved complete healing on day 10, compared to the PVA control
group (day 13) and no treatment groups (day 14) which demonstrated slowed healing processes.
Moreover, at day 3 and 5, the commercial Medihoney® group showed a higher percentage of
wound closure compared to the PVA control and no treatment groups. Additionally, the honey
hydrogel inhibited 90–98% of the S. aureus and E. coli growth, which showed good antimicrobial
activity compared to controls [85].

Samraj et al. studied a combination of Kelulut honey with curcumin in the nanofi-
brous composite hydrogel membrane to treat wound healing. The findings showed that
the impregnation of curcumin and honey promotes healing by stimulating cell migration
and promoting recovery through anti-inflammatory properties. In addition, impregnating
honey with curcumin promotes new cell regeneration and prevents scar formation. In vitro
and in vivo rat models showed improved recovery and no cytotoxicity compared to control
groups without treatment. Furthermore, antioxidant and antimicrobial studies demon-
strated that the activity of wound healing with the hydrogel membrane was significantly
higher than curcumin and honey alone. Therefore, incorporating honey into composite
hydrogel membranes may assist in wound healing [86].

A previous study by Noori et al. developed a nanocomposite hydrogel using PVA/chitosan
/honey/montmorillonite (PCMH). SEM and XRD were employed to perform the morphological
analysis of the hydrogel film. Additionally, swelling tests were performed at 37 ◦C, and the
results demonstrated that the swelling increased as the temperature increased. Furthermore,
the 3-(4,5-dimethylthiazol-2)-2,5-diphenyltetrazolium bromide (MTT) analysis revealed that the
PCMH hydrogel had a higher cell viability above 75% after 24 h, indicating no cytotoxicity. For
pure chitosan, it was shown that the cell viability was more than the control group. This indicated
that the pure chitosan itself could stimulate cell proliferation. An in vitro study against S. aureus
has shown that PCMH hydrogel showed a more significant antibacterial value of higher than
99%, which demonstrated that it can restrict the growth of bacteria. Additionally, wound healing
activity was evaluated in rats through in vivo analysis, and the results showed that PCMH
hydrogel reduced the wound area more significantly than the control group and showed better
wound healing ability, a rapid rate of honey release, restricted bacterial growth, and reduced
the length of the wound healing process through cell reepithelization and proliferation. These
results indicate that honey-based hydrogels could be applied as a wound-healing treatment [24].

The studies in vitro and in vivo performed by El-Kased have incorporated Egyptian
honey (25, 50, and 75%) into chitosan/polyacrylic acid hydrogels for treating burn-wound
healing. The findings showed that all hydrogel formulations exhibited a rapid swelling
behavior due to their porous structure, providing a large surface area for rapid solvent
uptake. Additionally, the swelling index was found to be inversely proportional to the
honey concentration, indicating that an increase in honey concentration results in a decrease
in the hydrogel’s swelling percentage. This factor may be affected by the polymer’s
viscosity, which can impact the swelling process. In vitro release studies revealed that the
release of honey from the hydrogel depended upon the honey concentration. Among all
formulations, hydrogels with the lowest concentration of honey (25%) showed superior
sustained release with 70% of release over 3 h. In vitro antimicrobial analysis showed that
75% of honey incorporated into hydrogels showed the highest healing rate as it stimulated
cell re-epithelization and excellent antimicrobial activity compared to pure honey and
commercial products [87].

Yang et al. developed nanofibrous silk fibroin and polyethylene oxide (PEO) with
various concentrations of Manuka honey (10%, 30%, 50%, and 70% w/v) using an elec-
trospinning technique. The FTIR was used to study the structural behavior of the fibrous
matrices. The findings showed that the honey-based hydrogel dressings exhibited an-
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timicrobial activity against E. coli, S. aureus, P. aeruginosa, and MRSA, in which the results
revealed that the non-honey dressing was approximately zero, but antimicrobial activity
improved to around a 50%, 28%, 57% and 40% inhibition of E. coli, S. aureus, P. aeruginosa,
and MRSA, respectively, for the 70% w/v honey hydrogel over 24 h. Furthermore, in vitro
biocompatibility analysis showed that hydrogel containing honey had a higher viability
than the control. However, the increasing concentration of honey did not change the cell
viability, demonstrating that the incorporation of honey does not negatively affect the
excellent biocompatibility of the hydrogel. Additionally, in vivo analysis in a rat dorsal
wound model showed that the wounds treated with 70% honey hydrogel wholly recovered,
whereas both the control group and commercial Aquacel®Ag wound dressing group had
only slight reductions in wound size [88].

Another study by Tavakoli and Tang fabricated a polyvinyl alcohol/Manuka honey
hybrid hydrogel wound dressing with borax as a crosslinking agent. Hydrogels prepared
with 1% borax demonstrated adequate biocompatibility, a sustained release of honey in the
ulcer bed, and no burst release of antibiotics. The addition of borax also increased the me-
chanical durability of the honey/PVA hybrid and prevented hydrogel degradation during
the swelling process. This thin layer of hydrophilic gel may improve the wound-healing
process and reduce the risk of contamination. The results demonstrated that the honey
showed good antibacterial activity against S. aureus in all samples, especially in the samples
with a 1% crosslinking agent. The results showed that the PVA/borax/honey hybrid hy-
drogel demonstrated the greatest swellability and stability and had excellent antimicrobial
activity, and indicated that PVA/honey hydrogel produced the best characteristics for
applying to wound dressing [25].

Durai and Sizing fabricated chitosan hydrogel films impregnated with 8% Manuka
honey to treat wounds. The results revealed that honey increased the folding endurance,
with the honey hydrogel films surviving a mean of 289 folds compared to 143 folds for the
non-honey films. This result demonstrates a greater flexibility of the honey hydrogel film
due to the hygroscopic effect of honey. Additionally, honey reduced the swelling ratios of
the hydrogel films and inhibited the growth of S. aureus and E. coli. In an in vivo analysis of
a rat dorsal wound model, the honey hydrogel showed an increased wound gap compared
with control groups of non-honey and ointment. The honey hydrogel and non-honey
hydrogel showed closures of 94% and 78% after 12 days of treatment, compared with the
ointment-treated group and the non-treated control whose wounds showed closures of
86% and 64%, respectively [89].

Zohdi et al. developed a hydrogel dressing incorporating Gelam honey into the
polyvinyl pyrrolidone (PVP)/protein-free agar/polyethylene glycol (PEG) hydrogel with a
6%, 8%, 10%, and 15% concentration of honey. The finding showed that the honey hydrogel
and the control group had good uniformity and transparency with a 3–4 mm thickness.
Additionally, the pH of the honey hydrogel was slightly acidic, with a value of pH 4.3,
while the control group had a pH of 5.3. This slight acidity in the hydrogel may be due to
the natural acidic properties of honey, which typically has a pH ranging from 3.2 to 4.5.
For swelling analysis, the honey hydrogel demonstrated a high capability in absorbing
fluid compared to the control group. The in vivo analysis in rats revealed that the honey
hydrogel dressing stimulated wound closure and promoted the process of reepithelization
better than the control group. Furthermore, the histopathological analysis showed that the
honey hydrogel attenuated the inflammatory response on day 7, earlier than the control
group. Moreover, honey hydrogel facilitates the growth of granulation tissue and blood
capillary and collagen synthesis, which is effected by the generation of hydrogen peroxide
by honey [90].

Khoo et al. compared a Tualang honey wound dressing and hydrofiber silver-treated
wound dressing. The results demonstrated that the Tualang honey dressing had more flexi-
bility, less adherence, easily peeled, and caused less fluid accumulation in the wound site.
Furthermore, according to an in vivo study, using Tualang honey for dressing burn wounds
resulted in significantly greater wound contraction than applying hydrofiber silver dress-

515



Polymers 2023, 15, 3085

ing. Furthermore, on day 6, the wound area became smaller and showed increasing cell
epithelization. Additionally, the Tualang honey -treated wound dressing showed a lower
bacterial growth of Pseudomonas aeruginosa-inoculated wounds and excellent antibacterial
activity [91].

8. Cell Migration and Proliferation on Honey-Based Wound Dressings

The scratch- or wound-healing assay is a cost-effective and straightforward exper-
imental method for investigating cell migration [92]. The assay involves growing a cell
monolayer in a multiwell assay plate, creating a “wound” or scratch, and then capturing
images at regular intervals to measure and quantify cell migration [93] as shown in Figure 6.
Scratch assays are commonly employed to study the molecular mechanisms that influence
cell migration and to identify therapeutic compounds that can modulate cell migration for
potential treatments. Therefore, it is crucial to develop reliable methods for quantifying and
comparing migration rates of different scratch assays to advance biomedical research [94].
The wound closure percentage was calculated using the following formula:

% Wound Closure =
A0 − AT

A0
× 100%

where A0 is the wound area measured after scratching, and AT is the area of the wound
measured at a predetermined time.

Figure 6. Illustration of in vitro wound healing assay. (A) Fibroblast cells form a confluent monolayer.
(B) In vitro “wound” was created by a straight line scratch across the fibroblast monolayer [94].

There are limited studies on utilizing cell-culture applications to perform cellular
migration upon honey-based dermal wound dressings, as there are broad studies that have
carried out the application of honey dressing in animals to study the effectiveness of honey
in wound healing. However, several studies utilize pure honey (with a dilution factor) for
wound healing analysis.

For instance, Chaudhary et al. studied the cell migration assay under 0.1% of Manuka
honey and 0.1% Jamun honey on primary fibroblast cells from a neuron differentiation medium
(NDM) and a decalcified bone matrix (DBM) skin. The results showed that both kinds of honey
could stimulate cell proliferation against fibroblast cells over 24 h. However, DBM cells with
Manuka honey and Jamun honey migrated faster than NDM cells at 24 h [95].

Ranzato et al. performed a scratch-wound assay on the fibroblast cells using 0.1% v/v
Manuka, buckwheat, acacia honey, and platelet lysate (PL). The finding showed that the
cells exposed to buckwheat and acacia honey showed a higher rate of wound closure at
24 h compared to controls, while Manuka honey showed a lower effect against fibroblast
cells [96].

The study by Ebadi and Fazeli performed a wound healing analysis on human dermal
fibroblasts using honey and an ethanol extract of propolis (EEP). The finding showed that
100 μg/mL and 200 μg/mL concentrations of EEP demonstrated the highest percentages
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of wound closure compared to the control and DMSO control. After 48 h, the wound
healed entirely at the 100 μg/mL and 200 μg/mL concentrations. For the honey analysis,
the 25 μg/mL to 200 μg/mL concentrations showed a slight increase in the percentage
of wound closure, while for the 100 μg/mL and 200 μg/mL concentrations, the wound
healed after 48 h, faster than both control groups. The EEP and honey concentrations of
100 μg/mL and 200 μg/mL showed remarkable wound closure after 24 and 48 h compared
to both control groups [97].

An MTT assay also can be performed to assess cell proliferation. A study by Lau et al.
performed a cell proliferation assay under different concentrations of Tualang honey on
human periodontal ligament fibroblast cells (HPDLF). The finding showed that 0.02% Tu-
alang honey concentration stimulated a higher proliferation rate than the control. However,
at a higher concentration of Tualang honey (5%), the cells became rounded and floating,
indicating that a higher honey concentration could inhibit cell proliferation [98].

Additionally, Shamloo et al. studied the cell proliferation and biocompatibility of
human fibroblast cells using various concentrations (0, 5, 10, and 20%) of a chitosan/honey
hydrogel. The finding demonstrated that a 10% concentration of chitosan/honey hydrogel
stimulated the highest cell proliferation compared to other hydrogels. It also demonstrated
that the addition of honey into hydrogel could offer maximum nutrients for cells, which
may increase cell proliferation, as well as cell viability [99].

A study by Sarhan et al. analyzed the cell proliferation of human fibroblast cells
when using various types of honey hydrogel (0, 25, 50, 75, and 100% extraction). The
findings showed that 100% honey extraction stimulated the highest cell proliferation (>90%)
compared to other hydrogels and the positive control, commercial Aquacel®Ag. In this
study, the Aquacel®Ag showed cytotoxic signs with a cell viability of 9% [100].

9. Toxicological Information of Honey-Based Wound Dressings

It is essential to consider the toxicological aspects associated with honey-based wound
dressings [101]. Among many types of toxicological analyses, the MTT assay is a widely
utilized method to evaluate cell viability and cytotoxicity in vitro, which makes it suitable
for toxicological analysis in wound-healing applications [102]. Table 2 shows in vitro MTT
assays related to applying honey-based wound dressings.

Table 2. In vitro MTT assay of honey-based hydrogel wound dressings.

Type of Formulation Formulation Matrices
Percentage of Honey in the

Formulation
Site of Application Findings References

Cellulose hydrogel

Sodium carbomethyl cellulose
(SCMC)/hydroxypropyl methyl
cellulose (HPMC)/polyethylene glycol
(PEG)/honey

Kelulut honey (22%)
Tualang honey (22%)
Asian honey (33%)

Human skin fibroblast cells

All samples showed higher cell
viability (<90–100%) compared to
control group.
Kelulut honey > Asian honey >
Tualang honey.

[23]

Hybrid hydrogel film 6% w/w PVA/3, 6, 10% w/w
borax/honey 5 g honey Human fibroblast cells

All samples with different borax
concentrations showed <90% cell
viability compared to control
group.

[25]

Hybrid hydrogel Cellulose/poly(lactic-co-glycolic
acid)(PLGA)/Kelulut honey Not stated Human skin fibroblast cell

Honey hydrogel showed
maximum cell viability with
218.35 ± 7.80% compared to
control.

[84]

Nanofibrous hydrogel Pomegranate/PVA/honey

Manuka honey: 25%
Bee venom honey: 0.01%

Lyophilized multiflora honey:
25%

L929 mouse fibroblast cells

All hydrogel scaffolds with
different concentrations (and
different types of honey) showed
<100% cell viability compared to
control group, which indicates
that all hydrogels have no
cytotoxicity against skin cells.
Promotes cell migration and
proliferation.

[85]

Hybrid hydrogel 3% v/v chitosan/5% w/v gelatin/10%
w/v PVA/Iran honey 0, 5, 10, and 20% v/v honey Human fibroblast cells

Chitosan-based hydrogel showed
non-toxicity impacts on the cells,
and showed highest
biocompatibility. It demonstrated
that the addition of honey-based
hydrogel could offer the cells
with nutrients and increase cell
proliferation.

[99]
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Table 2. Cont.

Type of Formulation Formulation Matrices
Percentage of Honey in the

Formulation
Site of Application Findings References

Electrospun nanofibrous hydrogel

- 3.5% w/v chitosan/7% w/v
PVA/30% honey

- honey/PVA/chitosan (HPCS)
- Honey/PVA/chitosan/Cleome

droserifolia (HPCS-CE)
- honey/PVA/chitosan/Allium

sativum (HPCS-AE)
- HPCS/AE/CE

30% w/v(25, 50, 75, 100%
extraction) HFD4 human fibroblast cells

- HPCS and HPCS-CE
showed 90% and 87% of
cell viability in the 100%
extract solution
compared to control
and commercial
Aquacel®Ag.

- HPCS-AE and
HPCS-AE/CE showed
decreased cell viability
(68% and 75%) in the
100% extract solution.

[100]

Electrospun nanofibrous hydrogel
- 0.8% w/v sodium

alginate/7.2% w/v
PVA/acacia honey

0, 5, 10, 15, and 20% v/v honey NIH3T3 fibroblast cells

- The nanofibrous
hydrogel loaded with
10% honey showed the
highest cell viability
with 102.71 ± 1.31%.
However, at 20% honey,
cell viability decreased
to 96.42 ± 0.93%.

[103]

Electrospun nanofibrous hydrogel
sheet

Poly(ε-caprolactone)(PCL)/Manuka
honey 1%, 5%, 10%, and 20% v/v Fibroblast cells

Sample with 20% honey showed
the highest cell viability
compared to other group and
control group.

[104]

10. Regulatory Information of Honey-Based Wound Dressing

Honey-based wound dressings are classified as medical devices. They are regulated
by various regulatory agencies worldwide [66], including the US Food and Drug Adminis-
tration (FDA) [105], European Medicines Agency (EMA) [106], National Medical Products
Administration (NMPA) [107], Therapeutic Goods Administration (TGA) [108], Health
Sciences Authority (HSA) [109], and Medical Device Authority (MDA) [110]. It should
be noted that the regulatory requirements for honey-based wound dressings may vary
depending on the country and region in which they are commercialized [66].

The importance of providing the regulation information before they can be sold in a
country is to assure the quality, efficacy, and safety of products that are used for wound
care [111]. Regulatory bodies set standards and guidelines for manufacturing, labeling, and
marketing wound-care products, including honey-based wound dressings, to ensure that
they meet specific criteria and do not harm patients [112]. By adhering to these regulations,
manufacturers can ensure that their products are effective and safe for use, and healthcare
providers and patients can have confidence in their products [113]. Additionally, regulatory
information can help healthcare providers. Patients make informed decisions about wound
care products based on their specific needs and circumstances [111,114]. Table 3 describes
the regulatory requirements for honey-based wound dressings based on the country.

Table 3. Description of the regulatory body in different countries.

Country Name Regulatory Body
Regulatory
Guidelines

Classification of
Wound Dressings

Regulatory
Requirements

References

United States USFDA 21 CFR Part 820

Class I: low to
moderate risk
Class II: moderate
to high risk
Class III: high risk

Premarket
approval or 510(k)

application is
required.

[105]

Europe EMA Council Directive
93/42/EEC

Class I: low risk
Class IIa & IIb:
medium risk
Class III: high risk

Quality
Management

Systems (QMS)
approval is
required.

[106]

China NMPA Medical Devices
Act

Class I: low to
moderate risk
Class II: moderate
to high risk
Class III: high risk

Application form
is required, and

need an approval
before marketing.

[107]
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Table 3. Cont.

Country Name Regulatory Body
Regulatory
Guidelines

Classification of
Wound Dressings

Regulatory
Requirements

References

Australia TGA
Australian

Therapeutic Goods
Regulations

Class I: low risk
Class II: medium
risk

EU approval and
CE markage is

required.
[108]

Singapore HSA Health Product Act

Class A: Low-risk
Class B:
Moderate-risk
Class C: High-risk
Class D: In vitro
diagnostic (IVD)
medical devices

Approval is
required. [109]

Malaysia MDA Medical Devices
Act 2012 (Act 737)

Class A: Low-risk
Class B: Low to
moderate-risk
Class C: Moderate
to high-risk
Class D: High-risk

Conformity
Assessment Body
(CAB) approval is

required.

[110]

11. Patent Information on Honey-Based Wound Dressings

Patent information in wound dressing refers to the documentation of a novel invention
or discovery related to wound dressings, registered with the appropriate government
agency for exclusive rights of use and distribution by the inventor or assignee for a certain
period [115]. This information can include detailed descriptions of the wound dressing
composition, manufacturing methods, potential applications, and any relevant testing or
clinical trial results [116].

The importance of patent information in wound dressing lies in the potential value
it can offer to researchers, manufacturers, and clinicians involved in wound care. By
studying patented wound dressings, researchers can gain insights into new materials
and technologies that may improve the efficacy and safety of wound healing [117]. In
addition, manufacturers can use this information to develop and market innovative wound
dressings that offer unique benefits to patients. Moreover, clinicians can stay informed
about new wound dressing options that may help their patients heal faster and with fewer
complications [118]. Overall, patent information in wound dressing is an essential resource
for anyone involved in wound-care research, development, and clinical practice, providing
insights into new technologies and innovations that may help improve patient outcomes
and advance the field of wound healing [117–119]. Table 4 describes patent information for
honey-based wound dressings.

Table 4. Patent information of honey-based wound dressings.

Type of Patents Inventor(s) Issued Assignee Descriptions References

US7714183B2
Use of honey in dressings Phillip Roy Caskey 11 May 2010 Derma Science Inc

- The patent application describes a flexible
dressing designed for direct application to
wounds to absorb exudates.

- The dressing consists of an alginate fiber sheet that
is fully impregnated with honey, and transforms
into a gel-like state as it absorbs exudate.

- The combination of the alginate fiber sheet and
honey provides benefits such as moisture
retention, antimicrobial properties, and
wound-healing promotion.

[120]

519



Polymers 2023, 15, 3085

Table 4. Cont.

Type of Patents Inventor(s) Issued Assignee Descriptions References

WO2002087644A1
Wound dressings comprising a
carboxymethyl cellulose fabric

impregnated with honey

James
William Edmonds 7 November 2002 Not listed

The patent describes the wound dressings comprising
honey as also containing carboxymethyl cellulose filaments
in amounts up to 50% of the weight of the honey, preferably
in the form of a fabric.

[121]

US5980875A
Honey preparations Mahmoud A. Mousa 11 November 1999 Not listed

- The patent describes the methods and
preparations designed to address challenges
related to the local application of honey for
therapeutic, cosmetic, and nutritional purposes.

- These preparations consist of active ingredients
derived from honey and a base containing
components such as oils, gelling agents,
emulsifiers, or combinations thereof.

- The active ingredients found in honey, such as
vitamins, sugars, enzymes, hormones, amino
acids, and minerals, can be extracted from honey
or other natural sources or be synthesized.

[122]

US9107974B2
Honey impregnated composite dressing

having super-absorbency and an
intelligent management of wound

exudate, and methods of making the
same

Howard Kenneth Payne, Gregory
Frank Devenish 18 August 2015 Links Medical Products Inc

- The patent relates to a specialized wound dressing
called a super-absorbent, honey-dosed foam/fiber
composite with a gap pattern.

- This dressing consists of a structured composite
material made of foam and fiber, which is
patterned with gaps on one side while the other
side lacks such gaps.

[123]

AU2006272366B2
Therapeutic honey and method of

producing same

Peter
Taylor 22 September 2011 Honey Research &

Development Pty Ltd.

- The patent relates to a specific type of honey
characterized by the following attributes:

(i) It exhibits antimicrobial activity that is
not derived from peroxide; and

(ii) It is derived from Leptospermum
sub-tenue.

- The honey undergoes a storage process for a
certain duration and under specific conditions
necessary to enhance its non-peroxide-based
antimicrobial activity.

[124]

US10500235B2
Wound healing compositions

comprising buckwheat honey and
methylglyoxal and methods of use

Mark R. Wardell 10 December 2019 San Melix Laboratories Inc,
Sanmelix Laboratories Inc

- The patent application presents compositions
based on medicinal honey that possess
broad-spectrum antibacterial properties attributed
to the presence of peroxide, polyphenols, and
methylglyoxal.

- The application describes methods of treating
wounds by directly applying the aforementioned
composition or utilizing wound dressings that
incorporate the composition.

[125]

WO2007045931A2
Compositions and dressings for the

treatment of wounds
Stephen Cotton 26 April 2007 Not listed

- The patent describes the composition of honey
ranging from 30% to 99.5% w/w, and a naturally
occurring plant extract with antibacterial
properties ranging from 0.5% to 15% w/w as
having proven effectiveness in wound treatment.

- These compositions can be directly applied to
wounds or can be applied to a flexible material,
either as a coating or impregnation.

[126]

US6956144B2
Honey-based wound dressing

Peter
Molan 18 October 2005 ApiMed Medical Honey

Ltd.

- The patent application describes the utilization of
honey in medical dressings. It involves the
modification of honey by incorporating a viscosity
increasing agent, which enables the creation of
various compositions such as ointments, salves,
and self-adhesive gels for mouth ulcers and
pustules, as well as pliable or flexible sheets
suitable for wound coverings.

- The invention emphasizes the use of selected
honeys that possess antibacterial properties
beyond those attributed solely to osmolarity and
sugar concentration effects.

[127]

AU2007100007A4
Improvements in and Relating to the use

of Honey in Dressings
Phillip Roy, Caskey, Mardi Lewis 1 February 2007 ApiMed Medical Honey

Ltd.

- This invention proposes utilizing honey with
desirable qualities and viscosity in combination
with various therapeutic or suitable medical
dressings.

- Example: Honey-impregnated dressings are
expected to have significant potential in the
treatment of chronic wounds, whether infected or
non-infected, especially in cases where moist
wound care is required.

[128]

12. Commercialized Product of Honey-Based Wound Dressings

Commercializing a honey-based wound dressing involves bringing the product to market
and selling it to healthcare providers, medical facilities, and end-users [129]. Table 5 shows some
recent honey-based wound dressings commercialized in the market. These commercialized
honey-based wound dressings effectively manage and treat various wounds, including burns,
diabetic ulcers, surgical wounds, pressure ulcers, etc. [25,130]. They are also known for reducing
inflammation and promoting faster healing compared to traditional wound dressings. However,
they should be used under the guidance of a healthcare professional before independent
application of these dressings [1,131].
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Table 5. Product commercialization of honey-based wound dressings.

Type of Dressing Examples/Products Intended Usage References

Hydrocolloid Dressing MediHoney®

- Chronic (diabetic
ulcers, venous ulcers,
pressure ulcers) and
acute wounds
(surgical wounds) and
burns.

- Promotes wound
healing by reducing
healing time and
promoting tissue
growth.

[132]

Film Dressing TheraHoney®

- Diabetic ulcers,
venous ulcers,
pressure ulcers,
surgical wounds,
traumatic wounds,
and burns.

- Stimulates wound
healing by providing a
moist environment,
reducing pain and
inflammation, and
providing
antimicrobial activity.

[133]

Foam Dressing Actilite®

- Pressure ulcers, leg
ulcers, diabetic ulcers,
surgical wounds,
traumatic wounds,
and burns.

- Protects wounds from
antimicrobial activity,
and provides a moist
wound environment.

[134]

Alginate Dressing Algivon®

- Leg ulcers, pressure
ulcers, diabetic foot
ulcers, and surgical
wounds.

- Provides antimicrobial
properties, helps to
absorb exudate, and
promotes healing.

[135]

Mesh Dressing Activon®

- Diabetic foot ulcers,
pressure ulcers,
venous leg ulcers,
surgical wounds,
traumatic wounds,
and burns.

- Promotes healing by
providing a moist
wound environment,
managing exudate,
reducing
inflammation, and
preventing infection.

[136]

13. Conclusions and Future Perspectives

Wound healing is a sophisticated process that involves the replacement of damaged
tissue layers and cellular structures. Numerous approaches have focused on wound-care
management, including developing new therapeutic approaches and technologies for
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wound management. Hydrogel wound dressings have gained attention among researchers
due to their rapid wound healing properties and their ability to offer a moist environ-
ment, good biodegradability, and protection against bacterial infections. Improving the
physicochemical, mechanical, and biological properties, and the wound-healing ability
of hydrogel materials, is the primary goal when developing hydrogels, mainly achieved
through blending natural and synthetic polymers with the addition of other bioactive
substances, such as honey, which is beneficial for wound healing. The addition of honey
during in vivo and in vitro studies into formulated hydrogel wound dressings has been
found to prevent bacterial infections, enhance their absorption capacity, and accelerate
wound healing, due to its anti-inflammatory, antimicrobial, and antioxidant activities.
Moreover, the blending of polymers could be enhanced by incorporating other additives,
such as cross-linkers, to enhance their mechanical properties, flexibility, biocompatibility,
biodegradability, high absorption, etc. Although there are extensive in vivo and in vitro
analyses that have shown efficacy in wound healing, its implementation in clinical fields
still needs to be managed to ensure the safety and effectiveness of polymer-based hydrogel
formulations in human applications.
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Abstract: This review presents the advances in polymeric materials achieved by extrusion and
injection molding from lignocellulosic agroindustrial biomass. Biomass, which is derived from
agricultural and industrial waste, is a renewable and abundant feedstock that contains mainly
cellulose, hemicellulose, and lignin. To improve the properties and functions of polymeric materials,
cellulose is subjected to a variety of modifications. The most common modifications are surface
modification, grafting, chemical procedures, and molecule chemical grafting. Injection molding
and extrusion technologies are crucial in shaping and manufacturing polymer composites, with
precise control over the process and material selection. Furthermore, injection molding involves four
phases: plasticization, injection, cooling, and ejection, with a focus on energy efficiency. Fundamental
aspects of an injection molding machine, such as the motor, hopper, heating units, nozzle, and
clamping unit, are discussed. Extrusion technology, commonly used as a preliminary step to injection
molding, presents challenges regarding fiber reinforcement and stress accumulation, while lignin-
based polymeric materials are challenging due to their hydrophobicity. The diverse applications
of these biodegradable materials include automotive industries, construction, food packaging, and
various consumer goods. Polymeric materials are positioned to offer even bigger contributions to
sustainable and eco-friendly solutions in the future, as research and development continues.

Keywords: agroindustrial wastes; biomaterials; cellulose; lignocellulosic biomass

1. Introduction

The growing awareness of environmental challenges and the search for sustainable
solutions have led to a critical evaluation of the way natural resources and waste are
managed [1,2]. The continuous growth of the global population and the increasing demand
for food and energy have made the effective management of agricultural and food waste
a fundamental area of concern [3,4]. On an annual basis, a considerable quantity of
agroindustrial wastes, arising from the production of food and crops, amasses on a global
scale. This accumulation has adverse repercussions not only for the environment, but also
for the global economy [5]. These residues not only represent a loss of valuable resources,
but also cause increasing emissions of greenhouse gases, thus contributing to climate
change [6]. Furthermore, at various stages across the food supply chain, from production to
consumption, there is a disconcerting level of food loss and waste [7,8]. The food industry
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has embarked on a concerted endeavor to curtail food loss and waste, embracing strategies
that champion the reevaluation of food waste. In this process, the concept of the circular
economy has assumed a central role, advocating for the conversion of waste into valuable
resources [9,10].

These waste materials, primarily composed of lignocellulosic biomass, can be effi-
ciently converted into biopolymers [11,12]. Biomass, mainly comprising cellulose, hemicel-
lulose, and lignin, necessitates pretreatment to reduce its refractory nature and enhance
accessibility within its structure [13]. There are four types of pretreatment methods: phys-
ical (milling, extrusion, sonication, microwave, ultrasound, ozonolysis, and pyrolysis),
chemical (alkali, dilute acid, ionic liquid, organic solvent, and oxidative delignification),
physicochemical (CO2 explosion, steam explosion, hydrothermal, liquid hot water, and
ammonia fiber explosion), and biological [14–16]. The characteristics of the feedstock,
energy requirements, cost, and product recovery should be considered when choosing the
pretreatment method [17].

Extrusion and injection molding are widely used manufacturing technologies in the
plastics industry [18]. By leveraging this technology, biomass can be transformed into high-
quality polymeric materials with desirable properties. Extrusion involves the continuous
melting, mixing, and shaping of the biopolymers, while injection molding enables the
precise and efficient formation of complex shapes through the injection of molten materials
into molds [19].

The use of lignocellulosic agroindustrial biomass for polymeric materials offers nu-
merous advantages, such as reduced dependence on polymers based on non-renewable
fossil fuels, thereby promoting sustainability, and reducing the environmental impact [20].
In addition, this approach contributes to efficient waste management, reducing the burden
on landfills [21].

Reinforced polymers, also called composites, are the union of two materials, a matrix,
and a reinforcement, characterized by one being lightweight and the other strong [22].
The matrix can be polymeric, ceramic, or metallic, while the reinforcement can be fibers,
particles, or laminates [23]. A challenge in the formation of composites is the coupling of the
hydrophilic interfaces in the reinforcement and the hydrophobic interfaces in the polymeric
matrix [24]. Fiber reinforcement is mainly composed of lignocellulosic mass. Agroindustrial
wastes are increasingly used due to their low cost, biodegradability, improved properties,
and composite quality [24].

This review delves into the latest innovations and research trends in the use of ligno-
cellulosic biomass from agroindustrial wastes, with the purpose of developing polymeric
materials using extrusion and injection molding technologies. Additionally, it provides an
overview of agroindustrial biomass, its properties, pretreatment methods, and extrusion
and injection molding processes. The review also underscores the wide-ranging industrial
applications of these materials and outlines potential future developments.

2. Sources and Components of Lignocellulosic Agroindustrial Biomass

Lignocellulosic agroindustrial biomass, a highly renewable and cost-effective natural
resource, is derived from agricultural residues (husks, bagasse, seeds, roots, leaves, stems,
seed pods, and straw), food processing waste (peels, skin, shells, oil cakes, and egg waste),
and forestry by-products [9,25]. The primary components of biomass are cellulose, hemicel-
lulose, and lignin. The components can vary based on factors such as the type of biomass,
location, climate, and harvesting season [12].

2.1. Cellulose

Cellulose (C6H10O5)n is the most abundant renewable natural polymer in nature.
In general, lignocellulose-based biomaterials have a large proportion of total cellulose
content, highly interlaced by a significant amount of covalent bonds with high rigidity
to form extremely strong and resilient components [26]. Generally, cellulose from algae
is approximately 70 wt% and cellulose from plant-based materials ranges from 40 to

530



Polymers 2023, 15, 4046

60 wt% [27]. Nonetheless, some studies indicate that the cellulose content in some plants,
such as hop stems, can reach 70 wt%, which allows the substance to be widely used for
biopolymer production and applications [28]. Spontaneously, cellulose molecules form
large agglomerates that aggregate into microfibrils, which are constituents commonly
called crystalline and amorphous zones [29]. The structure of the multiple components
that comprise the complex are presented in Figure 1. The structure of cellulolytic chains
is made up of cellulose microfibrils, intimately intertwined in complexes based on lignin
and hemicellulose.

Figure 1. Matrix with cellulose macrofibrils and microfibrils intimately intertwined by the matrix of
lignin and hemicellulose.

One of the main assertions about cellulose, and its stocked reserve of highly renewable
and widely investigated organic constituents, is directed at the ease of obtaining the
biopolymer. Expressive amounts of cellulose are easily verified in a series of plant species,
marine algae, marine animals, bacteria, and vegetable residual biomass, which represent
up to 50 wt% of the total weight of the biowaste [30]. Additionally, cellulose promotes high
resistance in the plant cell wall, mainly due to the large number of glucose monomeric
units covalently linked through β-1,4 glycosidic bonds [31].

Furthermore, other characteristics of the cellulose complex give rise to the recalcitrant
characteristic of lignocellulose-based materials, such as the high crystalline performance of
the matrix, a significant degree of polymerization (up to 10,000 units), and the presence of
an intricate network of hydroxyl groups associated with intramolecular hydrogen bonds
in cellulose [32]. The glucose-rich aggregate of hydroxyl compounds forms intertwined
hydrogen bonds that provide resilience to the molecular structure and connect with neigh-
boring particles to form a network of microfibrils. The hundreds of bonds that involve
intermolecular and intramolecular hydrogen molecules and the intertwining of crystalline
and non-crystalline zones are intimately responsible for the two-phase structure of cellulose,
in which the regions of high crystallinity or cellulose nanocrystals (CNC) stand out [33].
Conversely, more susceptible molecular chains are called amorphous zones, which are eas-
ily degraded to obtain a highly soluble and reactive amorphous material. This performance
promotes a drastic decline in solubility in liquid contents and an increase in resistance to
molecular chain disfigurement by the action of water [34]. Additionally, cellulolytic chains
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include β-D-glucopyranose elements interconnected via β-(1,4)-glycosidic bonds. Cellulose
holds up to 1400 D-glucose units directly disposed to structure microfibrils units, which are
broadly grouped to configure cellulose fibrils, which are structured under a highly rigid
and vigorous matrix, rich in cellulose and hemicellulose [35].

The diversity of applications of cellulose complexes is closely associated with a range
of matrix dominances, such as low density, biodegradability, significant porosity, and im-
proved physical and mechanical mechanisms [36]. Cellulose is easily obtained from natural
sources, which corroborates its high accessibility, cost effectiveness, applicability, reduced
or minimal toxicity, and biocompatibility [37]. The total cellulose content and the arrange-
ment of the crystalline zones are dependent on the plant species and the lignocellulose
content, which is directly associated with the resistance potential of the biomaterial and the
difficulty of breaking the complex by the action of hydrolysis [38]. Furthermore, there is a
diversity in the secondary structures derived from cellulose, or crystal arrangements, such
as cellulose I, cellulose II, cellulose III, and cellulose IV [39]. Cellulose I is associated with
natural cellulose, easily found in nature. Cellulose II and cellulose III are by-products of the
original cellulose, generally obtained through the regeneration of cellulose I. Finally, cellu-
lose IV is obtained from cellulose III using procedures involving high temperatures and
glycerol. The different crystal arrangements vary in terms of the characteristic attributes,
such as hydrophilicity, mechanical potential, and stability performance [40].

Recently, cellulose-based exploration has been promoted due to a series of bene-
fits, such as cost effectiveness, efficiency, physical and mechanical properties, the low
degree of the environmental impact, exuberance, and capacity for nanoscale structure,
among others [41]. A variety of technological innovations have been widely explored
for the isolation of cellulose from lignocellulosic waste. The high interest has broken
sustainability boundaries under the concept of biorefineries, because there is a wide spec-
trum of applications for cellulose-rich biomaterials or secondary bioproducts. Among
the main industrial complexes that instigate research associated with cellulose are the
food industry [42], textile industry [43], energy production [44], building and engineering
industry [45], biomedicine [46], pharmaceuticals industry [47], adsorption [48], and wastew-
ater treatment [49], among others.

Nanocellulose

Nanocellulose is a biopolymer originating from cellulose and occurring at the nanoscale,
obtained mainly from marine and land plants, animals, and bacteria in four primary forms:
CNC, cellulose nanofibers or nanofibrillated cellulose (NFC), microfibrillated cellulose
(MFC), and microbial or bacterial nanocellulose (BNC) [50]. Nanocellulose is character-
ized as highly resistant fibers, with a diameter of less than 100 nm and a density of up to
1.6 g/cm3. A high abundance of hydroxyl functional groups can be easily adapted to
express high performance [51]. Nanocellulose provides a highly modifiable surface, sig-
nificant mechanical strength, high hydrophilicity, and biocompatibility [52]. During the
hydrolytic process, the amorphous zone of the cellulose fibers is cleaved to form an ex-
tremely strong and crystalline nanoscale structure with a rod-like arrangement [53]. Most
commonly seen, CNC features lengths of up to 100–300 nm and up to 5–50 nm in diame-
ter, with a rich hydrogen bonding matrix, allowing for high voltage transfer. An NFC is
commonly synthesized using chemical pretreatments and homogenization is carried out
in high-pressure conditions [54]. NFCs constitute nanoscale fibrils, with a width between
2 and 60 nm, and are established from the agglomeration of cellulose chains, generated
by hydrogen bonds, and comprise crystalline and amorphous zones, easily synthesized
from the discharge of fibrils from microfiber bundles under strategies of mechanical fibril-
lation [55]. Furthermore, BNC consists of the application of microorganisms as primary
sources of biopolymers, mainly due to the rapid microbial growth and high availability of
the product. The literature indicates two dominant procedures to produce BNC based on
microbial agents: static culture and agitated culture. Static culture refers to the accumula-
tion of BNC forming a thick and whitish layer or cuticle. Agitated culture spontaneously
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produces cellulose in the culture medium, forming irregular agglomerates or suspended
fibers [54].

CNCs are nanoparticles abundantly rich in fragments of the cellulose chain, rigorously
ordered in a crystalline structure of up to 100 nm. CNCs indicate high thermal stability,
in addition to a higher surface area and crystallinity compared to primitive cellulose [41].
NFCs are frequently produced by many mechanical procedures, such as milling/refining,
high-pressure homogenization, ultrasound-assisted treatment, microwave, steam explosion,
and microfluidization, and by a series of chemical processes, such as TEMPO oxidation,
persulfate oxidation ammonium, carboxymethylation, and cationization [40].

The direct alteration of the surface of the cellulose nanoparticles allows access to the
biopolymer for a variety of purposes (Figure 2). Modifications based on hydroxyl groups
allow the improvement of the biomaterial and intensify its potential use. Chemical reac-
tions involving oxidation and acetylation processes or the addition of functional materials,
polymers, and functional groups on the surface of the nanogranules allow the surface
properties of the nanocellulose to be improved and associate with different non-polar
matrices or change its affinity with certain polar and non-polar molecules [56]. The use
of nanocellulose has aroused extensive industrial interest and has shed light on a variety
of operations, such as the paper industry [57], packaging [58], cosmetics [59], the pharma-
ceuticals industry [60], medicine [61], biomedicine [62], paints and coating [63], hydrogel
synthesis [64], and filtrations [65]. Nanocellulose has two basic disadvantages, namely a
high number of hydroxyl compounds, which causes strong and resistant interactions by
hydrogen molecules between two bundles of nanofibrils, and high hydrophilicity, which
does not allow its application for a variety of industrial purposes, such as coating paper or
composites, for example, without inducing a prominent surface modification to degrade
the number of hydroxyl interactions and to stimulate compatibility with several other
matrices [66].

 

Figure 2. Main advantages and current applications of cellulose-based biomaterials and cellulose
primary configurations.

2.2. Lignin

Lignin is one of the most exuberant organic materials in nature and its content range
is 15–30% in plants. However, these concentrations are variable depending on the type
of biomass, plant characteristics, plant growth environment, and constitution of the cel-
lulose wall [67]. Moreover, lignin is the only renewable aromatic polymer in nature [68].
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Approximately 50 to 70 million tons of lignin are produced worldwide [69]. This panorama
is directly associated with the widespread use of lignin as a source for the production of
biofuels, since about 60 billion gallons of biofuels should be produced annually. Approxi-
mately 0.75 billion tons of biomass rich in lignin is required, indicating that the conversion
of plant biomass will result in at least 0.225 billion tons of lignin as a by-product [70]. In the
plant spectrum, lignin encompasses the free space between the cellulose and hemicellulose
bands, establishing a highly resistant and rigid structure, whose purpose is to act in the
performance of water and nutrient transport in the stems of plants [68]. The lignin matter is
closely associated with the mechanical properties of the plant cell wall and the mechanical
resistance provided by the biopolymer is significantly superior to the resistance provided
by the cellulose content [71].

The inflexibility of lignin is highly influenced by the aromatic chains in the com-
pounds in signapyl alcohol, p-coumaryl alcohol, and coniferyl alcohol. Furthermore, plant
species with high lignin production have large amounts of lignin-synthesizing enzymes,
such as phenylalanine ammonia lyase (PAL), caffeic acid O-methyltransferase (COMT),
4-coumarate coenzyme A ligase 3 (4CL3), cinnamyl alcohol dehydrogenase 2/7 (CAD2/7),
cinnamoyl-CoA reductase 20 (CCR20), and cinnamate 4-hydroxylase (C4H) [72]. Lignin is
also composed of three hydroxycinnamic alcohols, cetearyl alcohol, and mustard alcohol
via ether associations, C-C chains, among others [33]. There is a significant diversity in
distinct, highly polar chemical groups allocated in the structural complex of lignin, such as
methoxyl, hydroxyl, carbonyl, and carboxyl, granting lignin high resistance to the action of
enzymes, chemical solvents, or water hydrolysis [20].

Lignin acts as a carrier of fundamental materials, such as water and nutritional sub-
stances, and as a component of structural support for plant organs, arranging the matrix
that also composes cellulose and hemicellulose in the complex [73]. The lignin content in the
plant may vary with the species and the morphological organ, since there is a diversity in
the scientific investigations that have indicated different concentrations of lignin in different
organs of the same plant [74–76]. The high accessibility and ease of obtaining lignin from
natural sources is key to a wide range of industrial applications, from adsorbent materials
to biofuels and power generation [77]. The sustainable footprint of lignin provides the basis
for the synthesis of biomaterials that convert the uncontrolled use of chemical resources to
the production of electricity [78]. The spectrum of direct applications of lignin includes the
engineering industry [79], biomedicine and biotechnology [80], medicine [81], biopesticides
and biofertilizers [82], wastewater treatment [83], biofuels [84], adsorbents [85], carbon
fibers [86], adhesives [87], dispersants [88], anti-UV filters [89], and the pharmaceuticals
industry [90].

3. Modification and Characterization of Cellulose

Cellulose is widely obtained from lignocellulose-rich materials, bacteria, marine ani-
mals, and algae [91]. With the intensification of sustainable assertions in recent years, the
exploration of polymers of natural origin has gained attention, which directly reflects the
exploration of technological strategies and processes that involve the modification of these
materials to enhance performance. The structural modification of the cellulose surface aims
to reduce the high hydrophilicity of biomaterials, as well as to intensify the rupture of the
long chain of hydroxyl groups that sustain the material. To improve treatment performance,
it offers appropriate cost effectiveness and generates bioproducts in an environmentally
friendly context. Pretreatments involving cellulose materials can be of enzymatic origin
or TEMPO (2,2,6,6-tetramethylpiperidine-1-oxyl). These procedures aim to increase the
reactivity of cellulose, especially in the transfiguration of hydroxyl groups into carboxylate
groups [54]. The subtopics described below provide a better understanding of the processes
involved in configuration changes in cellulose-based biomaterials.
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3.1. Surface Modification

The surface arrangement of nanocellulose can be easily configured through the con-
tinuous action of surfactants rich in highly hydrophobic and hydrophilic groups, or the
adsorptive process based on polyelectrolytes [66]. There is a diversity of surfactants,
such as fluorosurfactants adherent to the cellulose structure, cationic surfactants, and
polyelectrolyte compounds, adapting the hydrophobic potential and improving specific
properties [54]. Alterations in the hydroxyl groups that form the surface structure of
nanocellulose are appropriate to enhance the spectrum of action of these biopolymers,
especially in association with other materials to configure the structural properties of
nanocellulose and improve the field of affinity with highly polar and/or non-polar ma-
trices [56]. The modification of the surface structure using the adsorption method is
segmented into two main classifications: the polyelectrolyte method and specific groups
aimed at the adsorption of some points. The polyelectrolyte method has high potential as
it involves different polyelectrolytes with opposite charges and specific nanoparticles to
adapt the desired properties to the nanoparticles, with ease of modification through the
adsorption of the nanoparticles and CNFs [92].

3.2. Grafting

Graft polymerization is a cellulose modification strategy whose purpose is to stimulate
highly resistant covalent bonds to generate a branched copolymer, without affecting the
primary characteristics of the biomaterial [37]. The grafting procedure drastically reduces
the interaction between solutes and unattractive aggregates with the cellulolytic surface,
providing groups suitable for designing electrostatic repulsion from the membrane surface
or enhancing hydrophilicity to enhance water-surface interactivity [93]. The grade of the
grafted polymer directly affects the properties of the natural fiber, mainly the mechanical
characteristics, elasticity, potential absorption, ion exchange competence, propensity for
rupture of the resistant structure with extreme conditions of temperature and abrasion, and
resistance [94].

Generally, the grafting procedure involves different mechanisms of action: (i) “graft-
ing into” a step directly related to reactions between the functional groups of different
polymers; (ii) “grafting from” refers to a polymer with functional groups that enhance
the polymerization of vinylic monomers, in which the highly reactive sites belonging to
the main chain are stimulated by chemical treatments or irradiation; and (iii) “grafting
through” which implies the (co)polymerization of macromonomers [95]. Modification of
the surface of cellulose by polymerization provides for the alteration of specific physical
and chemical properties that may suit the desired purpose [96].

The effect of the grafting of cellulose in polylactide was evaluated after the synthesis
of a series of cellulose ester–graft–polylactide (CeEs-g-PLA) copolymers. A series of
CeEs-g-PLA copolymers was synthesized using one-pot reactions involving acylation
and ring-opening polymerization. With the increasing degree of acyl group substitution,
the copolymers presented enhanced thermal stability and thermoplasticity due to the
intermolecular interactions between the acyl groups and polylactide sidechains. Therefore,
the feed content of the acyl agent has a significant influence on the structural characteristics
of the graft copolymer, because the acylation proceeds predominantly at the hydroxy
groups in the cellulose backbone and, then, the PLA chains are grafted onto the remaining
unreacted hydroxy groups [97].

Green biofilms with antimicrobial activity were developed from PLA and cyclic N-
halamine 1-chloro-2,2,5,5-tetramethyl-4-imidazolidinone (MC) grafted microcrystalline
cellulose (g-MCC) fibers. The grafting percentage was 10.24%. The grafting improved
the compatibility between g-MCC and PLA, leading to an excellent dispersion of g-MCC
in the film matrix, and a superior transparency of the g-MCC/PLA compared to that of
the MCC/PLA films. The enhanced compatibility of the g-MCC/PLA films produced
better mechanical properties, including the mechanical strength, elongation at break and
initial modulus than those of both the MCC/PLA and MC/PLA composites. The oxidative
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chlorine of g-MCC/PLA was highly stable compared to that of MC/PLA films, providing
long-term antimicrobial activity [98].

Incorporating the surface-grafted cellulose nanocrystals (CNCs) with enantiomeric
polylactide (PLLA or PDLA) was presented as an effective and sustainable way to modify
PLLA. The CNCs with identical content and length of PLLA and PDLA were prepared
and blended with PLLA. The rheological properties of PLLA/CNC-g-D are improved,
indicating that the stereocomplexation can improve the interfacial strength as compared
with the conventional van der Waals force in PLLA/CNC-g-L. The matrix crystallizes at a
higher rate in PLLA/CNC-g-L than PLLA/CNC-g-D. PLLA/CNC-g-L15 reached its half
crystallinity in 8.26 min, while a longer period of 13.41 min was required for PLLA/CNC-
g-D15. The formation of low content sc-PLA at the interface may restrict the diffusion of
PLLA, but contribute less to generate crystalline nuclei, which synergistically leads to the
retarded crystallization kinetics in PLLA/CNC-g-D [99].

3.3. Chemical Procedures

Chemical-based modification procedures involve changes in the basic properties of
cellulose, such as the hydrophilic or hydrophobic potential, elasticity, water absorption,
adsorptive or ion exchange performance, and resistance to adversity. The dominant basic
chemical modification strategies for cellulose are esterification, etherification, halogenations,
oxidation, and treatment with alkaline compounds [54]. Changes in the nanocellulose
complex significantly increase the degradability and biocompatibility of the biopolymer
with other biomaterials [53]. Furthermore, considering the low cost–benefit and process
efficiency, Table 1 indicates the main segments and pretreatments for modifying the pulp
structure, from specific chemical methods to mechanical base changes. The procedures
increase the cellulolytic reactivity and enhance the conversion of compounds into desired
functional groups to adapt to promising characteristics and properties.

3.4. Other Treatments

Furthermore, the diversity of viable alternatives has been applied to biowaste treat-
ment. These strategies concentrate techniques of mechanical and/or thermal and chemical
activities to alter the physicochemical properties of the feedstocks. Among the mechanical
and physical methods, the drying method and the milling strategy are valid alternatives
that have been widely explored. The drying method is extremely necessary for preparing
the raw material before applying other pretreatment strategies, especially for eliminat-
ing moisture from the material, which improves process efficiency and requires lower
temperature and calorific value [100]. Cellulose drying conditions directly influence its
dissolution and some studies have led to a parameterization of conditions to optimize the
cellulose dissolution process [95]. The drying process can be conducted by oven drying
and/or freeze drying, hot pressing, and supercritical drying with CO2. Furthermore, the
drying procedure or wetting/drying cycles, called hornification, provide higher dimen-
sional stability and less material degradation through increases in molecular packing. This
procedure can be controlled, for example, by the time and/or number of cycles and drying
requirements [101].

Among the mechanical methods, strategies aimed at reducing the particle size and
increasing the contact area between the solid matrix and the solvent are widely applied. The
milling strategy involves the effectiveness of the mechanical and thermal effects to redesign
the fiber matrix and provide a wide spectrum of applications for the biomaterials, based
on the adjustment of high pressure, collision, and absorption, in addition to a significant
increase in temperature [102]. Additionally, the milling procedure is an extremely efficient
strategy for modifying the crystalline structure of cellulose, as it enables the optimization
of cellulose hydrolysis, interrupting the crystallinity (cellulose I) of native cellulose through
increased contact with acid by cellulose [103].

According to physiochemical methods, they are the most common alternatives, mainly
due to the modifications in the properties of the material, as well as the increase in inter-
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molecular interactions. These methods involve steam explosion, wet oxidation, liquid hot
water (LHW), and microwave-assisted and ultrasound-assisted extractions, and have been
widely explored due to the high rupturing of the lignocellulose complex and minimiza-
tion of the crystallinity of the cellulose. Accordingly, the steam explosion process is an
environmentally viable strategy to modify cellulose fibers through the intensification of
fibrillation, providing the synthesis of nanofibers [104]. Furthermore, the steam explosion
procedure promotes the rupture of lignocellulosic biomass components by steam heating,
shear forces, and hydrolysis of glycosidic bonds by the organic acid formed during the
process. The steam explosion procedure facilitates the rupture of lignocellulosic structures,
promoting the modification of the physical properties of the material (specific surface area,
water retention capacity, color, etc.) and increasing the rate of enzymatic hydrolysis of the
cellulose components [105].

Wet oxidation is an interesting alternative applied to the functionalization of cellulose
because the process results in products with different structures and properties depend-
ing on the substrate, reagents, reaction parameters, and medium. The strategy provides
new, high-performance materials based on cellulose, with the possibility of a variety of
applications [106]. The oxidation process involves changing the performance of nanofibrils,
facilitating their dissolution in water. This scenario results in a high degree of cellulose pro-
cessing, without requiring the use of chemical products [107]. Furthermore, pretreatment
with liquid hot water (LHW) is an interesting strategy, since it does not involve the addition
of chemicals and has moderate process operating conditions. The procedure involves the
application of water associated with an increase in temperature, drastically reducing the
pH of the medium releasing carboxylic acids and intensifying the rupture of the struc-
tural matrix of the lignocellulosic biomass. Consequently, there is a significant increase in
the accessible surface area, intensifying the action of the enzymes and the fermentation
process [108].

Furthermore, microwave-assisted technology is a promising technique applied to
lignocellulose-rich structure modification processes and extraction procedures. The al-
ternative applies microwaves to significantly increase the temperature of the medium,
reducing the reaction time, improving the process efficiency, and establishing uniform
operating conditions, such as fast heating speed, uniform heating, and no temperature
gradient occurrence [109]. In the hydrolysis processes, the microwave-assisted treatment
significantly promotes the transformation of cellulose into C6 molecules with high se-
lectivity. High-temperature conditions act positively on hydrolysis performance, since
the microwave-assisted process allows superior operating conditions compared to con-
ventional hydrothermal systems. It was pointed out that high temperatures promoted
an intensification of the association at the molecular level between the microwaves and
cellulose (through the primary alcohol groups, –CH2OH groups), redirecting the energy to
the surrounding molecular structure to initiate the cleavage of polysaccharide chains [110].

Ultrasound-assisted technology has been indicated as an efficient strategy in the
extraction and rupture processes of the lignocellulosic complex. The energy intensity
of the process increases the mass transfer of the biomass components to the extraction
solution and, under established conditions, causes the acoustic cavitation process, in which
the waves produced by the equipment propagate in expansion and compression cycles.
Large amounts of microbubbles are formed and collide with strong motion. The friction
between the microbubbles releases a significant amount of energy in the configuration
of shock waves, which come into contact with the material rich in lignocellulose and
promote its disintegration, facilitating the extraction and modification processes [111]. The
hydrodynamic forces produced lead to the defibrillation of the biomass, which may be pure
cellulose, microcrystalline cellulose, or other components of interest. The direct rupture
of the biomass promotes the formation of filament aggregates with different sizes. The
performance of the process depends directly on the characteristics of the material, since
the ultrasonic bath acts on the crystalline structure of cellulose in different ways, based on
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the type of biomass, operating conditions, concentration of lignocellulose, and degree of
crystallinity [112].

On the other hand, the use of organic solvents is still one of the main alternatives
adopted as a pretreatment. The replacement of the primary hydroxyl groups in cellulose
by other molecules results in the intensification of the diversity of chemical reactions, in
addition to contributing to an increase in grafting efficiency and the performance of func-
tional groups for structural modifications. The main chemical reaction alternatives applied
for the structural modification of cellulose are esterification, oxidation/amidation, and
silanization. Esterification is generally carried out by an acylation process with carboxylic
acid anhydride and 4-dimethylaminopyridine or strong acid as a catalyst. The oxidation
process involves distinct C6 hydroxyl groups under moderate aqueous conditions; in addi-
tion to modifying the biopolymers and causing strong bonds at one end and adapting them
with specific functional groups at the other to adapt to the matrix [113]. The application of
silane is widely carried out, since the process intensifies the interfacial interaction between
the hydroxyl groups of cellulose. The silanol agent is produced and can react with the
hydroxyl groups of cellulose or condense on cellulose surfaces since they have the same
reactive groups (-OH). Furthermore, thermal treatments can allow condensation between
the OH groups of hydrolyzed silanes and cellulose, assuming chemical modification [114].
Nevertheless, these materials are highly harmful and their recovery after the extraction
procedure requires additional steps, which results in higher process complexity and in-
creased cost–benefit [115]. The continued use of solvents in pretreatment procedures is still
inevitable, mainly due to the high proportion of solid dissolution, mass and heat transfer,
viscosity reduction, and effectiveness in the separation and purification operation [116].

Table 1. Current advantages and limitations to the main cellulose-based modification processes.

Modification Methods Process Methods Advantages Drawbacks References

Surface adsorption

– Plasma
– Photochemistry
– Radiation
– Enzymes

– Hydrophilicity
– High efficiency
– Environmentally friendly
– Biocompatibility
– Properties adjustment
– Cellulose profile

preservation
– Biodegradability

– High moisture absorption
– Uncontrolled di-isocyanate

and cellulose reaction
[37,96,117]

Chemicals

– Carboxylic acid groups
– Specific functional groups
– Alkyne–acid associations
– Carbonylation
– Esterification
– Acylation
– Ionic liquids
– Etherification

– Functionality
– Viability for a variety of

functional groups
– Process agility
– Efficiency
– By-products generation
– Structural durability
– High adsorption potential

– Pollution rate
– High costs
– Recycling resistance
– Low dispersibility
– Purification necessity

[37,54,118]

Grafting
– Grafting to
– Grafting from
– Grafting through

– Versatility
– Biocompatibility
– Properties adaptability
– Weight adjustment
– Dispersity adjustment

– Homopolymer synthesis
– High graft density
– Degradation of

cellulose complex
– No generation of block

copolymer grafts

[95,96,119,120]

Molecule
chemical grafting

– Ionic transference
– Esterification
– Acetylation
– Gaseous methods

– Cellulose structure
improvement

– High cellulose derivates
production

– Process conditions
adjustment

– Accessibility of the
cellulose surface

– High complexity in ester
bond production

– No total cellulose
dissolution

– Toxicity
– Harsh reactant conditions

[37,54,66,120]
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4. Modification and Characterization of Lignin

Lignin is the second most abundant biopolymer in nature, with a highly resilient struc-
ture and strong antioxidant activity. The molecular design of lignin indicates a significant
concentration of functional groups, with easy alteration of properties based on chemical
modification procedures [121]. The concentration and design of the lignin matrix varies
depending on the type of biomass and lignocellulose content [122]. The golden age of
exploring highly sustainable energy sources based on the use of materials rich in lignocel-
lulose comes from strategies for a diversity of applications, such as the mass production of
biofuels and other biochemical products to satisfy energy demand. Some essential plant
materials from widely cultivated crops, such as sugar cane, corn, and sorghum, are promis-
ing for processes involving the synthesis of first-generation biofuels and chemical products
of interest [33]. Under biorefinery concepts, the type of biomass is also strongly influenced
by local characteristics, such as agricultural management, climate performance, and raw
material availability. Since the bioeconomy approach has emerged as a strategy faithfully
associated with the valorization of residues of plant origin, the requirement for natural
biopolymers has fueled interest in technological alternatives and methods associated with
the modification of lignin [123].

Considering that the structure of lignin is rich in a diversity of active groups, lignin can
react chemically from different aspects, such as halogenation, nitration, phenylation, graft
copolymerization, alkylation, dealkylation, sulfomethylation, acylation, ammonization,
esterification, and hydrogenolysis. Furthermore, lignin has satisfactory compatibility with
other biopolymers or natural fibers due to its hydrophilic nature, which establishes the
application of lignin polar groups as agents to increase compatibility with essentially
hydrophobic polymers. Furthermore, cross-linking with other polymers is desirable from
the application of their hydroxyl groups to give rise to new materials, such as aromatic
chemicals and bio-based polymeric materials [124].

One of the main methods of modifying lignin consists of the esterification of the
biopolymer in reactions involving carboxylic acids, anhydrides, and acid chlorides. In this
case, the modification of lignin by esterification reaction causes significant changes in its
properties, such as better UV absorption, altered thermal stability, higher compatibility
with the matrix, improved mechanical properties, better dimensional stability, improved
hydrophobicity, and higher resistance to microbial decomposition [125]. Other surface
modification strategies, such as conductive polymer coating, gold spray coating, and metal
oxide coating, have received attention, due to the tunable physicochemical properties that
have a wide range of uses, such as energy storage, sensors, and adsorption propensity [126].
Other methods involve physical modification techniques, which do not involve reactions
between the functional groups present in lignin, but explore physical strategies that pro-
mote new and distinct properties of the modified material. Among these techniques, the
application of gamma irradiation, sorption of metal ions, and plasma treatment are excellent
exemplifications. These alternatives cause strong variations in the morphology of lignin,
ease the rupture of the rigid matrix, and cause alterations in the surface characteristics of
the material.

5. Manufacturing Technology

5.1. Extrusion Technology

An extrusion machine can be a single or twin-screw machine. A twin-screw extruder
offers better efficiency results by reducing the melting and mixing time. Three important
aspects related to extrusion technology are polymer melting, solids transport, and melt
flow, which are controlled by computer models. These extrusion models are limited to pure
polymers, so when making a composite there are difficulties in the fluidity of the reinforcing
material [122]. However, a model called global GSEM has recently been developed for
the extrusion of reinforced polymers in single-screw extruders with flood and starvation
feeding, where starvation feeding has advantages to melting, less agglomeration, and better
compound mixing [127].
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Extrusion is a technology that is generally used as a preliminary step to injection
molding. In extrusion, the matrix and the reinforcement are mixed to form granules, which
are then laminated with injection technology [23,128].

There is research using extrusion as a pre-injection stage using vegetable-based mate-
rials. Mainly when producing pellets, this is the case in the study of thermoplastic starch
and polylactic acid with tannins to delay biodegradation [129], to evaluate compatibilizers
between polylactic acid and thermoplastic starch [130], with residues of soy, polyvinyl alco-
hol, and starch [131], or the use of bagasse cassava with polylactic acid for the production
of tubes for seedlings [132].

5.2. Injection Molding (IM)

The injection molding process has four relevant phases: plasticization, injection,
cooling, and ejection [133]. During the first phase, the material is inserted into the barrel
through a hopper and is melted using a rotating screw and internal heating units. Once
the material is melted, it continues to the next phase, where the material is injected into
the mold at a set speed and pressure parameters. For this, the screw is shifted to the
front to avoid pressure variation and backward movement of the material in the barrel
or deformation of the material. After this, the molded part goes to the cooling phase
where the pressure and temperature decrease. This phase ends when the material solidifies.
Finally, in the ejection, the part is removed by opening the mold [134–136]. IM technology
demands high-energy consumption during processing [137]. The cooling phase is the most
time-consuming stage in the cycle, taking between 50% to 80% of the cycle, so it is the
stage that consumes the most energy [138]. As a result, there are more and more studies on
improving energy efficiency at different stages of the process [139–142].

Parts of an Injection Molding Machine

The fundamental aspects to consider for IM are the machine specifications and the
material to be used. Optimizing these aspects can ensure the reduction of defects and the
quality of the final products [143]. An injection molding machine has a motor. It can be
an AC motor or a hydraulic motor, with the hydraulic motor being the most used due
to its excellent characteristics, such as less force required to start the movement and less
overload on the rotating screw [134]. Then, it has a hopper to receive and store the material
until it passes into the barrel to be melted, with the help of the heating units and the
rotary screw. As the pellets are moved forward by the screw, they gradually melt, and
are entirely molten by the time they reach the front of the barrel. In this part, there are
temperature control sensors for the resistors. To complete the injection unit parts, we have
the non-return check valve and the nozzle that contacts the mold and through which the
material is injected. In the clamping unit, there are the fixed platen and the mobile platen
that hold the mold [22,144].

Additionally, water is involved in the injection process. The plastic, which has the
consistency of warm honey, is too viscous to flow through the narrow vents. To speed up
the plastic’s solidification, coolant, typically water, flows through channels inside the mold
just beneath the surface of the interior. After the injected part solidifies, the mold opens. As
the mold opens, the volume increases without introducing air, which creates tremendous
suction that holds the mold together [145]. The extrusion and injection molding process
described is illustrated in the following Figure 3.
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Figure 3. Extrusion and injection molding to produce composite-based parts.

5.3. Materials

The materials used for IM can be thermoplastic or thermosetting. Some of the polymers
used are PA 6, PC, PE-HD, PE-LD, PP, and PS, although there is an extensive variety [146].
Currently, due to the growing interest in biodegradable compounds, petroleum-derived
polymers are being replaced by biopolymers obtained naturally or synthetically, such as
PLA, TPS, PGA, PHB, PLLA, etc. To select the most suitable polymer for IM, it is important
to consider some of the relevant inherent properties, such as strength, flexibility, toughness,
thermoresistance, and cost [147].

5.4. Polymer Composites: Issues, Challenges, and Progress
5.4.1. Cellulose and Hemicellulose Used in Injection Molding

Cellulose and hemicellulose in injection molding are generally used as reinforcing
materials in bonding to a matrix polymer. The mechanical, thermal, and morphological
properties of injection molded reinforced composites are the focus of research and discus-
sion, since these properties are parameters to evaluate the improvements that the addition
of lignocellulose to the polymer matrix can provide. The parameters of reinforced polymers
are mainly linked to the pretreatment of the fiber, the percentage of the filler to be used,
the dispersion of the fibers in the matrix, the technology used, the fiber length, and the
properties of the matrices [148].

The compatibility between the matrix and the reinforcement represents a challenge
due to the hydrophilic behavior of the filler and the hydrophobic behavior of the matrix,
resulting in fiber agglomeration [149]. For this reason, coupling agents that act both in
the matrix and the filler are currently used to improve the adhesion, heat resistance, and
mechanical properties of the composite. The most used coupling agents are epoxy and maleic
groups and glycidyl methacrylate because of their favorable compatibility [150–152]. One of
the agents most widely used as a compatibilizer is maleic anhydride grafted polypropylene
(MAPP), as it provides good adhesion when a polypropylene matrix is used [153,154].
The correct adhesion between the fiber and the matrix will integrate the fiber-dependent
strength and modulus and the matrix-dependent thermal stability.

For the formation of parts by extrusion and IM using biomass as reinforcement, it is
important to consider the processing temperature. Lignocellulose has two zones where
its main components are lost, between 200–250 ◦C where amorphous cellulose and hemi-
cellulose are degraded, and between 360–540 ◦C where lignin is degraded [150,155–157].
This parameter can affect the tensile strength and stiffness of the obtained product [158].
Organoleptic characteristics, such as odor and color, are also affected by high temperatures,
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even though cellulose has a high thermal resistance. Hemicellulose, on the other hand,
decomposes producing an inappropriate odor, however, this can be minimized with odor
attenuators [159]. The color of the molded part can undergo variations depending on
the reinforcement material used, such as turning a dark brown color due to the Maillard
reaction [160].

In injection molding and extrusion, the reinforcement material and the matrix material
influence the rheological, mechanical, and thermal characteristics. Overfilling can reduce
the contact between the reinforcement surfaces and the matrix due to the lack of available
contact surfaces in the matrix, which will affect the mechanical properties by preventing
energy absorption and enhancement of the matrix polymer [161]. Regarding the rheological
properties, the increase in filler material does not significantly affect the viscosity or melt
temperature [153], but it can generate an increase in pressure, which can cause clogging of
the nozzle during injection and generate defective parts [162]. In some cases, the coupling
agent has been shown to reduce viscosity by providing lubrication, which may reduce the
pressure required during injection [163]. In the study on a composite reinforced with coffee
husk flour, they evidenced fractures in the rough surface due to the increase in filler [160].
Increased filler and poor adhesion can affect the toughness of the composite and promote
brittleness, as evidenced in tests conducted between linseed meal and PLA. However, this
can be significantly reduced with the use of linseed derivatives, such as oil, which serve as
a plasticizer during extrusion [164].

Extrusion is commonly used as a previous step to IM, used to make the blend of the
reinforced composite. Hence, it is very important to try to optimize the parameters during
this process. A failure related to the extrusion of fiber-reinforced polymers is breakage
due to stress accumulation in the fibers. This is mainly due to the control of parameters
through the extruder flow [165]. The size of the fibers and the shearing can also affect the
mechanical properties since the adhesion between the compounds is reduced [151,166].
It reduces the surface interaction between the filler and the matrix, as well as overfilling,
promoting agglomeration and a reduction of Young’s modulus [167]. The tensile modulus
will increase as the fiber length increases [158]. One technique that has shown promising
results in the processing of polymer composites before injection is solid-state extrusion
(SSE), as it favors fiber distribution and dispersion [149].

5.4.2. Lignin-Based Polymeric Materials

Due to its hydrophobicity and rigidity, lignin is of direct use, however, it requires
hard work for its integration with a polymer matrix [168]; in addition to being incompat-
ible with various aliphatic polyesters, such as PLA and PLC, impairing its mechanical
properties [169]. In the evaluation of the addition of unmodified lignin extracted from
tobacco in HDPE, it was found that the injection molding parameters are not affected and
the dispersion using a single-screw extruder is adequate; however, the increase in lignin
decreases the resistance to traction [170]. A coupling agent in lignin-reinforced composites,
such as maleic anhydride grafting, can improve the tensile strength and ethylenebuty-
lacrylate glycidylmethacrylate terpolymer (EBGMA) impact resistance. The combination
of both can offer better results in terms of both characteristics [171]. More recent studies
have seen advances in composites by extrusion and injection with hybrid components
(pp/lignin/linen) using MAPP to ensure adhesion, obtaining improvements in stiffness
and strength [172].

Regarding advances in extrusion and injection technologies, biobased polyethylene
and kraft lignin processed using reactive extrusion with dicumyl peroxide (DCP) offer
suitable results in terms of the mechanical properties and dispersion in lignin, thus being
an effective and sustainable alternative [173]. Kraft lignin can also be used as a bio-
coupling agent when modified by phenolation or glyoxalation, giving similar results to
those obtained with maleic anhydride grafting concerning the mechanical properties [174].
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6. Applications

In recent years, the number of biodegradable materials from different agroindustrial
wastes and by-products has increased because of the need to replace the use of conven-
tional petroleum-based plastics. In this context, developing biodegradable plastic (natural
polymers or biopolymers) is necessary to avoid recycling and environmental pollution
issues. It also has several advantages, such as renewability and biodegradability, and can be
part of sustainable consumption that minimally affects the environment [175]. This agroin-
dustrial biomass may be directly incorporated into polymer matrices, reinforcing filler
composites [175], or used as the source of particular compounds to modify the polymer
materials [176].

Corn, wheat, rice, soybean straw, sugarcane bagasse, orange waste, coffee industry
by-products (coffee husk, spent coffee grounds) [177], avocado seed flour [175], banana
and pineapple wastes, cornhusk, malt bagasse, and a diversity of residues are used in poly-
mer matrices (polyolefins, low-density polyethylene, polyhydroxybutyrate, high-density
polyethylene, and polypropylene). They are used for the manufacturing of natural fiber
composites (NFCs), mainly to promote mechanical reinforcement and thermal or acoustic
insulation [178], since they have thermal conductivity similar to these materials. They have
already been implemented in the automotive, aerospace, and defense industries, where in-
novations are being made [179]. It uses trays prepared by thermopressing in a compression
molding machine to fabricate biodegradable trays for semi-rigid packaging [180].

In agricultural, agroindustrial wastes, such as corn and wheat-waste flour, sunflower
seed husks, rice husks, yerba mate waste, and cellulose paper, are used in the development
of biodegradable and compostable pots for seedling growth containers molded from the
obtained thermocompressed sheets using a mold with the specified dimensions [181]. In
civil construction, studies have been developed on the application of vegetable fibers as
reinforcement in cement-based composites and particleboards for building construction
and infrastructure, for applications as ceilings and as structural components [182].

Applications of polymeric materials from agroindustrial biomass include house-
hold goods, sports equipment, musical instruments, toys, office supplies, flexible cards,
and within the automotive industry in the form of pellets by injection molding and
extrusion [67,158]. Regarding the food industry, it has been used extensively for the formu-
lation of food packaging and containers, such as trays, plates, bags, cups, and lids. In the
food services sector, it has been used to produce spoons, forks, knives, and drinking straws,
as shown in Table 2.

Table 2. Applications of compounds.

Application Matrix
Reinforcing

Material
Processing

Method
Coupling Agent Improved Properties Ref.

Seedling tubes PLA Cassava bagasse Extrusion and IM - Increased
biodegradability [132]

Food-serving
utensils and

tableware
PLA Spent coffee

grounds Extrusion and IM Oligomers of
lactic acid (OLAs)

Tensile strength
ductility and thermal

stability
[183]

Masking panels,
fiberboards, and

plywood
PP Walnut shells Twin-screw

extrusion and IM MAPP Thermal stability [184]

Floors,
doors, and
furniture

BioPP Mango peel flour Reactive
extrusion and IM PP-g-IA and DCP Elongation at break and

thermal stability [185]

Bio packaging
materials, and

food films
PBSA/PHBV Faba bean stems

and pods
Twin-screw

extrusion and IM - Mechanical and barrier [166]

Pellets (for
packaging and

disposable
utensils)

PBS Raw wheat bran Extrusion - Increased
biodegradability [186]
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Table 2. Cont.

Application Matrix
Reinforcing

Material
Processing

Method
Coupling Agent Improved Properties Ref.

Rigid food
packaging PLA Mango seeds Extrusion and IM - Mechanical and barrier [187]

Thermoplastic
composite
products

HDPE Yerba mate Extrusion and IM MAPE Tensile strength and
modulus [188]

Protective bags
for banana fruits Mater-Bi Banana fiber

Twin-screw
extrusion and

film blowing/IM
-

Flexibility
and mechanical

properties
[189]

Bio composites PP Bagasse cane Twin-screw
extrusion and IM SEBS-g-MA Yung’s modulus, tensile

strength, and hardness [190]

Rigid food
packaging Bio PET Recycled cotton

fibers
Twin-screw

extrusion and IM - Elasticity, hardness, and
thermal stability [191]

Coffee capsules PHBV/ATBC/CaCO3 Coffee silverskin Melt extrusion
and IM -

Elastic modulus,
crystallinity, and
biodegradability

[192]

Industrial
materials PLA/MLO Sheep wool fibers Extrusion and IM TVS silane Matrix/reinforcement

interaction [193]

Packaging
products LLDPE Carbocal Extrusion and IM - Mechanical and

rheological [194]

Food packaging
and industrial
applications

HDPE Coffee husk Extrusion and IM
Acrilonitrilo
butadieno

estireno (ABS)

Tensile modulus, tensile
strength, and melting

temperature
[195]

Food stretch film,
food shrink film,
and bags of fruit

PE Sour cherry shell
powder

Single-screw
extrusion with

blowing die film

Maleic anhydride
polyethylene

Mechanical and
moisture absorption [196]

Flexible bioactive
packaging Starch/glycerol/water Acerola residue Extrusion and IM - Antioxidant

characteristics [197]

Rigid bioactive
packaging Starch/glycerol/water Grape skin Extrusion and IM - Antioxidant

characteristic [197]

Biodegradable
food packaging PLA Durian skin fiber Extrusion and IM - Biodegradability [198]

Agricultural film
products PLA Spent coffee

grounds

Twin-screw
extruder and

blow film
extrusion

- Flow rate increasing
and viscosity decreasing [199]

Fruit and
vegetable
packaging

PLA Wheat straw Twin-screw
extrusion and IM -

Flexural modulus and
mechanical and thermal

performance
[200]

The use of PLA in combination with cassava bagasse accelerates biodegradation
faster, its use as seedling tubes increases the phosphorus content of the soil [132], cassava
bagasse also increases the tensile strength, the modulus of elasticity, and lowers the water
absorption capacity [201]. Besides, their use as lignocellulosic nanofibers, in combination
with cassava starch, they obtain good intermolecular interaction and barrier properties,
which can be applied in food packaging [202]. Moreover, cassava could also be used as a
matrix. One study used cassava starch with glycerol and water, this mixture in combination
with acerola improves the elongation at break, but reduces the mechanical properties and
elasticity due to its high sugar content, while the mixture with added grape residues,
improves the mechanical properties and elasticity [197]. Furthermore, grape pomace
extract as an antimicrobial additive in bactericidal isotactic polypropylene shows low water
vapor permeability [203]. PLA composites in combination with wheat straw were also
developed, demonstrating rapid crystallization for a shorter molding time, and increased
flexural modulus, and water permeability for packaging [200]. In addition, the use of
ultrafine wheat fiber, blended with PHBV, improves the water vapor transfer rate, favoring
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its use in fresh produce packaging [204]. On the other hand, lignocellulosic nanofibers
developed from wheat straw, blended with PLA and Ecoflex®, resulted in high water
vapor permeability and antioxidant capacity for lettuce packaging [205]. Other research,
using raw wheat bran composites and PBS, showed a noticeable impact on the rate of
decomposition in an accelerated ageing environment [206]. PLA with mango by-products
(20% tegument) achieves good mechanical properties, such as an elastic modulus up to 38%
by IM, fiber provides higher stiffness, applicable for rigid packaging [187]. Mango seed and
its use as a flour, mixed with glycerol, increases the mechanical and barrier properties, and
has good antioxidant capacity [207,208]. In addition, the development of bioPP/mango peel
flour for wood product applications and compatibilized with an itaconic acid copolymer,
results in increased Shore D hardness, tensile strength, and an increased fracture toughness
of 29.69% [185]. PLA with coffee grounds (SCG) by IM and compatible with oligomers,
possesses high thermal stability, tensile strength, and elongation at a break of 39.6%, due to
its lipid content. These were applicable for utensils and tableware [183]. Another study
also incorporated the use of PLA and SCG through the blown extrusion process to produce
biocomposite films, showing that the elongation at break increases with increasing SCG,
while the tensile strength and hardness decrease [199]. This is because oil extraction from
SCG increases the flexibility in films [208], and its incorporation also increases the content
of antioxidants and microbial activity [209]. The use of coffee waste continues to increase,
such as the production of coffee capsules based on coffee silverskin (tegument covering
the endosperm) with PHBV copolymers by IM, resulting in a low breaking strength but
an increase in the elastic modulus and crystallinity [192]. Food packaging was also made
from coffee husks, HDPE, and ABS, as a result of the increased tensile modulus and tensile
strength [195].

Yerba mate waste at 20% by weight, blended with PP and HDPE, showed good
modulus and tensile strength, viable for wood composites [188]. Likewise, the use of yerba
mate residue with PLA increases the flexibility and preserves the antioxidant properties,
applicable in films [210]. Bean waste can also be applied in film making, its use at 30% by
weight, in combination with PBSA/PHBV, increases the modulus of elasticity and decreases
the tensile strength, applicable in the production of films [166]. Banana fiber and Mater-Bi®

were used in the creation of biodegradable bags, presenting greater strength and flexibility
due to the fibers. In addition, the ripening of bananas is delayed by 1 to 2 weeks [189]. On
the other hand, banana fibers with PVA increase the tensile strength and minimum water
absorption for film making [211]. Similarly, banana fiber (especially canary fiber) has a
higher tensile strength and modulus of elasticity compared to other fibers, such as sisal,
jute, flax, cotton, and coconut [212].

Walnut shells were combined with PP by means of IM for panel, board, and plywood
production, demonstrating that using PP and MAPP as a bonding precursor provides
stiffness and thermal stability [184]. In the production of wood-based panels, walnut
shells could be added up to 20% in order to fulfil their mechanical properties [213]. In
addition, it has been shown that nut shells are very fragile in combination with PLA,
so alkaline treatments are used [214] or plasticizers, for example, epoxidized oils are
used [215]. Another study used PLA with durian skin fiber and additionally epoxidized
palm oil, which resulted in improved processability and energy reduction, applied in
biodegradable packaging [198]. Moreover, sheep wool fibers were used as reinforcement
for PLA plasticized with maleinized linseed oil, resulting in poor tensile properties, but an
increase in the modulus of elasticity and the elongation at break [193]. The increased use
of wool fibers does not generate good adhesion in the polymer matrix, which decreases
the tensile forces [216]. As a solution, silane treatment generates good compatibility and
adhesion to wool fibers, increasing the mechanical properties [217]. Recycled cotton fiber
waste has been used with bio-PET by IM and showed poor mechanical properties, such as
tensile strength, due to different polarities; however, they have a high modulus of elasticity
and hardness, applicable for rigid packaging [191]. On the other hand, films with cotton
and elastane residues through dissolution and regeneration, obtain high transparency
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and good tensile strength, applicable for packaging materials [218]. Another study used
Carbocal® (sugar-beet residue) with LLDPE, resulting in stiffer composites; the thermal
resistance and modulus of elasticity increased by 150% with the use of 50% Carbocal® [194].
The use of sugar beet with PVA increases the mechanical properties and water resistance
for the formation of biodegradable films [219].

7. Concluding Remarks and Future Trends

Advances in polymeric materials derived from agroindustrial biomass using extrusion
and injection molding techniques present a promising avenue for sustainable material
development. Biomass offers renewable, eco-friendly feedstock for biomaterial production,
reducing the environmental impact and providing cost savings. The modification of cellu-
lose, achieved through surface modification, grafting, chemical procedures, and molecule
chemical grafting, improves the properties and versatility of these materials. However,
more studies are needed to optimize the modification and processing techniques, improve
material compatibility, and explore new applications. Extrusion technology melts, mixes,
and homogenizes the composites to form granules. Twin-screw extrusion is suggested
as it provides greater efficiency in the process, followed by the use of injection molding
technology to obtain the desired shape. The parameters in extrusion and injection molding
should be optimized, as they will depend on its shear and composition. The fiber size is of
vital importance because it can reduce the mechanical properties, such as Young’s modulus
of elasticity, which is why solid-state extrusion is recommended, as it favors a better distri-
bution of the fibers. In addition, to overcome the differences in polarity between the matrix
and the reinforcements, coupling agents are used to improve the adhesion, mechanical
properties, and thermal stability of the reinforcements. Continued advancements in this
field will contribute to the transition towards more eco-friendly and resource-efficient mate-
rial solutions. Extrusion and injection molding techniques offer remarkable advantages as
a result of their application in multiple industrial sectors, such as the automotive industry,
textiles, pharmaceuticals, the biomedical industry, various packaging applications, and
many others.

According to this review, it is evident that the trend is for biodegradable materials
applied to the area of agriculture and food. The most common biodegradable polymer
used is polylactic acid. Depending on the application and rigidity of the material, extrusion
or injection is preferable. For example, more flexible materials, such as bags, are better for
extrusion and more rigid materials, such as utensils or tableware, are preferable.
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Abstract: Currently, the challenge in dentistry is to revitalize dental pulp by utilizing tissue engi-
neering technology; thus, a biomaterial is needed to facilitate the process. One of the three essential
elements in tissue engineering technology is a scaffold. A scaffold acts as a three-dimensional (3D)
framework that provides structural and biological support and creates a good environment for cell
activation, communication between cells, and inducing cell organization. Therefore, the selection of a
scaffold represents a challenge in regenerative endodontics. A scaffold must be safe, biodegradable,
and biocompatible, with low immunogenicity, and must be able to support cell growth. Moreover,
it must be supported by adequate scaffold characteristics, which include the level of porosity, pore
size, and interconnectivity; these factors ultimately play an essential role in cell behavior and tissue
formation. The use of natural or synthetic polymer scaffolds with excellent mechanical properties,
such as small pore size and a high surface-to-volume ratio, as a matrix in dental tissue engineering has
recently received a lot of attention because it shows great potential with good biological characteristics
for cell regeneration. This review describes the latest developments regarding the usage of natural or
synthetic scaffold polymers that have the ideal biomaterial properties to facilitate tissue regeneration
when combined with stem cells and growth factors in revitalizing dental pulp tissue. The utilization
of polymer scaffolds in tissue engineering can help the pulp tissue regeneration process.

Keywords: biocompatible; biodegradable; polymers; scaffolds; tissue engineering

1. Introduction

Pulpal pathosis is one of the most common oral diseases due to persistent stimulation
from trauma, dental caries, or iatrogenic causes. Dental caries occur because of bacterial
infection on the tooth surface, which consists of enamel and dentin. Untreated dental caries
trigger an inflammation response in the dental pulp, and chronic inflammation in the pulp
tissue leads to permanent healthy tissue loss [1,2].

The current pulpal pathosis treatments are root canal treatment and pulp revascular-
ization [2]. Root canal treatment is the treatment of choice in dentistry, which is effective for
severe pulpal pathosis conditions. This treatment has a high success rate, but the tooth loses
pulp tissue as a result. Thus, despite the treatment’s benefits, the treated tooth becomes
nonvital, which increases the risk of fracture and a decrease in the pulp defense mechanism
and sensory function [2,3].
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Therefore, regenerative endodontic treatment to restore normal pulp functioning via
complex dentin–pulp regeneration has recently been developed. The treatment aims to
replace the pathological or nonvital pulp tissue with new healthy tissue [2,4].

Regenerative tissue engineering technology is improving rapidly. In pulp tissue
regeneration, three important aspects have been developed for their utilization in the
technique: stem cells, growth factors, and biomaterials/scaffolds [2,5]. Stem cells represent
one of the key elements in tissue engineering technology. Stem cells are unspecialized
cells that have the ability to regenerate, proliferate, and differentiate into specific cells [6,7].
After an injury, these cells play a role in healing via tissue regeneration [2,8].

A growth factor or morphogen is a protein or signaling molecule that bonds to specific
membrane cell receptors which control and coordinate all cellular functions, such as cell
signaling, cell proliferation, and matrix synthesis [6,9]. Growth factors play an important
role in increasing the regenerative effect and control function of stem cells. Examples of
growth factors that play a role in the signaling process of dentin and pulp regeneration
are bone morphogenic proteins (BMP) such as BMP-2, BMP-4, BMP-7, and transforming
growth factor β-1(TGF-β1) [4,10,11].

A scaffold or biomaterial is a framework or structure that provides a three-dimensional
(3D) growth space for cells and regulates cell function and metabolism. The scaffold creates
a microenvironment that promotes cells’ regenerative capacities and multipotentialities.
These conditions promote tissue regeneration. Recently, many natural or synthetic scaffold
materials have been used for pulp regeneration [2,12]. Bioactive scaffolds stimulate the
proliferation and differentiation of stem cells into odontoblast-like cells to regenerate pulp
tissue [13,14]. Therefore, the role of scaffolds in tissue regeneration is important, becoming
the mediator that facilitates the transfer of stem cells and/or growth factors at the location
of the local receptor [15].

Each component in tissue engineering has a different effect in supporting the pulp re-
generative process, but a combination of these three components gives the best results [2,4].
Dental tissue engineering is expected to provide tooth vitality, with pulp tissue similar to
that of a normal tooth. Therefore, it is important to guide cell interactions with extracellular
matrices, which is accomplished by using scaffolds and cell culture techniques [15].

This review will describe the latest developments regarding the usage of natural or
synthetic scaffold polymers that have the ideal biomaterial properties to facilitate tissue
regeneration when combined with stem cells and growth factors to revitalize dental pulp
tissue. The utilization of polymer scaffolds in tissue engineering can help the pulp tissue
regeneration process. This article is the first to discuss the various types of scaffolds with
their various advantages and disadvantages that can be utilized in regenerating dental
pulp tissue.

2. The Dental Pulp

Dental pulp is a loose connective tissue that occupies the root canal and is surrounded
by dentin. Dental pulp consists of blood vessels, nerves, and odontoblasts, which line the
predentine layer in the pulp tissue. Thus, pulp plays a role in providing nutrition, vitality,
and pathogen detection through its sensory function as an infection response. Pulp tissue
has sensitivity and immunoprotective attributes that maintain pulp homeostasis, facilitate
its regenerative ability, and form reactionary dentin [2,16–18].

Histologically, dental pulp consists of several zones: the dentinoblastic zone, the
cell-free zone, the cell-rich zone, and the pulp core. The primary cells of the pulp layer
are odontoblasts, fibroblasts, macrophages, undifferentiated ecto-mesenchymal cells, and
other immunocompetent cells [19,20]. The dentinoblastic zone functionally forms the pulp–
dentin complex. This zone is the first line of reparative dentine formation and provides
protective responses toward external stimulation, whereas the pulp core is rich in nerves
and blood vessels which provide the pulp with nutrition and sensory functioning [2,19].

Therefore, the loss of pulp tissue causes a loss of vitality and sensitivity in the tooth
and leads to uncontrolled infections in the surrounding tissues. This condition needs
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complex treatment, such as root canal treatment, which renders the tooth nonvital and
brittle, which influences the patient’s quality of life [17,18].

3. Dental Pulp Regeneration

Pulp regeneration is a healing process regarding the injured or lost parts of the dental
pulp and results in the re-establishment of its complete biological function [2,21]. Ideal
pulp regeneration should generate pulp structure and function as similar as possible to
healthy tissue. This regeneration involves the regeneration of the dentin–pulp complex,
blood vessels, and nerves, which reach a favorable level of reconstruction through the
angiogenesis and neurogenesis processes. Other than that, it also involves the rehabilitation
of pulp physiological functioning, represented by sensation, nutrition, and immunological
defense [2,6].

Illustrated by the formation of connective tissue, with cell density and an architecture
similar to that of healthy pulp, successful pulp regeneration consists of nerves and blood
vessels able to secrete new dentin as healthy pulp at a controlled rate. Vascular tissue plays
a role in providing nutrition, oxygen, cell immunity, and the recruitment and circulation of
cells, which maintains the tissue’s vitality and viability, while the nerves are fundamental to
cell regulation, which manages the regeneration process and provides defense mechanisms
and tissue repair [6,22].

Regenerated blood vessels should be connected to the periapical bone tissue, which
surrounds the tooth; therefore, it can receive regular blood flow and transport nutrition
for regenerating the tissue or dentin. Other than that, the regenerating tissue should be
innervated, with the tooth maintaining heat/cold and pain sensations [17,23]. Therefore,
vascular and nerve supply should be maintained through the apical foramen, which is one
of the aims of the pulp regenerative process.

In the regeneration process, stem cells proliferate and differentiate into endothelial
cells for angiogenesis/vasculogenesis and move into odontoblasts to carry out the dentin
reparative process. At the beginning of the process, angiogenic signals, such as fibroblast
growth factor (bFGF), vascular endothelial growth factor (VEGF), and transforming growth
factor β (TGF-β), are released by endothelial cells, injured pulp cells, and the extracellular
matrix (ECM), which causes stem cell migration and stimulates neo-angiogenesis [24,25].

4. Endodontic Regeneration

Infected dental pulp needs root canal treatment (RCT), which is a conservative but
effective treatment. Traditionally, in this treatment, the pulp tissue is removed and replaced
by synthetic obturation materials, such as paste or gutta-percha [13,17]. RCT aims to
remove the space for potential microbiome reinfection and create a healing environment by
mechanical or chemical disinfection, which is continued by inert material closure [2,26].
The treatment has a high success rate in dentistry, with 97% of one million teeth able to
retain functionality for around 8 years [13,17].

Teeth that receive RCT experience severe defects regarding hard tissue, devitalized
pulp from denervation, and avascularity. This leads to an increased risk of fracture, the
disruption of the pulpal defense mechanisms, and a loss of physiological functions, such
as nutrition and sensation [2,17,27]. In order to prevent these side effects, an effective
treatment strategy is needed for the revitalization of the pulp. The emergence of tissue
engineering technology and regenerative treatments provides the possibility of developing
regenerative endodontic treatments [17].

RCT causes the tooth to be nonvital and susceptible to structural changes [28]; the
challenge in modern dentistry is to maintain pulp vitality. Thus, an interdisciplinary
approach to regenerative treatments has developed, which utilizes living cells to heal,
replace, and restore damaged human tissues and organs to reach their normal level of
functioning. One of these treatments is stem cell engineering, which has the potential to be
the future of regenerative treatment [29,30].
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Dental tissue regeneration can be obtained by the regeneration of each part of a tooth’s
structure, which consists of enamel, dentin, pulp, alveolar bone, cementum, and periodontal
ligament or by regenerating the whole tooth structurally and functionally [15,31]. Regener-
ative endodontics is one of the endodontic treatments that focus on replacing the damaged
pulp tissue through tissue regeneration to restore tooth vitality, leading to an increase in
patient quality of life. Regenerative tissue should have healthy pulp properties, such as the
ability of the dentin-deposition process, reinnervation, and vascularization [17,26].

5. Tissue Engineering

Tissue engineering technology is an interdisciplinary science that implements the
biological principles of regenerative treatment techniques, with a focus on repairing and
restoring the biological function of cells, tissues, and organs that have been injured by
internal or external factors [6,32]. Tissue engineering technology aims to contribute to the
restoration of damaged tissue function and structure by utilizing stem cell interactions,
scaffolds/biomaterials, and growth factors. The proper combination of these three elements
enables the manipulation of the biomimetic microenvironment containing the vascular
system, which normally maintains nutrition supply, waste disposal, inflammatory response,
and pulp regeneration [2,6,33]. In tissue engineering, angiogenesis has an important role in
nutrition supply and the potential recruitment of stem cells [4,34].

In tissue engineering technology, pulp regeneration might be achieved via the utiliza-
tion of three key elements: (i) stem cells, (ii) scaffolds, and (iii) signaling molecules such
as growth factors. Firstly, the pulp regeneration process might be achieved through stem
cell isolation and in vitro manipulation. After this, the cells are cultured in the scaffold and
combined with the growth factor, which is then all transplanted into the root canal [35–37].

Every individual element has a different impact on pulp regeneration, but with all
elements supporting each other, this might provide a favorable result. The proper com-
bination of these three elements provides a micro-biomimetic environment, influencing
the overall accomplishment of pulp regeneration. This result might be achieved by the
formation of a fully functional vascular system, thus providing adequate nutrition supply,
waste disposal, and inflammation response, leading to satisfactory pulp regeneration [2].

5.1. Dental Stem Cells

Mesenchymal stem cells (MSCs) are a type of stem cell that is suitable for regenerative
treatment because of its high proliferation and multipotential ability [29,38]. According to
the minimal criteria of the International Society for Cellular Therapy, MSCs are marked with
positive (CD29, CD44, CD73, CD90, CD105, and Stro-1) and with negative hematopoietic
markers (CD14, CD34, and CD45) [13,39].

MSCs can be isolated from different locations in the oral and maxillofacial regions,
such as from dental pulp stem cells (DPSCs) and the stem cells exfoliated from human
deciduous teeth (SHED) and can be isolated from healthy pulp tissue. These cells could
be differentiated in vitro into adipocytes, odontoblasts, osteoblasts, and chondroblasts,
which form dentin or pulp tissue after in vivo transplantation [13,29]. Other cells, such as
dental follicle progenitor stem cells (DFPCs), periodontal ligament stem cells (PDLSCs),
and stem cells from apical papilla (SCAPs), can be differentiated in vitro into adipocytes,
odontoblasts, cementoblast-like cells, and connective tissue [5,13,29,40].

Each type of stem cell has different properties: SHED and SCAP have higher prolifera-
tion activity compared to DPSC, although all stem cells possess the potential to regenerate
dentin and pulp [5,13].

5.2. Growth Factors

Signaling molecules, such as stem cell factor (SCF), stromal-cell-derived factor (SDF-
1α), platelet-derived growth factor (PDGF), basic fibroblast growth factor (bFGF), and
granulocyte colony-stimulating factor (G-CSF), can be used for pulp tissue regeneration [17].
Several growth factors, such as SDF-1α, bFGF, and PDGF, are chemotaxis molecules and
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correlate to blood vessels, nerves, and dentin in the pulp regeneration process. PDGF and
VEGF contribute to vasculogenesis/angiogenesis, while NGF contributes to the growth
and survival of the nerves; BMP-7 contributes to the differentiation and mineralization
of odontoblasts [36,37]. Growth factors play a role in the restoration of stimulation of a
structure and the physiology of tissue function in damaged tissue [2].

5.3. Scaffolds

A scaffold is a three-dimensional frame microenvironment that facilitates attachment,
cellular infiltration, differentiation, proliferation, and stem cell metabolism with the aid of
growth factors. The frame has to provide support for nutrition and oxygen diffusion in the
regeneration process and should have biodegradable properties because it will be replaced
by the new tissue [4,6,41].

Different types of developed scaffold materials or models have certain levels of flex-
ibility and degradability [6]. Currently, natural or synthetic scaffolds have started to be
commonly used in pulp tissue regeneration [2]. The scaffolds that have been used are
tissue extracts, such as blood clots, platelet-rich fibrin (PRF), platelet-rich plasma (PRP),
tricalcium phosphate ceramic, hydroxyapatite calcium, and mineral trioxide aggregate and
synthetic polymers such as polylactic-co-glycolic acid, polylactic acid, and biopolymers
such as collagen, hydrogel, hyaluronan, and chitosan [4].

Blood clots represent one type of scaffold that has natural properties from which
natural substances such as collagen, chitosan, fibrin, hyaluronic acid, gelatin, alginate, and
peptide-based scaffolds can be derived. These scaffolds have been studied as scaffolds
for pulp regeneration because of their biocompatibility, biomimetic properties, availability,
cost-effectiveness, and ease of conversion (into hydrogel) [13,42].

Other than natural scaffolds, there have been several synthetic polymers developed,
such as polyglycolic acid (PGA), poly(d,l-lactide-coglycolide) (PLGA), polylactic acid
(PLA), poly(l-lactic) acid (PLLA), and polycaprolactone (PCL), and inorganic calcium
phosphates, such as hydroxyapatite (HA) or beta-tricalcium phosphate (β TCP), as well
as a combination of silica glass and phosphate. Synthetic scaffolds have been studied
considerably as scaffolds that have the potential for tooth regeneration because of their
nontoxicity, biodegradability, and ease with which to manipulate properties, including
mechanical rigidity and degradation rate [2,15,42].

In contrast to natural scaffolds, synthetic scaffolds can be prepared in unlimited
numbers because they are produced in a controlled environment according to a desirable
shape. This condition allows for the obtainment of the scaffold in accordance with cell
differentiation properties, certain pore characteristics, and certain mechanical, chemical,
and degradation rate properties according to the desired application [15,43,44].

This polymer is a biomaterial that is commonly used to form scaffolds with character-
istics that are related to differentiation in their composition, structure, and macromolecule
arrangement [15]. In recent studies, scaffolds have shown the potential to be bioactive
carriers and have recapitulated the interaction between stem cells, progenitor cells, micro-
physiological environments, and extracellular matrices [13]. In regenerative endodontic
treatment, polymer scaffold usage could provide physiological environments to increase
the biological performance in the pulp regeneration process. This process consists of revas-
cularization and revitalization processes. This scaffold influences cell migration, viability,
discharge, proliferation, recruitment, and degradability [45].

Although scaffolds have huge potential, there are challenges that need to be overcome,
such as integrating the scaffold with complicated morphologies without damaging the
surrounding tissues. For tooth regeneration, scaffolds require several general characteristics,
such as being easy to manipulate, having bioactive and biodegradable properties, having
adequate porosity and physical and mechanical strength, having low immunogenicity, and
being able to support vascularization [15,43].

Other criteria, such as having an adequate shape, size, and pore volume, are important
for the penetration and diffusion of growth factors, nutrition, and waste discharge between
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the cells [13,15]. Therefore, a scaffold’s criteria and design create favorable microenviron-
ments that are important as a foundation to then perform tissue engineering technology
processes. This microenvironment supports the organization of cell functioning regarding
self-renewal and differentiation, supporting cell and growth factor transportation, creating
an environment for cell activities, and promoting communication between cells, which
leads to tissue regeneration [2,13,46]. These scaffold characteristics represent important
keys to the process of tissue regeneration because they play vital roles in defining cell
behavior and tissue formation [13].

To confirm the success of the cell growth and differentiation processes in tissue engi-
neering, scaffold materials must be able to interact with host tissues and provide an ideal
environment for tissue growth [29,46]. The ideal scaffold for pulp regeneration should
fulfill three criteria: biocompatibility, adequate rigidness to withstand mastication force,
and tight sealing with dentin to prevent micro-organism infiltration [29,44]. Other than
that, the degradation process of a scaffold is usually one of the factors that plays a role in
treatment failure [47]. The rate of scaffold degradation should be complementary to the rate
of new tissue formation and should not produce harmful waste side products [15,48,49].
Utilization of the use of scaffolds in tissue engineering technology must fulfill several
characteristics which can be seen in Figure 1.

Figure 1. Scaffold for Tissue Engineering.

5.3.1. Scaffolds Made of Natural Polymers

One of the tissue engineering triad elements in regenerative endodontics is scaffolds,
which work as biological and structural support for cell growth and differentiation. Proper
scaffold selection is a challenge in the dentin–pulp regeneration process [50]. Cells’ mi-
gration, proliferation, and differentiation correlate with the choice of a scaffold’s physical
properties, such as appropriate viscoelasticity to mimic the real pulp tissue [51]. The applica-
tion of scaffolds for dental pulp regeneration should be able to mimic the microenvironment
in the root canal and provide mechanical support [52,53].

The application of 3D bioprinting technology to scaffold-making can precisely mimic
external and internal morphologies. The 3D scaffold has moderate porosity, which allows
nutrition and oxygen infiltration, leading to the occurrence of metabolic activities [53]. The
application of scaffolds via the injection process is recommended because it can adapt well
to the shape of the pulp chamber and root canal so that cell and matrix interaction can
occur efficiently [50].

To date, scaffolds are classified as natural and synthetic scaffolds based on the material
source and biomaterial properties used [54]. Scaffolds for tissue regeneration using natural
or synthetic materials are continually being developed [55]. Natural scaffolds come from
the host or natural materials. Examples of host scaffolds are blood clots, autologous platelet
concentrates, and decellularized extracellular matrices [54]. Examples of natural material
scaffolds are collagen, alginate, chitosan, hyaluronic acid, and fibrin [50,51,53,54]. Natural
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material scaffolds have the advantage of cell recognition and adhesion from molecular
signaling, although the application of this type of scaffold has the limitation of product
variation, risk of pathogen transmission, poor mechanical properties, and immunological
responses to foreign objects [52]. The shape of the scaffold can be a porous sponge, a solid
block, a sheet, or a hydrogel [56].

Collagen is a scaffold material that has the closest viscoelasticity to real pulp tissue [51].
The combination of natural materials, such as collagen and the host’s blood clot, show
predictable patterns for tissue formation and mineralization in human dental structures
when compared to collagen or blood clots individually. The application of one type of
scaffold, such as a blood clot, does not provide stable results for the tissue regeneration
process [57]. Instability and unpredictable clinical results from the blood clot are the
consequences of unregulated stem cells in the pulp chambers, including the difficulties of
bleed formation and hemostasis [52].

When compared to blood clots, platelet-rich plasma (PRP) and platelet-rich fibrin (PRF)
provided lower increases in dental root length and less effectivity in root development [58].
PRP from the host’s blood contains high platelet, growth factor, and cytokine concentrations,
which increase the ability of wound healing and stem cell recruitment from the pulp and
increase SCAP proliferation. While PRF contains plentiful growth factors, which can
stimulate cell differentiation as well as cell adhesion and migration [59]. The advantages of
materials with rich platelet concentrations, such as PRF or PRP, are the increases in the level
of angiogenesis and revascularization, which is fundamental to accomplishing endodontic
regeneration therapy [56]. Hydrogel-based collagen could mimic the interaction between
cells and extracellular matrices in vivo and organize cell growth, which is used for tissue
engineering [60].

Polymer materials, such as gelatin and fibrin, are commonly used as natural scaffolds.
Gelatin is a biopolymer protein that comes from collagen hydrolysis, which facilitates the
proliferation and differentiation of odontoblasts in dental pulp stem cells (DPSCs) [50].
Gelatin is a partial hydrolysate from animals. When compared to gelatin, hydrogel gelatin
has better biocompatibility because of its low immunogenicity properties [50,53]. A gelatin-
based matrix showed better endodontic therapy results when compared to fibrin-based
matrix groups after 12 weeks follow-up in mini-pig immature dental models [50].

Other studies into fibrin-based scaffolds in hydrogel showed that this material was
compatible with dental pulp regeneration by supporting pulp-like tissue formation [61].
Fibrin is a natural protein polymer that forms part of blood clot formation. Hydrogel-
based fibrin can stimulate pulp-like tissue formation with an odontoblast layer in the
root canal system [50]. The advantages of these materials are good cytocompatibility,
physical kinetic degradation, and nontoxic degradation products, and they are also easy
to inject into the pulp canal. Other natural materials, such as alginate, chitosan, collagen,
and hyaluronic acid, or synthetic materials, such as polyethylene glycol, poly (D,L) lactic
acid, and fibrin-based bio-ink for 3D printing, were added to increase the structural and
functional properties of fibrin scaffolds [61].

Alginate is a natural polymer from algae, which has good biocompatibility prop-
erties, is cost-effective, has low cytotoxicity, and has an optimal structure for nutrition
exchange [45,52,53]. Alginate hydrogels were formed by crosslinking polysaccharide and
divalent cations to form an ion bridge in water-insoluble tissue [52]. Alginate hydrogels
are able to arrange themselves in accordance with mechanical properties, such as rigidity
and stress relaxation, to regulate stem cell activity [45]. Alginate has proper mechanical
properties but can be applied in the form of hydrogel injection or bone porosity, which
enables the natural structure to be loaded with growth factor [56] The macroporosity of
alginate scaffolds enables the exchange between nutrition and metabolism waste. However,
scaffolds that consist of only alginate have a limited role in endodontic regenerative therapy;
therefore, its combination with other materials, such as bioactive polymers, is needed [52].

Hyaluronic acid (HA) is a biopolymer that can be modified and processed for biomed-
ical applications, and it can be combined with other materials to increase its favorable
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properties [60]. HA in dental pulp was found to decrease dental development in the odon-
togenesis process [52]. When applied to exposed pulp, HA can stimulate the production
of reparative dentin. HA can be applied in 3D-sponge form to create a proper environ-
ment for blood vessel proliferation and stem cell differentiation [56]. HA is formed by
d-glucuronic acid and N-acetyl-D-glucosamine and is commonly available in the form
of liquid injection [45]. HA degradation products include pro-angiogenic growth factors,
which represent the revascularization elements of dental regeneration tissue, although
HA has the disadvantages of poor mechanical properties and can cause hypersensitivity
reactions [52].

Chitosan is a widely used natural scaffold [62]. Chitosan is a cation polymer from
chitin [55] Chitosan has good biocompatibility, biodegradation, and other favorable bi-
ological properties, such as being antimicrobial, fungistatic, and noncarcinogenic, with
hemostatic and protein fusion abilities, as well as being able to stimulate cell adhesion,
proliferation, and differentiation [55,62]. However, the application of chitosan is difficult
because of the complex gelation and degradation process due to unusual polycationics
and a highly crystalline structure, which limits the application of this type of scaffold to
the form of a natural injection [52]. The hydrogel form of chitosan can be injected into
the dental pulp chamber [62]. Chitosan can be applied as an individual scaffold or in
combination with polymers or other biomaterials to produce a large number of matrices
for tissue engineering purposes. The addition of chitosan scaffolds into the blood for
endodontic regeneration procedures can stimulate the formation of new soft tissue (as
proven by histological regeneration) without the formation of mineralized tissue around
the pulp canal wall [55]. Additional photo-biomodulation therapy could increase in vitro
stem cell survival, proliferation, and migration from the root papilla [62].

When comparing several natural scaffolds, other studies have shown that human
teeth can be applied as scaffolds for periodontal ligament and pulp regeneration [26].
Scaffolds from natural materials have higher biocompatibility and bioactivity properties
when compared to synthetic scaffolds, whereas synthetic scaffolds have higher controlled
degradation levels and mechanical properties [63]. The application of scaffolds that are not
limited to the use of only one material, i.e., those that can be combined, can provide better
endodontic regeneration therapy.

5.3.2. Scaffolds Made of Synthetic Polymers

The implantation of 3D scaffolds in the appropriate living cells that secrete their own
extracellular matrix (ECM) can provide an acceptable environment. The adequate porosity
and permeability of a polymeric scaffold are essential for guiding and supporting the
cultured cells’ ability to produce tissue. Synthesizing synthetic biodegradable polymers is
challenging in tissue engineering applications [64,65].

The progenitor/stem cells should then be able to attach, travel through, proliferate,
and organize themselves spatially in 3D space and differentiate into odontogenic, vasculo-
genic, and neurogenic lineages with the support of an adequate scaffold for dentin–pulp
regeneration. Furthermore, the biocompatibility of the material is critical to avoid any
negative reactions from the host tissue. Biodegradability that can be adjusted to match
the rate of regeneration is critical for facilitating constructive remodeling. As a result of
scaffold deterioration, a series of tissue responses occur, comprising the targeted tissue
replacement of the scaffold, vascularization, differentiation, spatial structure, and cellular
infiltration [66–68].

Metals, ceramics, and polymers are examples of materials that can be used to make
scaffolds. Both dental and bone implants are frequently made of metallic alloys. When it
comes to bone tissue engineering, ceramics with strong osteoconductivity have been used,
although metals and ceramics have substantial disadvantages because metals do not biode-
grade and do not serve as a matrix that mimics biological processes for the proliferation of
cells and tissue creation. Additionally, due to brittleness, ceramics are difficult to convert
into highly porous structures and have a limited capacity for biodegradation. In contrast,
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polymers can be molecularly designed to have increased biodegradability and excellent
processing flexibility. Therefore, for tissue engineering, polymers are the most common
type of scaffolding material [31,68–70].

Biological recognition represents one potential benefit of naturally generated polymers,
which may help to stabilize cell adherence and ensure proper function. The synthetic poly-
mers used as scaffolding materials have been spurred on by the challenges associated with
natural polymeric materials, such as their complex purification, structural composition,
pathogen transmission, and immunogenicity. When compared to naturally occurring extra-
cellular matrix (ECM) proteins, synthetic polymers offer better processing flexibility and
no immunological issues. Functionalized scaffolds that combine the benefits of synthetic
and natural polymeric materials can be made by adding bioactive molecules to synthetic
polymers [69–71].

The advantages of synthetic polymers include nontoxicity, biodegradability, and the
ability to precisely manipulate their physicochemical characteristics, such as degrada-
tion rate, structural rigidity, microstructure, and porosity [72–74]. Natural polymers are
mostly broken down by enzymes, but synthetic polymers are typically broken down by
simple hydrolysis. However, because of the relative acidity of the hydrolytically destroyed
byproducts, synthetic polymers might cause localized pH reductions and a chronic or acute
inflammatory host response [74–76].

Tissue engineering frequently uses poly (-hydroxy acids), such as poly (lactic acid),
poly (l-lactic acid), poly (glycolic acid), polyethylene glycol, and their copolymers poly [(lac-
tic acid)-co-(glycolic acid)] (PLGA) and poly-epsilon caprolactone (PCL), which appears to
be the most synthetic polymeric material. These polymers have an established track record
and have been approved by the FDA for specific human applications (e.g., sutures). Two of
the synthetic polymer scaffolds that have been suggested for dental tissue engineering are
PGA and PLA, which are biodegradable polyesters that can be produced from a range of
renewable sources. When compared to PGA, PLA, which is an aliphatic polyester, is more
hydrophobic [66,69,74,76–78].

The synthetic scaffold known as PGA, which has been used for cell transplantation,
breaks down when the cells secrete an ECM. Several cell types, including cellular origins of
dental pulp, pulpal fibroblasts, and ex vivo human pulp tissue cells, have been shown to
be able to adhere and develop on PGA scaffolds. The copolymers of PGA and PLA that are
sown with dental pulp progenitor cells have been shown in rabbit and mouse xenograft
models to produce pulp-like tissue [66,69,74,75].

Since structural strength is vital in many applications, PLLA, an extremely strong
polymer, has been used in several of them. Nanofibrous scaffolds have been created from
it that resemble the structure of genuine collagen (a crucial element of ECM). It has been
shown that nanofiber PLLA scaffolds promote cell attachment and differentiation. Previous
studies demonstrated how PLLA scaffolds could stimulate the development of endothelial
cells from dental pulp cells and odontoblasts [66,69,75]. This was demonstrated by utilizing
PLGA as a scaffold from which dentin-like tissue could emerge and in which pulp-like
tissue could be repaired over the course of 3 to 4 months. A 50:50 blend of PLGA degrades
after around 8 weeks. PCL, a slowly disintegrating polymer, has been utilized in bone
tissue engineering projects either by itself or in conjunction with hydroxyapatite [75].

A different type of polymer, polyethylene glycol, is utilized in tissue engineering tech-
niques, such as pulp regeneration. Dental pulp progenitor cells have been transformed to
create 3D-tissue constructs while being linked to electrospun polyethylene glycol scaffolds.
These artificial polymer scaffolds have also been utilized to convey a range of substances,
including anti-inflammatory drugs, growth hormones, and sticky proteins. Such scaffolds
could not only support cell growth and proliferation but could also reduce pulpitis and
aid in pulpal healing. Synthetic polymer scaffolds have better handling characteristics
and a more straightforward manufacturing process, which improves their potential for
endodontic regeneration. They do, nevertheless, differ significantly from the natural dental
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pulp extracellular environment. As a result, ECM-based natural scaffolds that are closer to
the microenvironment have been developed [66,74,79,80].

Planting human exfoliated deciduous teeth stem cells (SHED) on dentin disks with
PLA resulted in the structure of odontoblast-like cells, new dentin, and vascularized pulp-
like tissue. A study by Huang et al. illustrated that when implanted in vivo into an empty
root canal area, the stem cell constructions made from the apical papilla (SCAPs) and
L-lactide, poly-D, and glycoside were able to create soft tissue that resembles pulp, with
the continual addition of new dentin to the surface. However, synthetic polymers have the
potential to cause an immediate or long-lasting inflammatory response. Additionally, the
locally decreased pH brought on by the hydrolytically degraded metabolites may impair
its clinical use [66,75].

Several methods have been used to construct 3D scaffolds from poly (hydroxy acids).
The inability of the poly (a-hydroxy acids) chains to allow functional groups, however,
restricts the incorporation of biologically active moieties onto the scaffolding surface. In
order to increase the functioning of these polymers and broaden their usage, significant
efforts have been made in this direction; creating copolymers out of a-hydroxy acids
with additional monomers that have functional pendant groups, including amino and
carboxyl groups, is one technique. In one study, ring-opening polymerization was used to
copolymerize (RS)-b-benzyl malate and L-lactide; then, the benzyl groups were removed to
create (RS)-b-malic acid) poly (L-lactide) with connected carbonyl compounds [69,81,82].

In order to copolymerize this with L-lactide, benzyloxymethyl methyl glycolide and
benzyloxymethyl glycolide are required, which have preserved hydroxyl groups. The
matching hydroxylated PLLA copolymers were produced when the benzyloxymethyl
groups were unprotected. Comparable carboxylic acid functionalized copolymers can be
created using succinic anhydride [69,83].

The researchers created a poly [(L-lactic acid)-co-(L-lysine)] containing a useful lysine
residue that they further linked to the RGD peptide. Even though the development of
functional groups in random copolymers by lactide/glycolide copolymerization with
additional monomers can be successful, this procedure frequently affects the physical
characteristics of the starting homopolymers, such as crystallinity and mechanical strength.
Numerous block and graft copolymers based on poly(a-hydroxy acid) have been developed
and made as a result of this [69,84].

Polymer PEG, or poly (ethylene glycol), is the component that is most frequently used
in (a-hydroxy acids). PL(G)A/PEG diblock, triblock, and multiblock copolymers could be
made by the ring-opening of PEG and certain catalysts and the presence of glycolide/lactide
polymers. However, the hydroxyl or carboxyl (functional groups) in the block copolymers
containing PEG are only present at the end of each PEG segment, and the content in these
block copolymers is very low, further restricting chemical alterations. Numerous block and
graft copolymers made without PEG have been described [69,85].

Amphiphilic poly [hydroxyalkyl (meth) acrylate)] is a variety of biodegradable poly-
mer. Copolymers of -graft-poly (L-lactic acid) (PHAA-gPLLA) with hanging hydroxyl
groups were employed to successfully produce 3D-nanofibrous scaffolds. The further
functionalization of these copolymers can result in biomimetic scaffolds that are more
hydrophilic, degrade more quickly, and have uses in tissue engineering [69,86].

The fabrication of highly porous poly (α-hydroxy acid) scaffolds can be used for tissue
engineering based on star-shaped functional poly(ε-caprolactone). The functional groups
were added to PCL chains using similar methods. Examples of these methods include the
copolymerization of ε-caprolactone and a-chloro-ε-caprolactone to produce functionalized
PCL copolymers, and the subsequent addition of carboxyl, pendant hydroxyl, and epoxide
groups via atom transfer radical addition. In order to produce the pendant hydroxyl
groups in the PCL copolymers, ε-caprolactone was copolymerized with another monomer,
5-ethyleneketal-ε-caprolactone, and the resulting molecule was subsequently deacetylated
to convert the ketone groups into hydroxyl groups [69,87].
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However, these deprotection processes (as well as the synthesis of these functional
comonomers) are typically challenging and time-consuming. Aside from poly (3-hydroxyb-
utyrate), polyurethanes, polycarbonate, poly (ortho ester), poly (propylene fumarate), and
polyphosphazenes, other synthetic biodegradable polymers have also been used as scaf-
folding biomaterials. Comparatively, there are many fewer reports of the functionalization
of these biomaterials (a-hydroxy acids), which include the creation of functionalized PC
using synthetic methods [69,87,88].

Pendant amino groups were added to PC chains after polymerizing the cyclic car-
bonate monomer (2-oxo-[1,3]-dioxan-5-yl) carbamic acid benzyl ester and disposing of the
protective benzyloxy carbonyl groups. The pendant amino groups’ further functionaliza-
tion was shown using RGD peptide grafting; synthetic efficiency should be considered,
given the number of steps in this reaction cycle [69,89].

The five distinctive structural characteristics of these PAs are as follows: (1) an ex-
tended alkyl tail that contributes to the molecule’s amphiphilic characteristic; (2) mainte-
nance of the structure by possessing four consecutive cysteine residues that create disulfide
bonds; (3) a flexible hydrophilic head group due to the three glycine residues in the linker
region, which separates the hard cross-linked region; (4) phosphorylated serine residues
that interact strongly with calcium ions to encourage mineralization; and (5) an effective
RGD peptide [69].

The high electrostatic interaction between molecules causes the PAs to self-assemble
into nanofibrous networks when the pH is changed or when divalent ions are added, as
evidenced by this study. Additionally, the hydrophilic peptide signals can be displayed in
a specific way on the surfaces of the produced nanostructures due to the molecule’s am-
phiphilic characteristics. However, the creation of sufficient mechanical three-dimensional
structures from these PAs must be addressed, as is true for several other hydrogel materials.
Proteinase-sensitive motifs represent an inventive technique to make biomaterials react to
cells [69,90].

As cell-ingrowth frameworks for tissue formation, Hubbell et al. presented a valuable
example of how to build synthetic PEG-based hydrogels. The functionalization molecules
for PEG chains in hydrogel networks, which also include pendant oligo peptides (RGDSP)
for cell attachment, are matrix metalloproteinase (MMP)-sensitive peptides. The material’s
reaction to the MMPs secreted by cells is controlled by the MMP-sensitive binding agent.
This hydrogel, with a PEG foundation, functions as a biomaterial and reacts to cells. The
authors also showed that these gels could promote bone regeneration and are efficient
delivery systems for recombinant human bone morphogenetic protein-2 (rhBMP-2) [49,69].

Many of the requirements for the dental pulp tissue engineering approach may be
accommodated by self-assembling, adaptable, and customizable peptides. Due to the
peptide chains’ natural amino acid makeup, they can produce biodegradable products.
The potential for uniform cell encapsulation, the rapid transport of nutrients and metabo-
lites, and the characteristics of peptide hydrogel systems are affected by their viscoelastic
properties, which are comparable to the properties of collagenous tissues such as dental
pulp [66,91].

The term “bioceramic scaffolds” refers to a group of materials, including glass ce-
ramics, bioactive glasses, and calcium/phosphate compounds. Calcium phosphate-based
(CaP) ceramics are the biomaterials that are utilized most frequently. Due to their char-
acteristics of osteoclast genesis, nontoxicity, antigenicity, osteoinduction, bone bonding,
and similarity to mineralized tissues, CaP scaffolds, such as -TCP or HA, have been ex-
tensively explored for bone regeneration. Three-dimensional CaP porous granules have
demonstrated their potential in the engineering of dental tissue by providing excellent
3D-substrate characteristics for hDPSC growth and odontogenic differentiation. Pure TCP
scaffolds are doped with SiO2 and ZnO to increase their mechanical stability and capacity
for cellular proliferation. Glass ceramics made of SiO2 Na2OCaOP2O5 are bioactive and
offer ideal crystallization conditions. The osteoblastic activity of the substance is increased
by the release of dissolving products, such CaP [15,75].
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Ceramic scaffolds can be altered to control the dissolving rate, provide the appropriate
permeability, and control certain surface properties to promote cellular activity. The me-
chanical rigidity of the scaffold is influenced by variations in pore size and volume. Glass
ceramics made of magnesium can increase mechanical strength and provide a high rate
of bioactivity. Excellent hDPSC attachment, proliferation, and differentiation have been
demonstrated by niobium-doped fluorapatite glass ceramics [75,92].

The several disadvantages of bioceramics include a longer creation time, the lack
of an organic phase, nonhomogeneous particle size and form, huge grains, difficulty to
shape, brittleness, slow degradation, and high density. Bioceramics are fragile and have
little mechanical strength when individually utilized. This drawback can be remedied by
combining them with polymer scaffolds [75,92]. Comparison of various types of scaffolds
for tissue engineering can be seen in Table 1.

Table 1. Comparison of various types of scaffolds for tissue engineering.

Article
(Author, Year)

Type Scaffold Properties Advantages Disadvantages

Alaribe, 2016; Jang,
2020; Ducret, 2021

[50,61,93]
Fibrin

Biodegradation,
protein natural blood clot,

hydrogel base, stimulates the
formation of
odontoblast

High adhesion to surface, good
cytocompatibility and

biodegradability, nontoxic, easy to
inject

Produced by the body
after an injury

Alaribe, 2016;
Palma, 2017;

Moreira, 2021;
Raddal, 2019
[52,55,62,93]

Chitosan

Easier to process,
hydrogels, films,

fibers or sponges, gel-forming
abilities; chitosan hydrogels: low

viscosity, high adsorption
capability. Chitosan, which is the
cationic polymer of chitin, has the

attractive properties of
biodegradability.

It has been used
extensively, can support the
differentiation of stem cells,

noncytotoxicity,
biocompatible,

biodegradable, antitumor, antifungal,
antibacterial activity,
nonimmunogenicity,

Easily
processes, enhances
proliferation and cell

attachment, hemostatic,
noncarcinogenic

Hard use;
high crystalline

structure:
limited application

Amini, 2021;
Erisken, 2015;
Nosrat, 2019;

Ayala-Ham, 2021;
Raddal, 2019; Liu,

2022
[51,52,54,57,60,73]

Collagen

It lacks structural
stability, good

mechanical properties, and a
material that is comparable to soft

dental pulp’s viscoelastic
properties, more
recommended in

combination with a blood clot,
hydrogel-based: mimics

interactions between cells and
ECM in vivo, type 1 collagen is

most used.

Low antigenicity, high
biocompatibility;
biodegradability,

bioactivity, and good cell adhesion,
high mechanical

strength, the ability to cross-link

Problems with
controlling space and

the rate of degradation,
as well as difficulties
with sterilization and
processing, pathogen

transmission low
mechanical properties,

irregular
biodegradation, risks

immunogenicity

Amini, 2021; Wu,
2021; Raddal, 2019;
Yu, 2019; Nowicka,

2021 [45,52,53,56,73]

Alginate

Requires a multistep
purification procedure to achieve

extremely high purity, natural
polymer from algae; alginate

hydrogels: crosslinking
polysaccharides and

divalent cations, the mechanical
properties can be adjusted

(alginate hydrogels)

High biocompatibility and
biodegradability, low toxicity,

chelating properties, and
non-antigenicity, cheap price, low

toxicity
optimal structure for exchange

nutrition

Endotoxins, heavy
metals, polyphenolic

and protein
compounds, as well as

compounds derived
from marine sources, are

among the
naturally occurring

impurities; poor
mechanical properties.
It must be combined
with other polymers.
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Table 1. Cont.

Article
(Author, Year)

Type Scaffold Properties Advantages Disadvantages

Amini, 2021; Ayala,
2021; Raddal, 2019;
Wu, 2021; Nowicka,
2021 [45,52,56,60,73]

Hyaluronic Acid

Nanofibrous scaffolds, water
insolubility,

modified biopolymer; in dental
pulp, the amount

decreases according to the
process of

odontogenesis, contains
d-glucuronic acid and

N-acetyl-D-glucosamine,
available in liquid

injection form.

Excellent biocompatibility, high
water content, suitable viscoelastic

properties for
many tissue types,

capacity to degrade into safe
products, and the capability to join to

the specific cell surface
receptors, reparative
dentin stimulation,

3D sponge shape suitable for blood
vessel

proliferation and stem cell
differentiation

It is impossible for the
cells to adhere to the

surface, low
mechanical properties,

hypersensitivity
reactions, and minor

biodegradability

Amini, 2021;
Farzamfar, 2017;

Gathani KM, 2016;
Dissanayaka WL,
2020 [66,73,75,94]

Poly (lactic acid)
(PLA) Good mechanical strength

Biocompatibility,
processability,

biodegradability;
planting human exfoliated

deciduous teeth stem cells (SHED)
on dentin disks with PLA resulted in
the structure of odontoblast-like cells,

new dentin, and vascularized
pulp-like tissue

Low impact toughness,
hydrophobicity, and a

slow rate of degradation

Amini, 2021; Gaaz,
2015; Gathani KM,
2016; Dissanayaka
WL, 2020; Liu X,

2012 [66,69,73,75,95]

Poly (l-lactic acid)
(PLLA)

Excellent porosity, a high
surface-to-volume ratio,

nanofibers, and a variety of
pore-size distributions

Biodegradable, promotes cell
attachment and differentiation,
PLLA scaffolds encouraged the

development of endothelial cells
from dental pulp cells and

odontoblasts

During degradation,
hydrophilicity,

biocompatibility, and
mechanical properties

are all poor

Zhai, 2015; Gathani
KM, 2016;

Dissanayaka WL,
2020; Liu X, 2012

[66,69,75,96]

Poly (glycolic
acid) (PGA)

Highly crystalline and
hydrophilic linear polyester,

better solubility in water,
degradation half-life is about 2

weeks

Help attachment cell Degradation rate is too
high

Barroca, 2018;
Amini, 2021; Saini,
2016; Santoro M,

2016; Dissanayaka
WL, 2020; Rizk A,
2013; Danhier F,

2012
[66,73,79,80,97,98]

Polyethylene
glycol (PEG),

Copolymer poly
[(lactic

acid)-co-(glycolic
acid)] (PLGA),

Crystallinity, glass
transition temperature, good

mechanical Strength

Biodegradable,
biocompatible, low toxicity/swelling;

these artificial polymer scaffolds
have also been utilized to convey a

range of substances, including
anti-inflammatory drugs, growth

hormones, and sticky proteins, and
support cell growth and

proliferation, reduce pulpitis and aid
in pulpal healing

The degradation pattern
of PLGA is highly
dependent on the

sequence of monomers
that make up its
structure, which

liberates acidic products

Mir M, 2017; Amini,
2021; Sisson, 2013;
Gathani KM, 2016

[73,75,99,100]

Poly-epsilon
caprolactone

(PCL)

Good mechanical
properties,

high elasticity, high strength

Biocompatible,
biodegradable,

low toxicity, slowly disintegrating
polymer, has been utilized in bone

tissue engineering projects either by
itself or in conjunction with

hydroxyapatite

Hydrophobicity,
slow degradation,
lack of functional

groups

Tissue engineering technology requires a scaffold as a porous structure that can assist
in tissue regeneration. In addition to various scaffold properties with various advantages
needed to provide mechanical support in the regeneration process, tortuosity is also an
important parameter in developing the permeability of 3D scaffolds to be used in tis-
sue engineering technology. This affects the occurrence of cell attachment, proliferation,
differentiation, and cell migration in the process of tissue regeneration [101,102].

Research on tissue engineering technology has not been widely carried out in humans,
so this study cannot discuss how far its success has been when applied to living tissue.
Therefore, the application of various types of polymer scaffolds needs to be developed
further.
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6. Conclusions

Various types of scaffolds, both natural and synthetic, can be used to regenerate dental
pulp by utilizing tissue engineering technology. Scaffolds made from natural materials have
advantages in cell recognition and molecular signal adhesion, while synthetic scaffolds can
be made in unlimited quantities. However, a better effect might be realized if the two types
of scaffolds are combined to obtain good mechanical properties so that they can support
pulp regeneration properly. In the future, it is hoped that more extensive research can
be carried out on various types of scaffolds so that not only polymer-based scaffolds are
described for the regeneration of dental pulp tissue.
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Abstract: The application of mulch films for preserving soil moisture and preventing weed growth
has been a part of agricultural practice for decades. Different materials have been used as mulch
films, but polyethylene plastic has been considered most effective due to its excellent mechanical
strength, low cost and ability to act as a barrier for sunlight and water. However, its use carries a risk
of plastic pollution and health hazards, hence new laws have been passed to replace it completely
with other materials over the next few years. Research to find out about new biodegradable polymers
for this purpose has gained impetus in the past few years, driven by regulations and the United
Nations Organization’s Sustainable Development Goals. The primary requisite for these polymers
is biodegradability under natural climatic conditions without the production of any toxic residual
compounds. Therefore, biodegradable polymers developed from fossil fuels, microorganisms, ani-
mals and plants are viable options for using as mulching material. However, the solution is not as
simple since each polymer has different mechanical properties and a compromise has to be made in
terms of strength, cost and biodegradability of the polymer for its use as mulch film. This review
discusses the history of mulching materials, the gradual evolution in the choice of materials, the
process of biodegradation of mulch films, the regulations passed regarding material to be used, types
of polymers that can be explored as potential mulch films and the future prospects in the area.

Keywords: mulch films; biodegradability; biopolymers; SDGs; plastic pollution

1. Introduction

The technique of mulching has been a part of agricultural practice for a long time. In
simple terms, mulches are defined as materials that are applied directly onto the surface
of soil for various purposes such as the protection of seedlings and young shoots through
insulation, reduction of evaporation, control of weed growth and prevention of soil ero-
sion [1]. They specifically protect delicate crop species from unfavourable abiotic and biotic
stresses that may occur as a result of extreme weather conditions, insects, pests and weeds.
Therefore, mulches are commonly used in agriculture to prevent loss of crop yield [2].

The history of using mulching to enhance crop production dates back to around
500 BCE, as shown in Figure 1. It is from that age that the first documented proof of the
use of organic matter as a mulch film has been obtained [3]. The material used gradually
changed to stones, pebbles and volcanic ash in the 1600s, although these were mostly
used in arid regions. In the 1800s the Parisian market gardeners found that the use of
straw as mulching material for strawberry production was beneficial. Thus, over a span of
hundreds of years, different naturally available materials were tried and used for mulching
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depending upon climatic conditions in different parts of the world [4]. As science advanced
in the 20th century, mulching was also revolutionized. Paper sheets were introduced
as mulch films in the 1920s, followed by the commercialization of plastic, specifically
polyethylene films for mulching in the late 1950s. Plastic mulching gained popularity
and proved to be very effective. However, the negative impact of plastic became evident
within three decades and by the early 1980s photo-degradable and oxo-degradable plastics
were introduced as an alternative to polyethylene based films. It soon became apparent
that these polymers did not degrade in field conditions and generated microplastics [5].
Research was accelerated in this area and in 2006 the first biodegradable plastic mulch film
was introduced in the market commercially. Following this, a number of biodegradable
mulch films were manufactured by companies throughout the world. It was not until 2021,
however, that the Food and Agriculture Organization, which is a part of the United Nations
Organization, gave its recommendation to replace conventional and non-biodegradable
polymers with bio-based and biodegradable materials for mulching practices [6].

Figure 1. The history and development of different mulching materials.

Various anthropogenic activities over the years have led to the production of green-
house gases, which, in turn, have resulted in climate change. The emission and accumula-
tion of these gases in the atmosphere has led to global warming, i.e., an increase in average
temperatures and fluctuations that contribute to extreme weather conditions, as well as
alterations in precipitation patterns throughout the world. Such changes in agricultural
regions have an adverse impact on crop production, thus creating problems when pro-
viding adequate food supply for an increasing population in an efficient and sustainable
manner [7]. The limited availability of arable land, depletion of water sources for irrigation,
soil erosion, overexploitation of natural resources, pollution of ecosystems and climate
change are some of the factors that restrict food crop production and yields [8].

In 2015, under the banner of the United Nations Organization, the international
community developed a series of Sustainable Development Goals, known as SDGs, which
include ensuring access to food for all, increasing agricultural productivity and achieving
zero hunger by 2030 [9]. These goals not only imply the provision of food to achieve zero
hunger on a global scale, but also aim to enhance agricultural productivity in a sustainable,
manageable and efficient manner. The primary focus is to increase yields of food crops by
adopting farming practices that are environmentally friendly and ecologically viable [10].
Mulching is already commonly used all over the world as a strategy to improve crop yield
and prevent losses. The global mulch market is estimated at USD 3.5 billion in the year 2020,
and is projected to amount to USD 5.1 billion by 2027 [11]. Considering the expansion of the
market, it is pertinent to check that the practice is in line with the UN SDGs, specifically in
terms of responsible production and consumption (Figure 2). Currently, the main material
used for mulch films is polyethylene plastic, which is raising concerns. These mulch films
do not degrade naturally and need to be removed from fields after harvesting. They cannot
be recycled, and the debris left in soil contributes to soil pollution. A lack of disposal
options for used plastic films adds to land and water pollution [12]. Therefore, there is an
urgent need to explore other alternative polymers that may be used to replace plastic for
mulching purposes [13].
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Figure 2. The need for mulching as an agricultural practice and the materials available for use as
mulch films.

Biodegradable polymers may be one solution, and have the potential to replace
plastics for many applications. However, these polymers have certain limitations which are
restricting their use on a commercial scale for the purpose of mulching. Factors that need
to be considered before a polymer can be used include not only its physical and chemical
properties but also the source and method of production. These polymers have different
mechanical properties, which, in turn, affect their biodegradation in the environment [14].
Moreover, legislation and laws passed over the past few years have defined and strict
criteria regarding biodegradation, chemical composition, deployment and toxicity for
materials that may be used as a mulch film [15].

This review discusses the practice of mulching in agriculture, its benefits, the materials
used as mulch films, and the alternate options that can be explored for sustainable agricul-
tural practices. It also includes an overview of the biodegradation process that occurs in
the soil for the breakdown of mulching materials, factors affecting this process, and a list of
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different commercially available mulches, highlighting the direction of further research in
this area.

2. The Benefits of Mulch Films

The increasing food demand of a growing world population has driven the need to
increase agricultural crop yields. Protected cultivation is one way to help optimize the yield
of crops. This involves controlling the microclimate around the growing plant to protect
it from harsh climatic conditions [16]. Mulching is based on the principle of protected
cultivation and involves the application of a protective ground cover made of different
materials that may be organic or synthetic, to improve the growth and yield of agricultural
crops. The word mulch is derived from the German word ‘molsch’, which means ‘easy to
decay’ [3].

The use of mulch films in agriculture has several benefits when compared to non-
mulched crop production. These may be categorized as improvements in the soil microen-
vironment or economic advantages (Figure 3a). Soil moisture content is an important factor
that affects the growth of plants. Winds, high temperature, adverse climatic conditions
and particularly weed infestation can contribute to the reduction of soil moisture. Mulches
have been reported to increase the percolation and water retention capacity of soil, to the
extent that the use of mulching material can reduce the irrigation requirement of crop
plants. This is attributed to their water retention ability, which reduces the runoff from the
soil profile [17,18]. This can indirectly contribute to salinity mitigation, as well. Various
studies have demonstrated that the application of mulch films reduces the impact of salt
toxicity on plants and helps in soil reclamation [19]. Mulches are also associated with the
protection of soil from wind and water erosion, as well as the reduction of the compaction
of soil. It has been observed that crop growth is negatively affected due to erosion and soil
compaction in the absence of mulch films (Figure 3b). Mulches protect the soil by breaking
the speed of water, especially in slopes or hilly areas, thereby increasing the infiltration rate.
Similarly, the presence of covering material in the form of mulch films prevents soil erosion
by winds [20]. Mulch materials also reduce the impact of weathering and the beating action
of heavy rain, and the weight of feet and tyres of heavy machinery, helping to overcome
the problem of compaction in soil [21].

Figure 3. A comparison of the effect of mulch films on plant growth and soil—(a) in the presence of
mulch films and (b) in the absence of mulch films.

It is important to control the temperature of soil, since temperature fluctuations
adversely affect the development of roots [20]. Since the material used for mulching covers
the soil surface entirely, it helps to maintain the optimal soil temperature required for plant
growth. Studies have shown that the application of mulch films keeps the soil temperature
warmer on chilly days, and cooler during hot spells [17,22]. Mulches also contribute to
the soil nutrient content, since these are broken down or degraded by soil microorganisms
into simpler compounds that become a part of the soil itself [23]. Weed control is one
of the key benefits that mulching provides. When mulch is spread on the surface of the
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soil, it acts as a barrier to the passage of sunlight, which reduces germination of weeds,
especially small-seeded weed species. This phenomenon has been observed and widely
used in nurseries as well as agricultural fields [24].

The presence of heavy metals in soil affects the growth of plants. Mulches can be used
as a remediation strategy for the removal of these heavy metals from soil. Organic and
plant-based mulch material forms complexes with heavy metals and converts them into
a form that renders them non-toxic for plants [25]. Mulches can also be used as control
release composite films, which are embedded with fertilizers, herbicides or pesticides.
This strategy allows the gradual and slow release of these materials from the mulch films,
ensuring that these are constantly available for use by the plant instead of being run off
after the first application [26,27].

Generally, mulching decreases the stress level on plants, leading to better growth.
This leads to enhanced crop yield and improved product quality. The crop may also be
harvested earlier and tends to be more profitable [28]. All these facts confer economic
advantages to the use of mulch films.

3. Types of Mulch Films

The use of mulch films dates back to ancient civilizations. The earliest mulch material
comprised by-products from the agricultural and forestry industries, and included the
trimmings of trees and shrubs, animal waste, stubble and residues of crop plants [20].
With time the material was modified, and now mulches can be categorized as organic or
inorganic mulches. Organic mulches are made from materials found in nature and are
usually broken down into simpler compounds by soil microorganisms. Inorganic mulches,
on the other hand, are made of synthetic material that does not decompose easily [29]. The
different types of materials used for mulching and their application in the field are shown
in Figure 4.

 

Figure 4. Application of different mulch films in the field—(A): Compost, (B): Straw, (C): Bark,
(D): Newspaper, (E): Woodchips, (F): Sawdust, (G): Plastic, (H): Black plastic, (I): LDPE. Adapted
from [30].

The type of mulch used is governed by many factors, including the plant species,
soil type and characteristics, the cost and availability of mulching material, as well as
the regulations and law governing the region [31]. For instance, for vineyards or fruit
orchards, the mulch film is generally thick and has a lifespan of years until it becomes
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ineffective. For vegetable fields, on the other hand, thinner mulch films are used that
last one growing season only [32]. Similarly, the effect of each mulching material is a
combination of various factors including the amount of material applied, the carbon and
nitrogen ratio of the material, its thickness, colour and other physical attributes, and
the amount of toxic substances present [33]. Each material has certain advantages and
disadvantages regarding its use for mulching, as summarized in Table 1 [34–72].

Table 1. Comparison of the sources, advantages and disadvantages of organic and synthetic
mulch films.

Type of Mulch Source Advantages Disadvantages

Organic

Compost Adds nutrients to soil Promotes pests and
disease-causing organisms

Straw and Husks Inexpensive with long life Harbours pests and weed seeds

Sawdust Readily available Hardens over time and does not allow
water to seep into the soil

Grass clippings Controls weeds effectively Develops own root systems and
competes with plant for nutrients

Paper clippings Decomposes easily Rips and tears apart during application
Bark chips and Pine needles Retains soil moisture Reduces soil pH

Inorganic

Glass pieces Aesthetically appealing Interferes with soil temperature and does
not allow sunlight to penetrate

Rubber clippings Effective recycling Hazard of fire and may promote zinc
toxicity in plants

Plastic Retains moisture and controls
weed growth

Labour intensive and contributes to
plastic pollution

PAC plastic
Retains moisture, controls weed

growth and degrades in presence of
UV light

Forms micro plastics in soil

3.1. Organic Mulches

Organic mulches mainly comprise animal or plant residues such as compost, manures,
straws, husks, saw dust, grass and paper clippings, and wood/bark chips (Figure 4A–F).
The application of compost and manure is an age-old practice in many regions of the world.
The use of compost is as a way of recycling waste. It is cheap and readily available. Studies
have exhibited that repeated use of compost for mulching over a number of years can
increase the organic content of the soil and improve plant yield [34]. However, the use
of compost as mulch has the added risk of phytotoxicity due to high nitrogen content. If
applied near the stalks it absorbs moisture that promotes diseases and pests, leading to low
crop yields [35]. Depending on the source of compost, it may contain heavy metals that
accumulate in the soil as well as plants. While the presence of these heavy metals may not
lead to toxicity in plants, it renders the crop unfit for human consumption. Compost is
therefore not preferred anymore as a mulching material [36].

Other organic materials that can be used include straw and husks. These materials
have a long life span when used for mulching and are effective for vegetables grown in
winter months [37]. They are inexpensive, readily available and field trials have exhibited
that they are good at preventing water loss via evaporation [38]. Both husk and straw
mulches have the potential to increase crop yield and can significantly lower water losses
from a well-irrigated system [39]. However, they often contaminate the soil with weed
seeds and in addition harbour pests such as termites, snails, slugs and earwigs, leading to
losses in crop yield, reducing their use for mulching [40].

Sawdust is readily available and has exhibited potential as a mulching material specif-
ically for acid loving plants. It is very efficient in minimizing water runoff and soil ero-
sion [41]. Studies have shown that it is not efficient in controlling the growth of weeds and
also tends to harden over time, preventing water from reaching the deeper layers of the
soil [42]. Another disadvantage is the low nitrogen content of sawdust, which means that it
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uses up nitrogen from the soil as it decomposes. This has been seen in field trials where the
use of sawdust mulch reduced the number of flowers produced and had an adverse impact
on plant growth [43].

Grass clippings are very effective as a mulching material when applied as an appro-
priately thick layer. If the layer is too thick, it prevents air from penetrating, resulting in
rotten and odorous clippings. If the layer is thin, the grass clippings decompose quickly,
and need to be replenished frequently to maintain efficacy of the mulching material [44].
Fresh grass clippings also have the potential to develop their own root systems and offer
growth competition to the crop plants. The use of these has also been shown to increase soil
temperature and affect plant growth negatively in hot climates, limiting their application
as mulching material [45].

Paper mulches are made up of cellulose fibres which can be decomposed naturally by
most soil-borne microorganisms. Sheets of paper, mainly newspapers with black ink, can
be used as mulch, as a part of a recycling strategy. The colour of paper used for mulching
has an impact on the control of weed growth. Black paper mulching has shown promising
results for decreasing the growth of weeds in lettuce and cantaloupe farming [46]. However,
the main problem is that due to their light weight, these clippings are easily blown away
by the wind. When applied as sheets, they tear apart easily when damp or wet, and are
penetrated by weeds. Paper mulches degrade quickly so they cannot be used for long-term
cultivation. These disadvantages limit the use of paper as a mulching material [40,47].

Wood and bark chips are preferred as mulching materials since these are very effective
in retaining moisture in the soil. They also allow proper aeration and contribute to the
organic content of the soil. Pine bark makes an attractive, usually dark-coloured mulch
and may be used for ornamental plants. However, bark chips and pine needles have
been reported to reduce the soil pH upon application and cause phytotoxicity [48]. The
decomposition of woody material results in the release of phenolic acids which contribute
to acidification of the soil, affecting plant growth. While this may be beneficial for crops
that require an acidic pH for growth, it limits the large-scale use of woody material for
mulching [49].

The main factors that limit the use of organic mulches are that they may not be
available in adequate amounts throughout the year, have an inconsistent quality and are
extremely labour intensive [50].

3.2. Synthetic Mulches

Inorganic or synthetic mulches are made up of materials such as glass, rubber sheets
and plastic [51]. Glass mulches are usually made from chips of bottled glass as a method
of recycling parts that cannot be separated from organic matter and other debris. These
are exquisitely used to aesthetically modify a landscape while functioning as a mulch
film [1]. However, the use of glass mulch films has become limited over the years because
of their low efficiency in controlling weed growth. The ability of glass to reflect light
reduces the sunlight that can reach the soil and has an impact on the soil temperature [52].
Moreover, the incorporation of non-recyclable glass into soil disturbs the physico-chemical
characteristics of the soil, which subsequently impairs plant growth [53].

Rubber mulches are frequently made by shredding worn out tyres as a strategy of
recycling. These shredded tyres include very fine particulate matter that can be inhaled,
ingested or taken up transdermally, increasing health risks. The use of rubber mulches is
also associated with the hazard of ignition since rubber catches fire quickly and is very
difficult to extinguish [54]. Moreover, it has also been reported that rubber mulches are less
effective in controlling weed growth compared to organic mulches [55]. In fact, high levels
of zinc incorporated in tyres during manufacturing is released in the soil from the mulch
and leads to zinc toxicity in plants, which adversely affects their growth [56].

Plastic mulch films (Figure 4G–I) have been used extensively since the 1950s and their
global market has shown a continuous growth with a worth of USD 4.1 billion a year [57].
These are very effective in controlling weed growth and over time they have increased
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global grain and cash crop yields by 15% and 40%, respectively [58]. Polyethylene plastic is
the most popular and frequently used inorganic mulch throughout the world because of its
efficacy and low price [59]. It is a low-density plastic that is highly resistant to weathering
due to its chemical structure, which comprises saturated hydrocarbon chains [60]. These
mulch films have low cost, low frequency of replacement, versatility and strength, and are
therefore very effective in the field [61].

However, there are several problems associated with the use of plastic mulch films,
including laborious and costly removal from the fields after use, lack of sustainable end-
of-life management options and the addition of plastic waste to the environment [62]. At
the end of the growing season, the mulch film is often contaminated with plant as well
as soil debris which restricts its recycling. Therefore, these are categorized as single-use
plastic films and are usually landfilled or incinerated, contributing significantly to plastic
pollution [63]. Complete removal of polyethylene mulch films is often not possible from
fields, which has led to considerable amounts of macro and microplastic debris in soils as
shown in Figure 5 [54]. This accumulation of plastic residue in soil has a negative impact on
crop production by affecting the plant growth-promoting bacteria (PGPB), damaging soil
structure, retarding root growth and development, and altering the carbon concentration
of the soil [65]. In some countries the lack of disposal options means that farmers simply
stockpile these mulch films after use, which subsequently leads to the dispersion of the
mulch fragments into the environment by water and wind erosion, causing pollution [66].

 
Figure 5. The debris of black plastic mulch films—(a): piece of plastic mulch film, (b): microplastics
collected from soil after removal of mulch film. Adapted from [67].

Most countries in the world are now opting for sustainable practices and have banned
single-use plastics to overcome plastic waste generation and pollution. This has neces-
sitated the need to look for sustainable and eco-friendly alternatives that can be used as
mulch films [68]. As a solution, pro-oxidant additive containing (PAC) plastics have been
formulated. These are chemically similar to low density polyethylene plastics but contain
a pro-oxidant additive that increases oxidation and degradation of the polymer in the
presence of light [69]. This photo-oxidation reduces the molar mass and adds oxygenated
groups that make the polymer more prone to breakdown by microorganisms under aerobic
environments. These plastics are also referred to as ‘oxo-degradable’ plastics. An example
is Oxo-PP or oxo-degradable polypropylene [70]. PAC plastic mulches have been reported
to be as efficient as conventional plastic mulches in the field for controlling the growth of
weeds. They also have no adverse impact on soil health [71].

However, these mulch films have low strength and can break down prematurely
while being spread onto the field. This fragility and their lightweight nature makes the
application very difficult. Moreover, the absence of UV light reduces degradation of these
plastics once they are incorporated into the soil. Even if there is breakdown in the soil, it is
never fully biodegraded. The mulch pieces persist in soil and watersheds, and form micro
plastics that have the ability to adsorb toxic pesticides, insecticides and herbicides, and
carry them into the food chain [3]. Research reports suggest that while these mulch films are
more expensive than polyethylene plastic films, they contribute equally to the generation of
micro plastics that pollute the soil [72]. Many countries in the European Union, including

582



Polymers 2022, 14, 5062

France, have completely banned the use of PAC plastics, making it imperative to explore
more sustainable, economical and environment friendly alternatives [66].

4. Current Trends in Mulching Material

In recent years a lot of research has been carried out to produce mulch material that is
both sustainable and eco-friendly. The material for a mulch film should ideally be bio-based
and very prone to biodegradation [73]. To replace plastic, it should have similar mechanical
properties including a high tensile strength and high percentage elongation. The European
Union has set up the product standards for biodegradable mulch films that are to be used
in the horticulture and agriculture sectors. The first and only standard (EN 17033) has
specified values that must be met, in terms of biodegradability, deployment, chemical
composition and eco-toxicity, for a material to be used as a mulch film [15]. The generally
acceptable standard for biodegradability is that the material should completely breakdown
to carbon dioxide, water, methane, inorganic compounds and biomass within a year of
application without producing any visible, toxic residue [74].

The use of biodegradable material imparts the main advantage of being tilled into soil
once used, so that it can be degraded by the action of soil microbiota, reducing the costs of
labour and disposal [75]. To replace conventional polyethylene mulch, the material should
have the ability to maintain the optimum microclimate for plant growth and degrade
completely without producing any harmful toxic products. In terms of efficacy, it should
possess high tensile strength, good water retention capacity and allow for easy application.
The film should be readily available, especially in the cropping season, and be inexpensive
so that farmers can use it. Any material that is to be used as mulch should meet the
minimum design requirements according to EN17033 and ISO 23517:2021 [76,77]. The main
attributes required in a material to be used as mulch film are shown in Figure 6.

 

Figure 6. Properties of the ideal mulch film materials.

5. Biodegradable Polymers for Mulch Films

The term biodegradation refers to the breakdown of macromolecules by the action
of microorganisms. Molecular level studies have shown that it is a two-step process [78].
In the first step fragmentation occurs in which the high molecular weight polymer chain
is broken down into smaller units that may be oligomeric units with polar chain ends or
monomers with specific properties. Fragmentation may occur through hydrolysis, which
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may or may not be enzyme-mediated, oxidation or other chemical reactions depending
on the environment as well as the chemical structure of the polymers. In the second step,
oligomers and monomers formed in the first step are mineralized by microorganisms to
produce carbon dioxide, methane, water, and biomass. The products formed may vary
slightly depending upon the microorganisms involved and the aerobic/anaerobic nature of
the process [79]. The schematic diagram of the process of degradation is shown in Figure 7.

Figure 7. The two steps of biodegradation of mulch films.

Polymers may constitute aliphatic chains or aromatic groups. Generally aliphatic
polymers are easily hydrolysable while aromatic polymers require harsh conditions for
breakdown, such as extremely acidic environments at high temperatures. Most biodegrad-
able polymers are therefore aliphatic, but some aliphatic-aromatic polymers that have a
limited number of aromatic units may also be included in this category [80].

Many factors affect the biodegradation of a polymer, including environmental condi-
tions and the characteristics of the polymer, as shown in Figure 8. Environmental conditions
may further be categorized as abiotic or biotic factors [50]. Abiotic factors include tempera-
ture, moisture, pH, and the presence of UV radiation. It has been reported in numerous
studies that the temperature of the soil has a significant effect on the initiation of the
biodegradation process, and lower temperatures decrease the rate at which the polymer
is broken down [81]. Soil moisture is important and may become a limiting factor when
fragmentation proceeds through hydrolysis. It is less likely to slow down degradation
during irrigation periods, but has a marked effect if the moisture content drops too low or
increases to the extent of making the soil anoxic [74,82]. Soil pH has a marked effect on the
metabolism of microorganisms which, in turn, has an impact on their ability to degrade
mulch films. It has been observed that generally soils with a neutral pH show maximum
biodegradation, although depending on the type of microorganisms present there may be
exceptions [83]. Ultraviolet radiation has a direct impact on the breakdown of mulch films.
Experiments have shown that UV radiation speeds up biodegradation two-fold [84]. Biotic
factors that affect biodegradation include the type of microorganisms present, the enzymes
produced by them, and their ability to colonize the surface of the mulch films to initiate
biodegradation. Climate and soil characteristics define the type of microbial communities
present indigenously. Whilst it is mostly bacteria that are involved in biodegradation, the
presence of fungi may accelerate the process in some cases [85].
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Figure 8. The factors that affect biodegradation of mulch films.

It is interesting to note that the biodegradability of a polymer is not linked to its
source but is dependent on its physiochemical properties such as molar mass, cross-linking,
functional groups, crystallinity, flexibility and the presence of co-polymers, additives or
cross-linkers [86]. As a general rule, an increase in the molar mass leads to a decrease
in degradation. This is also linked to the solubility of the polymer, since high molecular
weight compounds have low solubility which makes them unfavourable for microbial
attack [87]. Similarly, highly cross-linked polymers have slower degradation since the
close mesh-like structure makes the polymer inaccessible to both microbes and water
molecules. The polymer needs to be mechanically broken down into smaller pieces before
biodegradation can occur [88]. The type of bonds and functional groups present in the
polymer are directly linked to its degradation. The presence of hydrophobic and non-polar
functional groups makes a polymer less prone to biodegradation [89]. The breakdown of a
mulch film is dependent on the type of polymer present. The biodegradation mechanism
becomes more complex if the film is made of more than one type of polymer. These co-
polymer mulches or blends may be degraded at a slower or at times greater rate than
single polymer mulches. For instance, it has been observed that PBAT blends degrade
more slowly compared to PBAT mulches, whilst PLA blends show better degradation than
mulches made of PLA alone [90,91]. Sometimes additives are included in polymer blends
to increase the solubility or flexibility of the product. The presence of additives, specifically
in co-polymers, may contribute to a reduction in its biodegradation. Depending on the
type of additive, it may form cross-links with the polymer upon exposure to solar radiation.
This cross-linking reduces accessibility to microbial enzymes and water, which leads to a
decline in the degradation rate [92]. The degree of crystallinity of a polymer is one of the
main factors that affect the biodegradation phenomenon. The more crystalline a polymer
is, the denser the packing of molecules, which slows down the rate at which it can be
broken down [93]. Although flexibility of a polymer seems more linked to its mechanical
properties, it is surprising that it also has an impact on the rate of biodegradation. It has
been observed that polymers with increased flexibility show enhanced biodegradation [94].

Biodegradable polymers may be derived from fossil fuels or renewable resources, or
even a blend of both (Figure 9). They usually contain ester, amide and ether functional
groups. Considering the already limited fossil fuel supplies, renewable resource-based
materials or bio-based polymers are preferred over conventional petroleum based products
due to easy availability and superior degradability [95].
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Figure 9. A comparison of the diversity of plastics and bio-based polymers. Abbreviations in-
clude: PBAT—Polybutyrate Adipate Terephthalate, PCL—Polycaprolactone, PE—Polyethylene, PET—
Polyethylene Terephthalate, PP—Polypropylene, PHA—Polyhydroxyalkanoate, PLA—Poly(Lactic
Acid), PBS—Poly(Butylene Succinate), PBSA—Poly(Butylene Succinate Adipate). Adapted and
modified from [96].

5.1. Fossil Fuel Based Biodegradable Polymers Used for Mulching

Biodegradable material made from synthetic polymers or derived from fossil fuels
that have been used as mulch films includes polyurethanes such as polybutylene adipate
terephthalate or PBAT, poly ε-caprolactone or PCL, and polybutylene succinate PBS [97].
The chemical structures of fossil fuel based biodegradable polymers is shown in Figure 10.

 

Figure 10. The chemical structures of fossil fuel based biodegradable polymers [98–100].
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5.1.1. Polybutylene Adipate Terephthalate

Polybutylene adipate terephthalate (PBAT) is a derivative of common petrochemicals
and is considered to be fossil fuel based. It is a co-polymer of 1,4-butanediol, adipic acid
and terephthalic acid. Therefore, it is an example of an aromatic–aliphatic polymer, with
properties that are partially attributed to the aromatic group and partially to the aliphatic
chain. It has a higher elongation break than most other polymers and is flexible [101].
PBAT also has good stretchability, impact resistance, extensibility and heat resistance,
properties that are desirable for a material to be used as mulch film. The butylene adipate
group imparts good soil biodegradability, making it a potential alternative to plastic
mulches [102]. However, it is both expensive and highly sensitive to UV radiation. In field
applications, PBAT undergoes severe crosslinking, which makes it brittle and reduces its
efficacy, so it is generally recommended for short season crops only [103]. To overcome
these limitations, blends of PBAT have been formulated with PLA, PPC, and/or starch.
These co-polymers have exhibited increased durability and less brittleness. Additionally,
they have a considerably lower cost of manufacturing since the blend is less expensive
than the pure PBAT film. Now, many countries are producing PBAT-based mulch films
commercially and their use is reported to have beneficial effects [104]. Blends of PBAT
also have the property of functioning as controlled release systems via mulch films when
fertilizers, fungicides, or herbicides are embedded into these films. The slow release of
these compounds increases their efficiency and enhances crop production [2,24].

The degradability of these films may not be same in all types of soil. Studies have
shown that the type of microorganisms present in the soil and the composition of soil
structure influenced the extent of biodegradability of PBAT-based mulch films in field
experiments [105], while more than 90% degradation of these blends under aerobic soil,
within two years of application, has been documented. However, the persistence of frag-
ments not converted to carbon dioxide or organic carbon within this time is not accounted
for. There is a possibility that these micro-fragments and other chemical constituents will
accumulate over time after repeated applications in the same field [106]. The degradation
of PBAT under soil conditions results in the production of adipic acid and terephthalic acid,
both of which are categorized as slight to moderate environmental toxins [107,108]. The
presence of these compounds in the form of micro plastics has been detected in soils where
PBAT-based mulch films were applied. Additionally, it was noticed that the presence of
these micro plastics reduced the electrical conductivity and nitrate content in soil, which
decreased the availability of water-soluble nutrients [109]. Studies have been carried out
to compare the effect of mulch residues left in the soil. The results of these studies show
that compared to LDPE plastic, PBAT mulch residues have a negative and harmful impact
on soil bacterial community and plant growth. Further work and research need to be
undertaken to ensure that PBAT-based mulch films are not hazardous to the environment,
as well as the plants and microbial community of soil [110]. Since it is a petroleum-based
polymer, long term use and availability of PBAT remains questionable [111].

5.1.2. Poly ε-Caprolactone

Poly ε-caprolactone (PCL) is an aliphatic, synthetic, and thermoplastic polyester
derived from petrochemical feedstocks. It is produced by ring-opening polymerization of ε-
caprolactone, which is obtained from crude oil. It has ester linkages and can be easily broken
down by microorganisms that produce the enzymes lipase or esterase [112]. The chemical
structure of PCL imparts it flexibility, low melting temperature and variable viscosity. It can
be moulded easily, making it a potential candidate for mulching material [113]. However,
PCL mulches have poor impact, weak tear strength behaviour and there are reports on
film extrusion for these mulches. It is biodegradable, but the degradation rate is slow.
Therefore, it is often mixed with starch to form blends with enhanced biodegradability.
The application of these blends in the field has exhibited promising results. It has been
observed that these films show better degradation compared to polyethylene mulches and
have a positive impact on root growth and density, which is an important indicator of plant
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growth [114]. Trials have also demonstrated that PCL-starch based mulch films can be
degraded in most soil types and are effective in conserving soil moisture under various
environmental conditions [74]. Many PCL-starch based blends are commercially available
and being used as mulch films in many countries as an alternative to plastic mulches [99].

However, results of the field trials have indicated that these mulch films degrade in a
shorter time if certain fungi and actinomycetes are present in the soil. In some conditions,
these films degrade within a short span of 60 days, reducing their practical value and
importance in agricultural practices [115]. With this in mind, this problem and the fact
that the source of this polymer is non-renewable, concerns have been raised over its
sustainability. Therefore, better alternatives are being searched for use in the agricultural
sector [116].

5.1.3. Poly Butylene Succinate

Poly Butylene Succinate (PBS) is a thermoplastic polyester which has physico-chemical
properties such as conventional non-biodegradable plastic. It is made up of 1,4-butanediol
and succinic acid [117]. PBS is a synthetic, petroleum-based polymer with good thermal
stability and desirable mechanical properties. Its melting point is higher than other synthetic
polymers but lower compared to natural polymers, so it can be melted in a shorter time
and blended with other materials to develop films [118].

PBS is synthesized through various processes including co-polycondensation and
reactive and physical blending, all of which impart different physical characteristics to
the product formed. The higher the degree of crystallinity in the polymer, the lower its
potential to be degraded by enzymes or microorganisms [119]. To overcome this problem,
amorphous domains are added to the polymer by making blends with other materials.
These blends have adequate strength and are available commercially as mulch films [120].
Interestingly, these PBS-based mulch films function as controlled release systems and have
shown efficacy when embedded with different beneficial chemical compounds such as
fertilizers or herbicides [121].

PBS and its blends are broken down by microorganisms that produce esterases. It
has been found that the degradation rate of a PBS-based mulch film is influenced by the
presence of certain fungi in the soil, as well as the availability of nitrogen and carbon
sources to these microorganisms [122]. This may be linked to the fact that microorganisms
do not produce esterases under conditions of nitrogen limitation. Similarly, the availability
of carbon source plays a role in the regulation of esterase production. Therefore, soil
characteristics and the type of indigenous microorganisms present are decisive factors
in biodegradation of PBS-based mulch films [86]. It is important to understand that
while the formulation of blends seems to be the most plausible solution to altering the
properties of the polymer, PBS-based blends are often immiscible, resulting in phase
separation which leads to poor mechanical properties. An alternative approach is the use
of cross linkers or compatibilizer compounds in the blend, which enhance the phase mixing
properties. However, the addition of these compounds compromises the biodegradability
of the end-product [123]. It has been found that, compared to laboratory conditions, the
biodegradation of PBS and its blends under field conditions takes longer. Low degradation
of PBS-based mulches, with less than 3% degradation in more than 100 days, has been
reported [124,125]. The price of PBS compared to petrochemical-based plastics is higher
due to the cost of production. The large-scale production and application of PBS blends as
mulch films is limited because of slow degradation, high cost and the fact that the polymer
is derived from fossil fuels which are non-renewable [126].

5.2. Bio-Based Polymers Used for Mulching

Bio-based polymers are defined as materials formed naturally by living organisms
over many growth cycles. These include lipids, proteins, and carbohydrates. Lipids are
hydrocarbons, chemically, and may exist as esters, acid polyesters or free acids. They
include hydrogenated fats, oils, fatty acids, and waxes [127]. Although lipids can undergo

588



Polymers 2022, 14, 5062

biodegradation, they are hydrophobic in nature and cannot be used as mulch films. The
preparation and handling of films made of pure lipids is also very difficult, limiting their
uses [128].

Proteins may be produced by microbial cells or extracted from plants and animals.
These can be easily degraded in the environment by indigenous bacteria and fungi. Films
made from soy protein, zein protein, wheat gluten, collagen and gelatine have been tried
for mulching applications but have not been successful. The main problem associated
with the use of protein-based mulches is their high-water sensitivity, which reduces the
efficiency of these films [14].

The most abundant among these polymers are carbohydrates; mainly polysaccharides.
These may be produced by the bacteria or exist naturally in plants and animals. Natu-
rally occurring polysaccharides include chitin, alginate, starch, and cellulose (Figure 11).
Chemically, all of these are made up of monosaccharides that are linked together by
glycosidic bonds, but the presence of various functional groups and charges impart versa-
tility [99]. The key advantages associated with the use of these materials for mulching are
enhanced biodegradability, non-toxicity, availability and low cost [127]. Bacteria can utilize
carbohydrates to synthesize polymers. Two such polymers are polylactic acid and polyhy-
droxyalkanoates, which are chemically polyesters that are synthesized from a carbohydrate
base [129]. The chemical structures of PLA and PHAs are shown in Figure 11.

Figure 11. The chemical structures of bio-based biodegradable polymers (PLA* is a synthetically
produced bio-based polymer, whilst PHA, Chitin, Alginate, Starch and Cellulose are naturally
produced bio-based polymers) [98–100].

5.2.1. Polylactic Acid

Polylactic acid (PLA) was discovered in the 1930s and is produced by lactic acid
forming microorganisms. It can be manufactured using renewable resources as the substrate
for the microorganisms, such as corn, sugar beet starch and other agricultural products [129].
As suggested by the name, PLA is made from monomers of lactide which are synthesized
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from lactic acid. Commercially available PLA is usually a co-polymer of poly L-lactic
acid and poly D-lactic acid. The monomers are produced by bacteria but the polymer
is made through a synthetic process usually involving ring opening polymerization and
poly-condensation. The ratio of these two polymers influences the physical properties of
PLA, including its melting temperature and crystallinity, as well as molecular weight [130].
Although the large-scale production of PLA is relatively inexpensive, the total cost of the
polymer is high when compared to commercially available plastics [131]. PLA has good
thermoplasticity, biocompatibility and processability which allows for a wide range of
applications. However, as a mulch film, brittleness is its only drawback which reduces its
efficiency [132].

To counter the problems of high cost and brittleness, blends of PLA are made with
other polymers. A common blend is to mix PLA with starch, which has been shown to
enhance the mechanical properties of PLA. Formulation of PLA-starch blend also reduces
the cost of the mulch films, making it more economical for use [133]. Studies have shown
that PLA blends as mulch films are effective, biodegradable and have good mechanical
properties as well as higher water holding capacity [132,134]. Additionally, PLA-based
mulch films can act as controlled release systems which allow for the release of chemical
compounds embedded in the film over time, to enhance plant growth while preventing
leaching of these compounds. Several studies have shown their efficacy as controlled
release systems when PLA-based mulch films are embedded with herbicides [2,135,136].

However, the formation of these blends is challenging and difficult. The non-
compatibility of composites is an area that is still under research. It has been found
that formation of unstable bubbles in the film may occur after blending, leading to wrinkles
and tears in the sheet. Similarly, electrostatic attraction may result in adhesion between
these films, reducing the efficacy in agricultural applications [99,137]. To overcome this
problem, plasticizers are added to the blends. Plasticizers are compounds used as ad-
ditives, which are added to polymers to make them softer and more pliable. However,
the addition of some plasticizers to these blends is not permitted due to the stringent
requirements of manufacturing materials allowed for used in agriculture. These plasticizers
are not biodegradable and are released into the environment once the mulch is applied
and degraded [138]. Another problem related to the use of PLA based mulch films is the
commercial production of PLA using genetically modified organisms. In many European
countries, as well as the USA, there are strict restrictions on the use of GMOs for manufac-
turing agricultural products. For example, the National Organic Program rule in the USA
states that any synthetic biodegradable mulch must be produced without involvement of
any GMOs, restricting the use of such products on a large-scale [139].

5.2.2. Polyhydroxy Alkanoates

Polyhydroxy alkanoates (PHA) are a class of aliphatic polyesters that are produced
by many bacterial species as distinct granules. Discovered in 1925, the polyesters are
synthesized intracellularly and used as storage polymers for carbon sources in many
prokaryotes [140]. PHA granules differ in their content and chain arrangement depending
on the microorganism used for production. PHAs are polyesters of hydroxyalkanoates
where the number of monomeric units may vary from as little as 600 to as many as 35,000.
The presence of different functional groups on the monomeric units is used as a classification
system for types of PHAs [141]. The carbon source utilized for production, constituents
of the media, fermentation process and conditions, as well as the downstream processes
used for purification are other factors that have an effect on the structure and composition
of the polymer [142–144]. More than 150 different PHAs are known to date, based on
the combination of the monomeric units that make up the chain. The most common and
well-known PHAs are poly 3-hydroxybutyrate(PHB) and poly 3-hydroxybutyrate-co-3-
hydroxyvalerate (PHBV). Both are short chain polymers and available commercially [145].

Generally, the mechanical properties of PHAs do not support their use as mulch
films. However, blending different PHAs together or with other polymers improves their
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mechanical strength. The main feature of PHAs that imparts an advantage is their ability
to function as controlled release systems for agricultural chemicals. Studies have shown
that PHB blends are particularly effective as mulch films for the slow and controlled
release of pesticides and fungicides [146,147]. Blends of PHB with PLA have desirable
mechanical properties such as polyethylene mulch films [91]. Biodegradation of PHB
blends has been studied in a wide range of conditions including a controlled laboratory
environment as well as natural habitats including different types of soil, river water,
activated sludge, and compost. PHB is known to degrade rapidly in both aerobic and
anaerobic environments, and thus can be disposed of easily without any negative impact
on the environment [148,149].

The desirable characteristics such as structural variability, raw material availability,
and biodegradability of PHB polymers make them an ideal candidate for replacing plastic as
mulch films. Yet, despite the microbial source and versatility, the large-scale production of
PHAs is restricted by the high cost of the manufacturing process [14]. Different production
strategies, including the use of waste material as a carbon source, have been employed
to decrease the cost of production. While these studies have shown positive results, the
extraction of PHAs from bacterial cells still contributes significantly to the higher cost of the
process. Extensive chemical extraction methods cause degradation of the polymer during
the purification process. Therefore, efficient biological methods for extraction of PHAs
are being investigated to decrease the cost of the production and to ensure that the useful
properties of the polymer are not lost [150].

5.2.3. Chitin

Chitin is found naturally in the cell walls of fungi and yeast, and in the exoskeleton of
arthropods. The most abundant crystalline form of the polymer is α-chitin, which may be
obtained from seafood waste in large quantities [151]. It is made up of D-glucosamine and
N-acetyl-D-glucosamine residues which are linked together. The deacetylation of chitin
forms chitosan. Chitosan readily dissolves in dilute acids but remains insoluble in water.
It can also be moulded to form films. These two features make it a good choice for use
as a material from which to make mulch films [152]. Chitosan is the second largest and
abundant biological polysaccharide found in nature. However, films of pure chitosan may
be brittle due to low fluidity of the linear chain. Plasticizers such as glycerol may be added
to chitosan to enhance its flexibility and improve fluidity [153].

When used for mulching, chitosan has exhibited the potential to control weed growth
much better compared to some herbicides [154]. It can also function effectively as a
controlled release system and chitosan mulch films may be loaded with fungicides to
protect plants against fungal diseases [155]. Chitosan is also considered to promote plant
growth by contributing to soil nutrients, and many studies have shown that it enhances the
growth rate, number of flowers and quality of vegetables when used as a mulch for various
plant species [156–158]. However, it has been observed that the use of chitosan-based
mulch affects soil temperature, increasing it during the day and lowering it at night, which
has an adverse impact on plant growth [159]. Moreover, the production of chitosan from
chitin is an expensive process. The interference in soil temperature and high cost mean that
chitin and chitosan are usually not preferred as a mulching material [14,152].

5.2.4. Alginate

Alginate is an aliphatic, water-soluble polymer found in the cell wall of brown algae.
It is chemically made up of β-d-mannuronic acid (monomer M), and α-l-guluronic acid
(Monomer G). The sequential arrangement and proportions of these two monomers in the
alginate chain impart its different properties [160]. It can form three-dimensional mesh
networks in the presence of cations, where the cation acts as a cross-linker that joins the
alginate chains from the G residues. This property has been exploited for the production of
gels or films from alginate, mainly with calcium ions, for the controlled release of active
agents [161]. Alginate mulches have been produced as a solution of sodium alginate which
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is sprayed on the soil, where it forms cross-linking with naturally occurring calcium ions.
Once the water has evaporated, a thin layer of the polymer appears on the soil surface
that functions as a mulch film [162]. Field trials have shown that these alginate mulches
improve plant growth and have a positive impact on the population of soil microorganisms
including fungi and actinomycetes. It also lowers soil temperature, making it a good option
for use in hot climatic zones [163]. Alginate is known to act as a biostimulant and promotes
plant growth, specifically through better root development and fruit quality, and it also
improves the plant’s ability to tolerate salt stress. Therefore, the use of alginate mulches
may contribute in many ways to enhanced plant growth [164–166]. Moreover, alginate is
non-toxic and biodegradable, and has good water holding capacity [167].

However, the main problem with the use of alginate-based mulch films is their de-
pendency of synthesis on the presence of calcium ions in the soil, since the films cannot be
produced in the absence of these ions. Furthermore, the stiff structure of sodium alginate
and the rigidity of the resulting cross-linked film leads to rips and tears in the mulch film,
which paves way for the growth of weeds [14]. A method to overcome this problem is
the formation of blends including polyglycerol or hydroxyethylcellulose. While these
blends have shown potential to be used as mulch films, the cost of production increases
considerably, reducing the overall efficacy of the product [168].

5.2.5. Starch

Starch is the main storage polysaccharide found in plants and is made up of the chains
of amylose and amylopectin. Amylose is linear and consists of glucose units linked by
α-1, 4 glycosidic linkages, while amylopectin has branches that stem out of the main chain.
The main chain is made up of glucose units joined by α-1, 4 glycosidic linkages while
the branch points have α-1, 6 glycosidic linkages [169]. Starch is found in the form of
granules in seeds, roots, and tubers. Depending upon the plant source, starch may consist
of amylose, amylopectin and other compounds such as lipids, proteins and phosphate or
ester groups in minor quantities. The proportion of amylose and amylopectin influences the
properties of starch. High amylose starches produce stiffer gels and stronger films, while
high amylopectin starches produce softer gels which are more stable over longer periods of
time. The proportion of these components is the main factor that helps to choose the source
of starch and its applicability [170]. Commercially, starch is extracted from corn, wheat, rice,
sorghum and potato depending on the geographical regions and local availability [171].

Starch is one of the most abundant and cheap polymers that can be used to replace
plastic. It can be easily processed without any stringent requirements and can be produced
commercially using already installed plastic processing machinery/equipment [172]. Con-
sidering these attributes and the fact that it can be used easily to form a film through the
process of gelatinization, it is a good choice for use as a mulching material [173]. However,
it has poor water resistance or high hydrophilicity which leads to enhanced degradation.
In fact, it has been observed that more than 33% of the starch mulch film degrades within
55 days of application as a mulching material [64]. Starch films also have low elastic
strength and are brittle, which means that they often tear apart while being spread on
the field [68]. One way to overcome these problems is to modify or blend starch with
other materials such as glycol, chitosan, and PLA. Films synthesized in this manner have
exhibited better elastic strength but are expensive to produce and are often sensitive to
high humidity. Moreover, the mechanical properties of these films are still not comparable
to plastic mulch films, limiting their potential use in agriculture [174,175].

5.2.6. Cellulose

Cellulose is the main structural component of plant cell walls and is the most abundant
polysaccharide in nature. It is a linear homopolymer made up of D-glucose units joined
through β- 1, 4 glycosidic bonds [176]. Cellulose is found in plants and can also be produced
by a number of microorganisms including common soil-borne bacteria. Naturally occurring
cellulose is found in two crystalline or allomorphic forms, Iα and Iβ, depending upon the
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network of hydrogen bonds formed between the hydroxyl groups of cellulose chains. Iα is
predominantly found in plants, while Iβ is the form of cellulose produced by bacteria [177].
These allomorphs vary in their solubility because of the hydrogen bonding pattern. Bacterial
cellulose is preferred over plant cellulose due to relative abundance and ease of production
and extraction [178]. Additionally, bacterial cellulose has good biodegradability, purity,
water holding capacity, transparency, flexibility, and greater mechanical strength, making it
an ideal material to replace plastic for mulch films [179]. Field trials have demonstrated
that mulch films made of bacterial cellulose better retain soil moisture and are effective
in providing a suitable microclimate for plant growth. Furthermore, these films can be
modified as composite films to release nutrients by the addition of fertilizers [180,181].

The main challenge for the production of cellulose on a commercial scale is the higher
cost of this process. Scientists are investigating the use of cheap waste material as a substrate
for the bacteria to produce cellulose to decrease the cost of production [182,183]. Other
aspects to reduce production costs include developing new strategies for agitated and static
culturing and designing new, cost-effective fermentation vessels [184].

A comparison of the advantages and disadvantages of biodegradable polymers and
their degradation times is given in Table 2 [103–184] and Figure 12, respectively [185–189].

Table 2. Comparison of the advantages and disadvantages of different synthetic and bio-based
biodegradable mulch films.

Type of
Biodegradable Polymer

Polymer Advantages Disadvantages

Synthetic

Polybutylene adipate
terephthalate

Good impact resistance
and extensibility Produces microplastics

Poly ε-caprolactone Flexible material and effective
in retaining soil moisture

Degrades very quickly and has to be
replenished frequently

Poly Butylene Succinate Good thermal stability Expensive with
limited biodegradability

Bio-based

Polylactic acid Good processibility
and thermoplasticity Brittle and expensive

Polyhydroxyalkanoates Can act as controlled
release system

Expensive to produce and lacks
mechanical strength

Chitin Controls weed growth Alters soil temperature and expensive
to produce

Alginate Acts as biostimulant and
promotes plant growth Rips after application

Starch Abundant and cheap Brittle and low tensile strength so tears
apart during application

Cellulose Flexible with good
tensile strength Expensive to produce on large-scale

Figure 12. The degradation time estimated for different biodegradable polymers (a) under controlled
conditions and (b) in field trials.
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6. Commercially Available Biodegradable Mulches—Current Trends and Challenges

Despite the challenges and problems related to production of biodegradable mulch
films, consistent research efforts over a number of years have resulted in the development
of some commercial mulching materials. All these mulch films are polysaccharide-based
and are manufactured by blending two or more polymers [99].

The first biodegradable mulch film used in agriculture was Mater-Bi®, which was
produced by Novamont, an Italian company. The mulch film is made of a blend of poly
ε-caprolactone and thermoplastic starch and possesses reasonable biodegradability and me-
chanical strength [82]. Its application in the field has demonstrated that the material can be
used effectively for mulching purposes [190]. Other commercially available mulch films in-
clude Biomax® TPS, Biopar®, Bionelle, Biosafe™, Ingeo®, and WeedGuardPlus [65,191,192].
These films are manufactured by various companies in different countries and are being
used in farming practices (Table 3).

Table 3. Some commercially available mulch films and the crops grown using them.

Commercial Mulch Film Composition Manufacturer
Crops Grown Using

Mulch Films
Reference

Biomax® TPS TPS + starch DuPont Corn [193]
Bionolle TPS + PLA + (PBS or PBSA) Showa Denko Europe Onion [194]

Mater-Bi® TPS + PCL Novamont Tomato [195]
Eco-Flex® Starch + PBAT BASF Strawberry, Tomato [196,197]
Ecovio® TPS + PBAT + PLA BASF Cucumber [198]

EcoWorks TPS + PBAT Cortec Corporation Bell Pepper [199]
Ingeo® Starch + PLA Nature Works Tomato [200]

Naturecycle Starch + polyester Custom Bioplastics Pumpkin [106]
WeedGuardPlus Cellulose Sunshine Paper Strawberry [201]

Results obtained from field experiments have indicated that biodegradable mulch
films are as effective as polyethylene mulch in controlling weed infestation and promoting
plant growth. However, the increasing demand for food and cash crops has led to a
continuous rise in the global consumption of plastic mulch film. Although there is a wide
range of biodegradable material available on the market, the quantity is still not sufficient to
completely replace non-degradable plastic mulch films [202]. The main challenge associated
with the large-scale production of biodegradable mulch films is the economic viability of the
production process. The profit and economic feasibility analysis of biodegradable mulches
indicates that if these are to be used as alternatives to plastic mulches, governments need
to provide subsidies to promote their use through extensive marketing [203–205].

7. Future Prospects of Biodegradable Mulch Films

Despite extensive research in the development of biodegradable mulch films commer-
cially, the large-scale use of these materials is still limited. The biodegradable mulching
material needs to be cost effective and easily accessible to the farmers for complete replace-
ment of polyethylene in the field. Commercially available biodegradable mulch films are
not preferred by most farmers because these are expensive, difficult to manage and require
specialized equipment for application [206]. This means that although some alternatives to
plastic mulches are available, they are not being used. Governments need to play a part in
subsidising these mulch films and raising awareness about their benefits over plastic mulch
films. For example, some regional authorities in Spain are giving incentives to farmers who
use biodegradable mulch films to promote their use [204]. Such policies need to be adopted
globally to encourage the use of biodegradable materials.

There is a need to develop polymers suitable for mulching in different climatic zones,
with a wide range of temperatures and soil types, so that these can be utilized for the
production of different crops [207]. It is currently a challenge to develop a material that
fits the criteria of mulching products with good physical characteristics, durability, and
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biodegradability. In this context, while there are standard testing methods for determination
of mechanical strength, biodegradation analysis is still raising questions on many platforms.
The biodegradability testing methods have several shortcomings, since these are mostly
carried out in laboratory conditions and rely on indirect testing methods without taking soil
characteristics into account. It is important to understand that the biodegradation process
in the field is affected by many factors and the polymer may not exhibit the same rate of
breakdown in lab and field conditions [208]. Even if the polymer degrades in soil, the long-
term effects of any residual matter left after biodegradation of these polymers is yet to be
investigated. Therefore, there is a dire need to develop testing methods that can estimate the
biodegradation of the polymer in field conditions and allow for a close-to-reality simulation
of the possible residual effects [139].

Among all polymers that may be used, cellulose offers potential for further research
since the only problem associated with it is the cost of production. New processing
methodologies such as 3D printing and electrospinning are also being considered for
production of mulch material and can be used for lowering the cost of cellulose [209].
However, work in this area is still limited to laboratory trials, and field application still
needs to be carried out to commercialize these products for further use [86].

8. Conclusions

This review provides a detailed account of the history of mulching, the concerns about
the use of plastic mulch films and their impact on the environment. It also discusses the
alternative biodegradable polymers with the potential to be used for mulching, including
those produced naturally by microorganisms, animals and plants as well as some derived
from fossil fuels, alongside their advantages and limitations. Most of the biodegradable
polymers have characteristics that are a compromise in terms of parameters that need to be
met for agricultural use in terms of maintaining the optimum microclimate for plant growth
for the whole growth cycle and sufficient high tensile strength. For example, materials that
exhibit good biodegradation often lack mechanical strength, and vice versa. The formation
of blends or use of co-polymers appears to be a promising solution but presents a limitation
of increasing the cost of production significantly. The future outlook for the development
of biodegradable mulch films is nonetheless favourable. The cost of production can be
reduced by adopting waste valorisation strategies wherever possible, and advanced sci-
entific techniques can be used to improve the quality of the polymer produced so that it
can meet the required standards. The discussion reflects the potential for research and
development in the design of biodegradable mulch films. Further research in all domains
of production, design, characterization, biodegradation analysis and commercialization
needs to be carried out to encourage the use of biodegradable polymers for mulching to
promote sustainable practices.
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Abstract: This work aims to enhance the mechanical properties, oil resistance, and thermal properties
of acrylonitrile butadiene rubber (NBR) by using the Nile tilapia fish scales as a filler and using
bis(triethoxysilylpropyl)tetrasulfide (TESPT) as a coupling agent (CA). The prepared fish scale
particles (FSp) are B-type hydroxyapatite and the particle shape is rod-like. The filled NBR with FSp
at 10 phr increased tensile strength up to 180% (4.56 ± 0.48 MPa), reduced oil absorption up to 155%,
and increased the decomposition temperature up to 4 ◦C, relative to the unfilled NBR. The addition
of CA into filled NBR with FSp at 10 phr increased tensile strength up to 123% (5.62 ± 0.42 MPa) and
percentage of elongation at break up to 122% relative to the filled NBR with FSp at 10 phr. This work
demonstrated that the prepared FSp from the Nile tilapia fish scales can be used as a reinforcement
filler to enhance the NBR properties for use in many high-performance applications.

Keywords: acrylonitrile butadiene rubber; fish scale; bis(triethoxysilylpropyl)tetrasulfide; composite;
compatibilizer

1. Introduction

Nile tilapia is a freshwater fish that finds public favor in consumption, which makes it
popular in aquaculture. About 140,000 tons of Nile tilapia fish were produced in Thailand,
and 23% of those were processed into fillets. That left about 2% of the Nile tilapia fish
scales as waste [1–3]. Generally, fish scales are considered discarded waste from the food
processing industry and are often disposed of in landfills, which pollute both soil and
water resources [4,5]. Therefore, the development of fish scales into functional materials is
interesting because it could reduce the impact of environmental pollution and increase their
value. Normally, the fish scales are rich in hydroxyapatite, collagen, polysaccharide, and
chitin, which contain the mineral elements magnesium, calcium, fluoride, and phospho-
rus [6,7]. Recently, fish scales have been used to produce various products, such as fertilizer
and fillers for plastic and rubber industrials. Additionally, it also has a wide use in tissue
engineering for biomedical applications [3,4]. Hydroxyapatite from fish scales has gained
the attention of many researchers. Majhool et al. [8] have prepared hydroxyapatite from
tilapia fish scales. They expected that it can be used as a potential filler in polymers. Similar
to Prasad et al. [9], they have used hydroxyapatite from fish scales as a filler in polylactic
acid (PLA) composites for use as fixation devices. Their work revealed that hydroxyapatite
can be improved the wettability and thermal stability of PLA/hydroxyapatite composites.
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Acrylonitrile butadiene rubber (NBR) is a synthetic rubber that has excellent resistance
to solvents and oils due to the presence of polar cyanide groups in the NBR backbone. In
addition, NBR is convenient to use in various industrial applications because of its moderate
cost, processability, and heat resistance. The majority of NBR applications are used in
petroleum and automobile industrials, such as fuel hoses, gaskets, oil seals, radiator hoses,
v-belts, etc. [10,11]. However, NBR has drawbacks in tensile strength, flexibility and flame
resistance, etc., that restrict its potential to be used in many applications requiring high
performance [10–15]. Several researchers have recently been fabricating elastic composites,
especially NBR-based nanocomposites, not only to improve the mechanical properties of
NBR but also to enhance the resistance to solvents, oils, and heat [13,16,17].

However, although the addition of nanofillers to NBR has several advantages, as
mentioned, it also has some disadvantages, such as the ability to agglomerate due to the
filler–filler interactions, which limits the potential of the filler to improve the performance
of NBR vulcanizate. Therefore, the addition of coupling agents could be an alternative
way to reduce these problems because it would reduce the filler–filler interactions and
enhance the filler–rubber interactions, which would improve the overall polymer composite
properties [18,19]. Normally, bis(triethoxysilylpropyl)tetrasulfide (TESPT) is typically
the coupling agent (CA) that is widely used in the rubber industry due to its low cost,
availability, and the simplicity of the process [20]. TESPT is a bifunctional compound which
is composed of two functionally active end groups. It can act as a bridge between filler and
rubber via chemical linkages in the sulfur vulcanization, so enhancing of the rubber–filler
interaction occurred [21].

In this work, alkali heat treatment was used to prepare Nile tilapia fish scales as fish
scale particles (FSp). The method was based on previous research [22]. The particle size of
FSp was expected to decrease with increasing treatment time and can be used as a filler in
NBR. The characteristics of FSp were characterized using an X-ray diffractometer (XRD),
an energy dispersive X-ray spectrometer (EDS), Fourier transform infrared spectroscopy
(FTIR), a nitrogen adsorption–desorption analyzer, and a field emission scanning electron
microscope (FE-SEM). The effects on the cure characteristics, mechanical properties, mor-
phological properties, oil resistance, and thermal properties of the filled NBR with FSp at
different contents (0, 5, and 10 phr) were investigated. Furthermore, the effects of CA on
NBR samples with optimal FSp content were compared. NBR composites filled with FSp
were expected to provide the oil resistance properties. This is a novelty of the work.

2. Materials and Methods

2.1. Materials

Nile tilapia fresh fish scales of approximately 3 kg were collected from the local market
in Nakhon Ratchasima, Thailand. Acrylonitrile butadiene rubber (NBR) with the trademark
NANCAR® 3345 was supplied by NANTEX Industry Co., Ltd. (Kaohsiung, Taiwan).
Bis(triethoxysilylpropyl)tetrasulfide (TESPT) with the product ID KBE-846 was supplied
by Shin-Etsu Chemical Co., Ltd. (Tokyo, Japan). Hydrochloric acid (HCl) with AR grade
and 37% purity was supplied by RCI Labscan Co., Ltd. (Bangkok, Thailand). Sodium
hydroxide (NaOH) with RPE grade and 99% purity was supplied by Carlo Erba (Milan,
Italy). Stearic acid (SA), zinc oxide (ZnO), Di(benzothiazol-2-yl)disulfide (MBTS), N-
Cyclohexylbenzothiazole-2-sulfenamide (CBS), and sulfur (S) were supported by Chemical
Innovation Co., Ltd. (Bangkok, Thailand).

2.2. Preparation of Fish Scale Particles (FSp) from Fresh Fish Scales

The method for preparing FSp was adapted from Kongsri et al. and Injorhor et al. [22,23].
The collected fresh fish scales were washed with tap water several times to remove dirt, and
dried using a hot-air oven at 60 ◦C for 12 h to obtain the dried fish scales. The protein and
fat on the surface of the dried fish scales were removed using HCl solution at 0.1 M under
stirring for 2 h at room temperature. Then, the removed fish scales were filtered, washed
with DI water until they reached pH = 7, and dried at 60 ◦C using a hot-air oven. The prior
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removed fish scales were alkali heat treated with 50% (w/v) of NaOH solution at 70 ◦C for
7 h. Afterwards, the slurry of fish scales was filtered, washed with DI water until it reached
pH = 7, and dried using a hot-air oven at 60 ◦C. The FSp were then obtained.

2.3. Characterizations of FSp

The crystalline phase compositions and diffraction lines of FSp were analyzed by an
X-ray diffractometer (XRD, D2 PHASER, Bruker, Billerica, MA, USA) with Cu Kα radiation
source operated at 30 kV and current 10 mA. The 2θ range carried out was between 10 and
60 degrees.

The elemental compositions of FSp were analyzed by an energy dispersive X-ray
spectrometer (EDS, EDAX Genesis 2000, AMETEK, Inc., Berwyn, PA, USA) in a scanning
electron microscope (SEM-EDS, JSM-6010LV, JEOL, Tokyo, Japan).

The functional groups of FSp were analyzed by Fourier transform infrared spec-
troscopy (FTIR, TENSOR 27, Bruker, Billerica, MA, USA). The sample was mixed with
potassium bromide (KBr) using agate mortar and pressed into a disk to obtain the test
specimen with a smooth surface for transmittance measurement. The wavenumber range
of 4000 to 400 cm−1 with resolution of 4 cm−1 and number of scans of 64 were used to
collect data.

The characteristics of FSp in terms of BET surface area, total pore volume and particle
size were determined from nitrogen adsorption–desorption analysis, which was performed
on BELSORP-mini II (MicrotracBEL, Osaka, Japan). The sample was degassed at 160 ◦C for
6 h before analysis. The microstructure of FSp was acquired using a field emission scanning
electron microscope (FE-SEM, AURIGA, Carl Zeiss, Oberkochen, Germany) at 3 kV. The
samples were sputtered with gold for 3 min at 10 mA beforehand.

2.4. Preparation of NBR/FSp and NBR/FSp/CA Composites

The NBR/FSp and NBR/FSp/CA composites were prepared by compounding using
an internal mixer at 70 ◦C with roller speed at 40 rpm and vulcanizing using a compres-
sion molding machine at 160 ◦C with an optimal cure time of each compound that was
determined using a moving die rheometer (MDR). First, the NBR was masticated for 4 min,
followed by the addition of different FSp contents (0, 5, and 10 phr), CA, and vulcanizing
agent for 2 min. Then, the accelerators and activators were added separately for 1 min. The
sample codes and compositions of NBR/FSp and NBR/FSp/CA composites are listed in
Table 1.

Table 1. Sample codes and compositions of NBR/FSp and NBR/FSp/CA composites.

Materials (phr *) Unfilled NBR NBR-5FSp NBR-10FSp NBR-10FSp-CA

NBR 100 100 100 100
SA 2 2 2 2

ZnO 5 5 5 5
MBTS 1.5 1.5 1.5 1.5
CBS 0.5 0.5 0.5 0.5

S 1.5 1.5 1.5 1.5
FSp - 5 10 10

TESPT - - - 2
* phr = part per hundred of rubber.

2.5. Characterizations of NBR/FSp and NBR/FSp/CA Composites

The cure characteristics, such as minimum torque, maximum torque, scorch time, and
optimal cure time of NBR/FSp and NBR/FSp/CA composites, were determined using
an MDR (M-2000AN, GOTECH, Taichung, Taiwan) according to ASTM D2084 with a
temperature at 160 ◦C. The cure rate index of NBR/FSp and NBR/FSp/CA composites
were calculated by following the equation:

Cure rate index = 100/(optimal cure time − scorch time) (1)
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The modulus at 100% elongation (M100), modulus at 300% elongation (M300), tensile
strength, and percentage of elongation at break of NBR/FSp and NBR/FSp/CA compos-
ites were measured according to ASTM D412 using a universal testing machine (UTM,
Model:5565, INSTRON, Norwood, MA, USA) with a load cell of 5 kN and crosshead speed
of 500 mm/min.

The hardness of NBR/FSp and NBR/FSp/CA composites were measured according
to ASTM D2240 using a hardness tester (HPE II, Bareiss, Stouffville, ON, Canada) with the
Shore A test method.

The secondary electron images of NBR/FSp and NBR/FSp/CA composites were
acquired using a field emission scanning electron microscope (FE-SEM, AURIGA, Carl
Zeiss, Oberkochen, Germany). The tensile fracture surfaces of NBR/FSp and NBR/FSp/CA
composites were coated with gold before the SEM observation.

The oil resistance in terms of change in mass percentage of NBR/FSp and NBR/FSp/CA
composites were performed according to ASTM D471 by immersing the standard spec-
imens in toluene for 22 h. The equation that was used to calculate the change in mass
percentage of NBR/FSp and NBR/FSp/CA composites is:

ΔM (%) = [(M2 − M1)/M1] × 100 (2)

where ΔM is the change in mass (%), M1 is the initial mass of the specimen in air (g), and
M2 is the mass of specimen in air after immersion (g).

The thermogravimetric analyzer (TGA, TGA/DSC 1, METTLER TOLEDO, Greifensee,
Switzerland) was used to analyze the thermal decompositions of NBR/FSp and NBR/FSp/CA
composites. The specimens were placed in an alumina pan and heated from room temperature
up to 650 ◦C under nitrogen with a heating rate of 10 ◦C/min and a gas flow rate of 20 mL/min.

3. Results and Discussion

3.1. Characterizations of FSp

The XRD pattern of FSp is represented in Figure 1. The sample consisted entirely
of the hydroxyapatite phase with defined peaks following the Crystallography Open
Database (COD 9001345) and similar to the standard of JCDPS 00-009-0432 [24] without
other phases. The characteristic peaks of the FSp are similar to the synthetic hydroxyapatite
of Pon-On et al. [25] and the fish scale nano-hydroxyapatite of Kongsri et al. [23]. It was
confirmed that the obtained FSp are a type of hydroxyapatite, which is a bio-material.

Figure 1. XRD pattern of FSp compared with COD 9001345.

The elemental compositions and EDS spectra of FSp are shown in Figure 2. It confirms
that the major constituents are calcium (Ca), phosphorous (P), and oxygen (O). Moreover,
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the typical presence of sodium (Na) and magnesium (Mg) are significant factors in bone
and tooth growth [26]. However, the Ca/P of FSp is 1.86, which is higher than the stoichio-
metric ratio of 1.67 for stoichiometric hydroxyapatite because of the presence of carbonate
(CO3

2−) ions that substitute phosphate (PO4
3−) in the hydroxyapatite structure (B-type

hydroxyapatite) [25].

Figure 2. Elemental analysis by EDS of FSp.

The functional groups of FSp are shown in Figure 3. The broad band around 3500 cm−1

corresponds to the OH− stretching vibration of adsorbed water. The bands at 1471 and
1415 cm−1 correspond to the asymmetric stretching vibration of the CO3

2− band, and a
band at 873 cm−1 corresponds to the bending vibration of CO3

2− [23,27]. The presence of
CO3

2− bands indicated that some PO4
3− groups were replaced with CO3

2− groups. These
results confirmed the FSp are B-type hydroxyapatite, which corresponds to the EDS result
and with Kongsri et al. [23]. In addition, the strong band at 1043 cm−1 corresponds to the
stretching vibration of PO4

3−, and the sharp bands at 601 and 563 cm−1 correspond to the
degenerate bending vibrations of PO4

3− in a hydroxyapatite structure.

Figure 3. FTIR spectrum of FSp.
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The adsorption–desorption isotherm of FSp is represented in Figure 4 and the infor-
mation on FSp analysis in terms of BET surface area and total pore volume are listed in
Table 2. The isotherm shape shows unrestricted monolayer–multilayer adsorption up to
high P/P0 without the final saturation plateau. Therefore, the isotherm of FSp is fitted to
the second (II) type of the IUPAC classification given by nonporous adsorbents [28,29]. The
BET surface area of FSp shows a higher value as compared to the extracted hydroxyapatite
from carp fish that was reported by Muhammad et al. [30]. In addition, the BET surface area
of FSp shows a higher value than the commercial hydroxyapatite in these reports [23,30].
For use as filler in composite materials, the high surface area of FSp has an advantage in
terms of greater interactions with the matrix. It was expected to be a bio-filler for improving
NBR composites.

Figure 4. Physisorption isotherm of FSp.

Table 2. Information on FSp analysis.

Sample
BET Surface Area

(m2/g)
Total Pore Volume

(cm3/g)

FSp 104 0.50

The microstructure of FSp is shown in Figure 5. The FE-SEM images show the FSp in
a rod-like shape with some agglomerates of FSp due to the static force between the FSp.
However, the particle size of the FSp is in the range of the nanoscale.

(a) (b)

Figure 5. FE-SEM images of FSp at (a) ×50,000 and (b) ×100,000 magnification.
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3.2. Characterizations of NBR/FSp and NBR/FSp/CA Composites

The cure characteristics such as minimum torque, maximum torque, scorch time,
optimal cure time, and cure rate index of NBR/FSp and NBR/FSp/CA composites are
listed in Table 3. Normally, the minimum torque is related to the viscosity of the rubber
compound, while the maximum torque is related to the rigidity of the rubber vulcanizate.
In the case of the addition of filler to rubber, these properties are also related to the nature of
the filler. In addition, the scorch time is the time with no crosslinks in the rubber compound,
which is an important parameter for the safe processing of rubber in molds. The optimal
cure time is another important parameter that determines the time required to produce the
rubber products [15,31–35]. The value of minimum torque of NBR-5FSp tends to increase
as compared to unfilled NBR because the dispersion of FSp at 5 phr reduces the mobility
of the macromolecular chains of NBR, which causes the viscosity of the compound to
increase [15,32,34]. Meanwhile, the value of minimum torque of NBR-10FSp decreases as
compared to unfilled NBR and NBR-5FSp because the addition of FSp at this amount has
agglomerated in the NBR matrix. The values of maximum torque of the filled NBR with
FSp are higher than unfilled NBR because the stiffness of the FSp increases the rigidity of
composite vulcanizates. The values of scorch time and optimal cure time of filled NBR
with FSp decrease as compared to unfilled NBR because the mineral content of FSp acts
as an activator for composite vulcanizates [4,34]. Meanwhile, the NBR-10FSp slightly
decreases the values of scorch time and optimal cure time as compared to NBR-5FSp
because the system of filled NBR with increasing FSp content becomes more heated from
the filler friction that affects the increased degree of curing. These results resemble the
cure characteristics of filled rubbers with prepared hydroxyapatite that were reported by
Nihmath and Ramesan [15,34]. Therefore, the use of FSp as a filler in NBR is an alternative
idea for producing NBR composite because it can reduce the optimal cure time of NBR
to obtain the product in a shorter time. However, the NBR-10FSp-CA shows the value of
minimum torque decreasing as compared to filled NBR because the CA acts as a lubricant,
which causes the viscosity of the compound to decrease. Moreover, the value of the optimal
cure time of NBR-10FSp-CA tends to increase as compared to filled NBR because the CA
coats on the surface of FSp, which reduces their activator activity, which causes the optimal
cure time of the composite vulcanizate to increase.

Table 3. Cure characteristics of NBR/FSp and NBR/FSp/CA composites.

Samples
Minimum Torque

(dNm)
Maximum Torque

(dNm)
Scorch Time

(min)
Cure Time

(min)
Cure Rate Index

(min−1)

Unfilled NBR 7.50 23.12 3:32 11:53 0.20
NBR-5FSp 7.86 30.25 1:32 2:38 1.52

NBR-10FSp 6.44 29.02 1:31 2:32 1.64
NBR-10FSp-CA 5.91 24.00 1:32 3:12 1.00

Figure 6 represents the mechanical properties of NBR/FSp and NBR/FSp/CA com-
posites, and Table 4 shows the values of the mechanical properties of NBR/FSp and
NBR/FSp/CA composites in terms of M100, M300, tensile strength, percentage of elon-
gation at break, and hardness. It is well known that the characteristics and dispersion of
filler are directly related to the properties of the polymer composite. Additionally, the area
under the stress–strain curves is related to the toughness of the polymer. In general, the
mechanical properties depend on the nature of the filler, dispersion, and the interaction
between the filler and polymer matrix [4,15,34,36]. The modulus and tensile strength of
filled NBR with FSp show increased values as compared to unfilled NBR because of the
interactions between FSp and the NBR matrix, which improve the fracture resistance of
NBR composites. However, the percentage of elongation at the break of filled NBR with FSp
shows decreased values as compared to unfilled NBR because the addition of FSp restricts
the molecular motions of the NBR matrix, which reduces the elasticity of NBR. When
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compared to the filled NBR with FSp at 5 and 10 phr, the NBR-10FSp shows higher values
of tensile strength and percentage of elongation at break that resemble the mechanical
properties reported by Akbay et al. [4]. According to this research, the tensile strength and
percentage of elongation at break of the rubber were increased by increasing the fish scale
content, because the calcium oxide (CaO) content of fish scale acts as a vulcanizate activator
that improved the mechanical strength and flexibility of the rubber composite. Meanwhile,
the hardness values of filled NBR increase with increasing FSp content because the stiffness
of FSp improves the resistance to indentation of NBR composite, which resembles the hard-
ness results in these reports [15,34]. Moreover, the NBR-10FSp-CA shows increased values
of tensile strength and percentage of elongation at break as compared to filled NBR because
the CA enhances the chemical interaction between FSp and the NBR matrix, which assists
the stress-transfer of NBR composite but has no effect on the modulus value. Figure 7a
represents the schematic of NBR/FSp/CA interactions. The first step is CA hydrolysis,
which generates the silanol groups (Si-OH) on the side chains of CA. The second step is
that the Si-OH of CA and the Ca of FSp generate an ionic reaction together. In addition,
the sulfur (S) of the CA and the carbon (C) on the NBR chains undergo a crosslinking
reaction. Figure 7b represents a sketch of the interface interactions between FSp, CA, and
NBR chains. These interactions are similar to these reports [19,37,38]. All results show that
the modulus, tensile strength, and hardness of NBR are improved by adding the FSp with
increasing contents. In addition, the tensile strength, percentage of elongation at break, and
hardness of NBR composites are also improved by using a CA to obtain superior values.

(a) (b)

Figure 6. Mechanical properties of NBR/FSp and NBR/FSp/CA composites showing (a) Stress–strain
curves and (b) Tensile strength and percentage of elongation at break.

Table 4. Mechanical properties of NBR/FSp and NBR/FSp/CA composites.

Samples
M100
(MPa)

M300
(MPa)

Tensile Strength
(MPa)

Elongation at
Break (%)

Hardness
(Shore A)

Unfilled NBR 0.73 ± 0.02 1.14 ± 0.06 2.54 ± 0.14 655.35 ± 8.07 35.40 ± 0.25
NBR-5FSp 1.15 ± 0.04 2.39 ± 0.13 4.20 ± 0.36 475.21 ± 24.37 37.90 ± 0.30

NBR-10FSp 1.14 ± 0.02 2.21 ± 0.06 4.56 ± 0.48 515.81 ± 16.68 38.33 ± 0.25
NBR-10FSp-CA 1.13 ± 0.03 2.21 ± 0.08 5.62 ± 0.42 627.56 ± 51.10 41.40 ± 1.14
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(a)

(b)

Figure 7. (a) Schematic representation of NBR/FSp/CA interactions and (b) Sketch of the interface
interaction between FSp, CA, and NBR chains.
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Figure 8 presents the FE-SEM images of tensile fracture surfaces of the NBR/FSp
and NBR/FSp/CA composites. Generally, the morphological properties of the polymer
composite are necessary to report in order to understand the dispersion, compatibility, and
characteristics of the filler after the mixing and forming processes [13,32,39]. The unfilled
NBR shows the smooth fracture surface without the particles on the surface (Figure 8a). On
the other hand, the filled NBR with FSp shows the dispersion of FSp with some agglomer-
ates on the rough fracture surface (Figure 8b,c). These characteristics tend to increase with
increasing FSp content in NBR (Figure 8c). In general, the dispersion of the filler should
be uniform with no agglomerates in a polymer composite. Nevertheless, the mechanical
properties in terms of modulus, tensile strength, and hardness of filled NBR increase with
increasing FSp content. This indicated that the FSp are effective reinforcement fillers for
improving the mechanical properties of NBR, although the FSp exhibit non-uniform dis-
persion and have some agglomeration in the NBR matrix. Additionally, the roughness
on the fracture surface indicates the resistance to fracture of the polymer composite due
to the good mechanical interlocking between filler and matrix [32]. That corresponds to
the results of tensile strength and percentage of elongation at break of filled NBR, which
increase with increasing FSp content. In the case of the addition of CA, the NBR-10FSp-
CA shows the image of fracture surface with similar characteristics as compared to the
NBR-10FSp. However, the FSp on the fracture surface of NBR-10FSp-CA tend to be more
embedded in the NBR matrix than the FSp on the fracture surface of NBR-10FSp (Figure 8d),
which affects the increased tensile strength and the percentage of elongation at break of the
NBR-10FSp-CA. This indicated that the CA increases the reinforcement efficiency of the
FSp and NBR matrix.

(a) (b)

(c) (d)

Figure 8. FE-SEM images of (a) Unfilled NBR, (b) NBR-5FSp, (c) NBR-10FSp, and (d) NBR-10FSp-
CA composites.
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Figure 9 depicts the oil resistance of NBR/FSp and NBR/FSp/CA composites in terms
of change in mass percentage. The oil resistance is an important parameter for polymer
products that are used in petroleum applications. In general, the oil resistance depends
on the interactions between solvent and polymer, crosslink density, and crystallinity of
polymer [15,34]. The oil resistance of NBR is enhanced by adding the FSp, because the
intermolecular forces between FSp and NBR increase the energy required to separate the
NBR molecules for the penetration of oil molecules, which affects the decreased swelling
percentages of filled NBR with FSp. In addition, this result also depends on the content
of FSp added, which shows a decrease in the swelling percentage with increasing FSp
content in NBR. Meanwhile, the value of the swelling percentage of NBR-10FSp-CA is no
different when compared to NBR-10FSp, which indicates that the CA has no effect on this
property. The values of the swelling percentage of unfilled NBR, NBR-5FSp, NBR-10FSp,
NBR-10FSp-CA are 93.91%, 64.33%, 60.73%, and 58.41%, respectively. Therefore, although
it is well known that NBR is a synthetic rubber that has excellent resistance to solvents and
oils, the filled NBR with increasing FSp content increases the oil resistance efficiency.

Figure 9. Oil resistance of NBR/FSp and NBR/FSp/CA composites.

The TGA thermograms of NBR/FSp and NBR/FSp/CA composites are presented
in Figure 10, and the thermal properties in terms of the initial degradation temperature
(Tonset), temperature at maximum weight loss level (Tmax), final degradation temperature
(Tendset), and residue percentages of NBR/FSp and NBR/FSp/CA composites are listed
in Table 5, according to the TGA thermograms of NBR composites, which can divide the
stages of weight loss into three stages: 35–350, 350–500, and 500–650 ◦C. The first stage
shows a slightly decreased weight loss percentage in all samples, which is about 3% due to
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the volatile water. Meanwhile, the decomposition of organic compounds from filler and
polymer is the reason for the maximum weight loss in all samples that is shown in the
second stage. However, the values of Tonset of NBR tend to increase with increasing FSp
content, and the results of Tmax and Tendset also show this tendency. The reason for these
results is that the decomposition temperature of FSp is higher than the NBR matrix, so the
FSp act as a heat barrier during the thermal decomposition process of NBR composites,
which resembles the thermal properties reported in these reports [13,40,41]. According
to these studies, the thermal stability of the polymer was increased by increasing the
prepared hydroxyapatite content. Additionally, due to the incomplete decomposition of
organic compounds in the second stage, all samples exhibit a slightly decreased weight loss
percentage in the third stage. At a temperature of 650 ◦C, the values of residue percentage
of NBR increased with increasing FSp content due to the remaining inorganic compounds
from FSp in NBR composites. Nevertheless, the NBR-10FSp and NBR-10FSp-CA show
similar results in their thermal properties. Therefore, the thermal properties of NBR are
increased by adding FSp with increasing content, but the CA has no effect on these results.

Figure 10. TGA thermograms of NBR/FSp and NBR/FSp/CA composites.

Table 5. Thermal properties of NBR/FSp and NBR/FSp/CA composites.

Samples Tonset (◦C) Tmax (◦C) Tendset (◦C) Residue (%)

Unfilled NBR 410 445 475 10.91
NBR-5FSp 411 446 482 14.04
NBR-10FSp 412 449 483 17.47

NBR-10FSp-CA 413 449 483 17.23

4. Conclusions

FSp were successfully obtained from Nile tilapia fish scales biowaste and used to
prepared NBR/FSp composites. The obtained FSp are B-type hydroxyapatite with a rod-
like shape. The FSp were the effective reinforcement filler in the NBR matrix because it
enhanced the tensile strength, oil resistance, and thermal properties of NBR. Moreover,
the scorch time and optimal cure time of NBR also reduced with increasing FSp content,
resulting in a shorter time to obtain the NBR product. The addition of CA gave the best
properties, because the CA enhanced the tensile strength and percentage of elongation at
break of NBR-10FSp. The obtained NBR composites filled with FSp are expected to be used
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in sealing gadgets that can resist oil. In the future, the NBR composites will compare with
other bio-fillers.
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Abstract: Polymers are sustainable and renewable materials that are in high demand due to their ex-
cellent properties. Natural and synthetic polymers with high flexibility, good biocompatibility, good
degradation rate, and stiffness are widely used for various applications, such as tissue engineering,
drug delivery, and microfluidic chip fabrication. Indeed, recent advances in microfluidic technology
allow the fabrication of polymeric matrix to construct microfluidic scaffolds for tissue engineering
and to set up a well-controlled microenvironment for manipulating fluids and particles. In this review,
polymers as materials for the fabrication of microfluidic chips have been highlighted. Successful
models exploiting polymers in microfluidic devices to generate uniform particles as drug vehicles or
artificial cells have been also discussed. Additionally, using polymers as bioink for 3D printing or as
a matrix to functionalize the sensing surface in microfluidic devices has also been mentioned. The
rapid progress made in the combination of polymers and microfluidics presents a low-cost, repro-
ducible, and scalable approach for a promising future in the manufacturing of biomimetic scaffolds for
tissue engineering.

Keywords: polymers; microfluidics; lab-on-chip; biomedical engineering; drug carrier; artificial cell;
3D bioprinting

1. Introduction

Polymeric biomaterials have been used to provide artificial matrices that can mimic
the biological cell. This requires appropriate biophysical and biochemical properties, such
as certain topography, stiffness, signaling, and growth factors [1]. Polymers are commonly
used in tissue engineering scaffolds and wound dressing due to their ability to enhance
cellular regeneration. Further, drugs are encapsulated in the polymeric particles to generate
drug vehicles that can improve drug uptake into the disease sites and bioavailability. How-
ever, the physical and self-assembled properties of polymers, such as charges, composition,
biodegradation, shape, size, and surface chemistry, play a dominant role in determining
polymer behavior within biological environments [2]. Further, these interactions are di-
rected by the physicochemical properties of the polymers in micro or nanostructures. The
developed polymeric models are able to navigate the body, infect and transform cells, or
repair damaged cells. The incorporation of cells into polymeric matrix can be performed
by cell implantation into readily prepared polymer matrix. This strategy has a significant
drawback, namely the lack of good integration between cells and polymer matrix. Another
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alternative strategy relies on the fabrication the polymer matrix with encapsulated cells,
which allows development of complex cellular microenvironments. New techniques, such
as microfluidics, 3D printing, and electrospinning, enable direct cell integration into the
matrix to mimic the matrix of desired tissue [1].

Microfluidics technology, also known as lab-on-chip technology, has been used as
a platform for biomedical engineering applications [3]. Generally, a microfluidic chip
is network of microchannels incorporated into the microenvironment by several holes
throughout the chip. Microfluidics allow the integration of biological and chemical pro-
cesses on a single platform. These microdevices allow controlling of the flow behavior of
small volumes of fluids in micro-chambers in the range of tens to hundreds of micrometers.
Microfluidics are widely used to synthesize polymeric particles for various applications
involving drug carrier vehicles, as well as bioarchitecture models mimicking cell-like
structures or extracellular matrix (ECM). Furthermore, recent studies have demonstrated
the possibility of using microfluidic chips as an artificial cell chassis. Depending on the
application, glass or polymer can be used to manufacture microfluidic devices and several
parameters should be taken into consideration in the fabrication of a microfluidic chip, such
as the compatibility of constructed materials with various solvents and channel geome-
tries [4–7]. Polymer-based chips are usually selected due to their cost efficiency, suitable
optical transparency, elasticity, and appropriate mechanical and chemical properties [8].
Several polymers, such as polydimethylsiloxane (PDMS) and poly(methyl methacrylate)
(PMMA), are employed to fabricate microfluidic devices [3]. However, polymers have some
limitations regarding their properties, including operation temperature range limitations,
higher autofluorescence, and the limited availability of surface modification techniques [9].
The fabrication of polymer microfluidic devices is relatively simple, and hazardous etching
reagents are not needed to create the polymer microstructure [10].

It is common to use natural polymers, such as polysaccharides and bacterial polyesters,
to generate polymer-based therapeutics, while it is common to use synthetic polymers as
building blocks for microfluidic devices. Figure 1 shows different applications of utilizing
polymers and microfluidics. Biodegradable and bioreducible polymers that are used for
polymeric drug/gene delivery systems are rapidly emerging in pharmaceutical fields.
Combining therapeutic agents with polymers can improve their safety and efficacy by
controlling the rate, time, and preferentially delivers the therapeutic agents to the target site
in the body [11]. Combining microfluidic devices and polymers presents unique advantages
for the development of efficient carriers of a wide range of drugs and genetic materials
(e.g., polymersomes). Microfluidic technology enables the production of highly stable,
uniform, monodispersed particles with higher encapsulation efficiency [5]. Furthermore,
many studies showed the possibility of using polymer-based bioinks in 3D printing for
applications in tissue engineering and regenerative medicine. There are several natural
(e.g., alginate, collagen, agarose) and synthetic (e.g., Pluronic and poly(ethylene glycol)
(PEG)) polymeric biomaterials that are used as bioinks for 3D printing based on their
ability to support cell growth, mechanical properties, and printability. Combining of cells,
biomedical polymers and biosignals is the basic requirement to develop 3D tissues or
organ structures [12]. The fabrication of vessel-like microfluidic channels is an example of
organ fabrication and thick tissue. Besides supporting the mechanical integrity, the printed
3D microfluidic network enables fluid transport. The microfluidic architecture allows
media transport, including nutrients, oxygen, water, and removal of the waste in the same
manner [13]. Recent developments in droplet microfluidics allowed the creation of versatile
vesicles with a structure that resembles the biological membrane. These artificial cell-like
structures with well-defined size enable the implementation of various biological reactions
within a compartment separated by a membrane that mimics a natural cell membrane [3].
In this perspective, this review deals with polymers used to either fabricate microfluidic
devices or create functional particle/matrix models using polymers and microfluidic chips.
The review first provides an overview of the different types of polymers. Then, it highlights
some of the recent advances in the design of microfluidics and polymers for various
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biomedical engineering applications, including drug delivery, 3D bioprinting, and artificial
cell-like structures.

Figure 1. Utilizing of microfluidic chips and polymers for various applications (Created with
Biorender.com, accessed on 12 October 2022).

2. Polymers Used in Microfluidic Devices

A single polymer unit may be composed of hundreds or millions of monomers. They
have one of the four basic polymer structures: linear, branched, cross-linked, or networked
(Figure 2). The two types of polymers are natural and synthetic. Natural polymers can
be extracted from biological systems such as plants, algae, microorganisms, and animals,
which have a similar ECM structure to native tissues. Synthetic polymers are similar to
natural polymers, but they are much cheaper, can be produced at large scale, and have
long shelf life compared with natural polymers. As such, generally, they present good
cellular attachment, which improves the cellular behaviors and prevents immunological
reactions [1,14].

Figure 2. From monomers to polymers. Linear, branched, cross-linked, and networked structures in
polymers (Created with Biorender.com, accessed on 12 October 2022).
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Choosing the right material is the first and most critical step in designing a successful
microfluidic device. A wide range of constraints and requirements dictates the selection of
the material for a specific component. The design of the device, the compatibility of the
material with the chemicals, as well as the applied temperature and pressure are crucial
considerations in material selection. Additionally, the final application of the device is
an essential consideration. For example, devices intended for in vivo applications in tis-
sue engineering must be nontoxic, exhibit a slow and predictable degradation rate, have
nontoxic and safe degradation products, and potentially capable of mimicking certain
physical and chemical properties of the native ECM or of supporting other agents that
play such roles. The architecture of the device can also influence the choice of materials.
For example, in devices that contain microfluidic systems, the materials have to be me-
chanically robust but have a controlled degree of flexibility [15,16]. The material also has
to be compatible with microfabrication techniques, easily processed in mild conditions,
and cheap to manufacture, among others [17]. Polymers are classified into two major
groups: biodegradable and biostable polymers. These two types of polymers are commonly
used as scaffolds or bioactive coatings in biomedical applications [8,15]. The next section
focuses on these two classes of polymers for the manufacture of microfluidic devices and
their biomedical applications.

2.1. Biodegradable Polymers

Sustainable polymers from various renewable resources can be directly obtained from
biomass (proteins and polysaccharides), or through chemical modifications of natural
polymers [18]. However, there are many sources of natural and synthetic biodegradable
polymers. Natural polymers are derived from natural raw materials and available in
large quantities while synthetic polymers are synthesized by the chemical polymerization
of bio-monomers.

2.1.1. Natural Biodegradable Polymers

In this section, we distinguish between natural polymers, which are produced outside
the human body (xenobiotic polymers), and proteins, which are native to the human body,
such as the ECM proteins. The use of natural biopolymers in microfluidics provides many
advantages, such as surface chemistry biocompatibility and having the same mechanical
properties of the native proteins of interest [16,19].

Natural polymers, such as chitosan, alginate, and gelatin, are also biologically derived
and biodegradable polymers. They are used in the manufacturing of biodevices that are
intended to interact with the biological systems of the human body. The crosslinking ability
of these natural polymers, which is induced by physical and chemical stimuli, makes
them ideal for the preparation of microgels for microfluidic devices. The two natural
biopolymers, alginate and gelatin, were used as substrates to make two types of hydrogel-
based microfluidics. Subsequently, the fabricated hydrogel microchannels can be used as
platforms to provide 3D cell culture environments for mammalian cells: fibroblasts and
vascular endothelial cells. The developed enclosed microchannel models are simple and
reproducible and do not require complicated operations [16,19].

One class of natural biomaterials that is a good candidate for microfluidic devices is
silk fibroin (SF) [20]. SF protein, originally found in the silkworm Bombyx mori, is a high-
molecular-weight protein that primarily consists of hydrophobic residues. This protein is
approved by Food and Drug Administration (FDA) for many medical applications, such
as drug delivery and tissue engineering. SF can be easily processed to form hydrogels,
films, and nanofiber mats under mild conditions [21]. In recent years, SF has also been used
to fabricate microfluidic devices due to its excellent biocompatibility, robust mechanical
properties, and slow proteolytic degradation rate [16,20]. The solubility and mechanical
properties of SF materials are linked to its secondary structure. Whereas self-assembled
β-sheet structures are responsible for the mechanical stability and water insolubility of SF,
the amorphous regions, including random coil, α helix, and β turn structures, contribute
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to the elasticity and solubility of the biomaterial. Thus, SF-based microfluidic fabrication
strategies allow the rapid and scalable production of devices without the need for harsh
processing conditions that require cytotoxic reagents. Mao et al. used SF and chitosan
to construct porous SF–CS scaffolds with predefined microfluidic channels. The gener-
ated model showed structural properties suitable for seeding and growth of hepatic cells.
Mass transport and uniform cell distribution within the 3D scaffold were successfully
achieved [19].

In addition to all the above-mentioned advantages of natural polymers, the inclusion
of natural ECM proteins into microfluidic devices allows the reproduction native cell–
biomaterial interactions in vitro [22]. The use of ECM proteins is crucial in controlling
cell function overall via other physicochemical mechanisms such as specific cell binding
domain sequences. Proteins, such as fibronectin, vitronectin, and collagen I, contain the
amino acid sequence of arginine–glycine–aspartic acid (RGD), which supports the adhesion
of cells and to control stem cell differentiation. For example, Arik et al. reported the
fabrication of a collagen-I-based membrane incorporated in an organ-on-chip device [23].
The membrane demonstrated permeability, as well as the adhesion of both endothelial
and epithelial cells. Moreover, they characterized the degradation and remodeling of the
basement membrane by a protease. Natural proteins offer an environment that more closely
mimics that of the body and more realistically mimics the cell–ECM interactions, which
are crucial for tissue engineering. However, these biomaterials have a complex structural
composition that prevents complete control over their composition and other factors, such
as molecular weight, immune response, degradation, and mechanical properties. As
an alternative, scientists have focused on the development and use of synthetic polymers,
which have more tunable properties [22].

2.1.2. Synthetic Biodegradable Polymers

Synthetic polymers were proposed as ideal candidates for the fabrication of biodegrad-
able microstructures, including microfluidic biomaterials [16,24]. Poly(glycolic acid) (PGA),
poly(lactic acid) (PLA), and their copolymer poly(lactic acid-co-glycolic acid) (PLGA), be-
long to the linear aliphatic polyesters family [25] (Figure 3). This polymer family is one of
the most widely used in tissue engineering and drug delivery [25,26]. These polymers have
several advantages, such as low cost, ease of processing, and well-characterized biological
behavior. These polymers (PLA, PGA, and PLGAs) are among the few synthetic polymers
approved by the U.S. FDA for certain human clinical applications [26]. These polymers
degrade through the hydrolysis of the ester bonds [27]. Although PGA and PLA belong
to the same family, they also display distinct properties. For instance, because of its very
hydrophilic nature, PGA rapidly degrades in aqueous solutions. However, PGA and PLA
show the same behavior in vivo: they lose mechanical integrity in a period between two and
four weeks [28]. Conversely, PLA contains a methyl group, which renders the chains more
hydrophobic and hence reduces the affinity to water, and displays a slower hydrolysis rate
(months to years) [28]. This class of biodegradable polymers is suitable for microfluidics
because of the wide range of tunable properties [27]. They can be modulated by adjusting
the lactide-to-glycolide ratio. The physical properties of the copolymer PLGA are defined
by the properties of both pure PGA and PLA [25]. The presence of PLA makes it more hy-
drophobic than PGA. Hence, lactide-rich PLGA copolymers are less hydrophilic and more
slowly degrade. Additionally, PLA exhibits relatively a high glass transition temperature
(Tg = 50–80 ◦C) and melting point (Tm = 173–178 ◦C). PLGA blends of various copolymer
ratios exhibit a reduced phase transition temperature (Tg, PLGA75/25 = 54 ◦C) and melting
point (Tm, PLGA75/25 = 80 ◦C) [29]. Poly(caprolactone) (PCL) is another example of
an aliphatic polyester used in microfluidics. PCL demonstrates advantageous properties
for replica molding strategies, such as a low melting point (Tm = 57 ◦C) and low glass-
transition temperature (Tg = −62 ◦C) [30]. PCL can be degraded by micro-organisms as
well as by the hydrolysis of its ester linkage in physiological conditions [31]. However,
PCL materials have a substantially slower biodegradation rate than PLA and PGA, mak-
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ing it suitable for the use in long-term implantable systems. Biodegradable cell-support
scaffolds play an important role in the growth of engineered tissue and the delivery of
biologically active agents. Therefore, the concept of biodegradable microfluidic devices
formed by various biodegradable polymers has attracted considerable research attention.
For example, microstructured PLGA films were used to construct a high-resolution and
high-precision 3D device. The developed device allows diffusion distance reduction in
cell-seeded scaffolds with convective transport [32]. PLA microchannels have been widely
generated by 3D printing. Kadimisetty et al. developed a microfluidic immunoarray using
PLA and a 3D printer. The fabricated device was low cost and could sensitively detect
prostate cancer biomarker proteins [33].

Figure 3. Synthetic bio-degradable polymer structures.

Poly(1,3-diamino-2-hydroxypropane-co-polyol sebacate) (APS) is another biodegrad-
able elastomeric polymer used to construct microfluidic scaffolds. The simple microchannel
network design exhibited a very low degradation rate while retaining the elastomeric
properties required for tissue scaffold applications [24].

2.2. Biostable Polymers

PDMS is a mineral–organic polymer structurally composed of silane-oxygen back-
bones covered with alkyl groups. Depending on the size of the monomer chain, non-
cross-linked PDMS may be almost liquid (low amount of n monomer) or semi-solid (high
amount of n monomer) [34]. The high level of viscoelasticity displayed by the polymer
chain is due to the siloxane bonds in the polymer structure. After cross-linking with
a curing agent, PDMS becomes a hydrophobic elastomer [34]. One of the main reasons for
the success of PDMS in microfluidics is the ease of PDMS device fabrication, which also
allows mass production. Among many other methods, PDMS microchips can be fabricated
through microscale molding processes [35]. For example, a silicon wafer with patterns
can be used as a mold master. Prepolymer PDMS is poured into the mold master. Then,
cured PDMS is peeled off from the master to be pasted on a flat plate, i.e., PMMA, glass,
etc. [34]. The flat support should be drilled in advance to provide access ports for the
introduction of reagents and samples. PDMS can precisely replicate structures down to the
submicron size [36]. Due to the favorable optical properties of PDMS (almost no absorbance
in the visible wavelength range), fluorescent dyes are widely used for the detection and
quantification of molecules in most biochemical analyses. In addition, PDMS is transparent,
biocompatible, nontoxic, and displays high gas permittivity, so has been traditionally used
as a biomaterial in catheters, insulation for pacemakers, and ear and nose implants [10].
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The combination of its elastic properties, easy processability, and the other proper-
ties mentioned above make PDMS an ideal candidate for use in microfluidic devices for
biomedical and cell applications.

Many studies have been performed to further examine the compatibility of PDMS with
both microfluidic technology and biomedical applications [37]. In terms of microfluidic
technology, the effects of the structure and surface of PDMS in widely used microfluidics
methods, such as spin coating and chemical immersion, on different liquid chemicals have
been studied. Successful spin-coating of PDMS depends on the crosslinking ratio; increased
amounts of crosslinker agent in the formulation decrease film thickness. Additionally,
whereas chemical immersion (solvents such as alcohol, toluene, acetone, etc.) does not
result in major changes in the surface hydrophilicity of PDMS, macrotexture distortion and
destructions are observed with strong acids (hydrofluoric, nitric, sulfuric, and hydrofluoric
acids) and bases (potassium hydroxide). For biomedical applications, the effect of oxygen
plasma and sterilization and the exposure to tissue culture media was also explored.
Oxygen plasma exposure increases PDMS surface hydrophilicity, whereas a following
exposure to air leads to hydrophobic recovery. UV and alcohol sterilization do not affect
the PDMS surface microtexture, element concentration, hydrophilicity, or mechanical
properties. Finally, immersion in tissue culture media increases the surface concentration
of oxygen relative to silicon [38].

Despite all these advantages, the use of PDMS is limited due to challenges encountered
in microfluidics. For example, incomplete curing of PDMS leaves uncrosslinked oligomers
within the material, which can leach out and contaminate the culture medium. Other
problems, such as incompatibility with some organic solvents, water evaporation, channel
deformation, and adsorption of biomolecules onto channel walls, present severe limitations
to the use of PDMS for microfluidics applications [39].

Thermoplastics

Thermoplastics are plastic polymer materials that have emerged as a commercially
viable material. Their use has recently increased, being widely applied to fabricate mi-
crofluidics platforms for biomedical applications. The most commonly used thermoplastics
are PMMA, polycarbonate (PC), polystyrene (PS), polyvinyl chloride (PVC), Cyclo-olefin-
copolymer (COC), and Cyclo-olefinpolymer (COP) [39,40] (Figure 4).

Figure 4. Most used thermostable polymers structures for microfluidic chips.

Because of their linear structure, their thermoplastic rigidity resists temperature and
pressure changes. The properties of the most common thermoplastics used for chips
fabrication are summarized in Table 1. Thermoplastic-based materials have good physical
and chemical characteristics, such as high chemical and mechanical stability; low water-
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absorption capacity; acid/base resistivity; and are suitable for mass production at low
cost. In term of fabrication, thermoplastics can be softened after exposure to heat at their
transition temperature (Tg), making them processable around this temperature. During
cooling, the softened polymer hardens, and it takes the shape of the container or mold,
without any chemical change. They can be reshaped multiple times by reheating, which is
important for the molding and microfluidics fabrication process [41].

Table 1. Properties of the most used biocompatible thermoplastics in the microfluidic field.

Thermoplastics
Young’s

Modulus
(Gpa)

Tg
(◦C)

Tm (◦C)
Solubility
Parameter
δ (MPa)1/2

Water Ad-
sorption

(%)

O2

Permeability
(×10−13 cm3 .cm
cm −2 s−1 Pa−1)

Transparency
Auto-

fluorescence
Study

Polymethylmethacrylate
(PMMA)

2.4–3.4 105 250–260 20.1 0.1–0.4 0.1 Transparent Low [42]

Polyethylene
terephthalate

(PET)
2–2.7 70 255 20.5 0.16 0.03 Transparent Medium [43]

Polypropylene
(PP)

1.5–2 −20 160 16.3 0.01–0.1 1.7
Both opaque

and
transparent

Medium [41,44]

Polystyrene
(PS)

3–3.5 95 240 18.7 0.02–0.15 2 Transparent High [45]

Polycarbonate
(PC)

2.6 145 260–270 19.4 0.23 1 Transparent High [41]

Polyvinyl chloride
(PVC)

2.4–4.1 80 100–260 19.4 0.04–0.4 0.04 Transparent High [46]

Polyamide
(Nylon)

2.5 47–60 190–350 28 1.6–1.9 0.03 Transparent High [47]

Polytetrafluoroethylene
(PTFE)

0.4 115 326 12.6 0.005–0.01 3 Transparent High [48]

Polyetheretherketone
(PEEK)

4–24 143 343 21.9 0.1–0.5 0.1 Opaque N/A [49]

One of the first properties to consider in cell biology is biocompatibility. According to
Table 1, most of the thermoplastics are biocompatible. However, for long-term applications,
some of the materials can be problematic. For example, polycarbonates can be experience
surface erosion during in vivo applications. In addition, bisphenol A (BPA), which is
hazardous in food contact situations, might be released during hydrolysis.

PVC can release toxic gases during manufacturing, and nylon is a heat-sensitive mate-
rial. Resistance to solvents is also a main criterion that must be considered for microdevice
fabrication and biomedical applications (sterility). PS is widely used in molecular and
cell biology studies due to its biocompatibility and its high resistivity to alcohols, polar
solvents, and alkalis [50]. PMMA is affected by ethanol, isopropyl alcohol, acetone, and
other important solvents used in microfabrication and sterilization [51]. When working
with cell cultures, low water absorption is beneficial because the cells consume more oxygen
from water, which can be limited by the absorption of water onto the polymer surface.

The optical properties of the selected material (e.g., transparency and autofluorescence)
are crucial. Consequently, PMMA, polyethylene terephthalate (PET), and polypropylene
(PP) are less suitable for applications that require further reactions inside the microfluidic
devices under a microscope. Additionally, PC displays high autofluorescence, so PC is
difficult to use when working with fluorescently labelled cells or materials. In contrast, PS
has high transparency, and the surface of PS is suitable for long-term cell studies [41]. Table 2
highlights some studies that used polymers as a chassis or to functionalize sensing surface.
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Table 2. Some studies using polymers for microfluidics devices for various biological applications.

Polymer Cell Type Application Study

Polydimethylsiloxane (PDMS)
Alveolar epithelial cells,

Macrophages, Mycobacter-
ium tuberculosis

Rapid and uncontrolled bacterial growth
in the mammalian cells can cause

a surfactant deficiency in the lung-on-chip
infection model.

[52]

PDMS,
Carboxymethylated cellulose

nanofibrils (CNF)
HCT 116 colon cancer cell

The functionalized chip was able to
capture the cancer cells from the whole

blood with >97% efficiency which may use
as rapid diagnostic tool.

[53]

PDMS,
Dimethylallylamine (DMAA) Escherichia coli

The encapsulated bacteria with
a membrane with a selective permeability

of tetracycline cultured on the PDMS
composition and functionalized with

DMAA inhibit the bacterial growth which
can be used as a diagnostic tool to
evaluate the bacterial resistance.

[54]

PDMS microchannel layer and
PDMS membrane

Human mesenchymal stem cells
(hMSCs)

The two layer-microfluidic chips with
three different stretching modes (uniaxial,
radial, and gradient) showed different cell
responses which may enhance the study

of cells on biomaterials under various
stretching stimuli.

[55]

Combination between PDMS and
polymer substrate using

a PrimeCoat-Epoxy adhesive
layer by selective stamp bonding

Human lung epithelial cells
The cells cultured inside the device

showed a similar viability comparing to
the conventional cell culture technique.

[56]

Rapidly Integrated Debubbler
(RID) from PMMA

human umbilical vein
endothelial cells

The RID module showed a potential
method to prevent the bubble entry into

the microfluidics which may lead to
device delamination and cell damage.

[57]

PDMS champers separated by
thin layer of polyester

(PE) membrane

Primary human small airway
epithelial cells

The microfluidics airway system showed
a highly controllable and readily accessible

physiologic pulmonary environments
tailored for lung epithelial cells.

[58]

Combination of PDMS
hydrophilic surface treatment and
vacuum filling system equipped

with bubble trap.

Mouse pancreatic islets

The system showed normal cell viability
and morphology, normal insulin secretion,

and normal intracellular
calcium signaling.

[59]

PDMS Endothelial cells

The actin filaments alignments directions
of the cells cultured in microfluidics

channels was significantly higher
compering to the cells cultured in the

static condition.

[60]

PDMS-glass Human umbilical vein endothelial
cells (VECs)

The synergistic effect of wall shear stress
(WSS) and adenosinetriphosphate (ATP)

signals played a vital role in the VEC Ca2+
signal transduction on the

microfluidic device.

[61]

Photopolymer and chitosan Hepatic oval cells (HOCs)

Electrochemical sensor is developed to
rare cancer cells. Photopolymer is used to

construct a 3D-printed continuous flow
system and a chitosan film is served as

a scaffold for the immobilization of
anti-OV6-antibodies.

[62]

3. Polymers as Drug Carriers

Generally, a drug is any bioactive molecule, including medicine, small molecules,
and proteins, e.g., growth factors and nucleic acids [63]. Different polymers have been
used in drug delivery approaches: i. a drug can be directly incorporated onto scaffolds
throughout the casting process [64], ii. bulk hydrogels [65,66], iii. drug reversibly and
covalently conjugated to the matrix [67], iv. micro- or nanodrug particles spread on the
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surface [68–70]. However, all of these methods have advantages and disadvantages in terms
of drug stability [63]. When manufacturing new drug delivery system, different factors
should be taken into consideration for instance cost, efficacy, and properties differences.
Advances in manufacturing techniques may produce more complex drug carrier designs
to allow specific drug release targeted to a particular disease [71]. Using a microfluidic
platform approach can allow generation of drug carriers that can meet the sophisticated
requirements of biomedical applications [72] (Figure 5).

Figure 5. A scheme of different approaches of using polymer for drug delivery. Microfluidics control
synthesis of various drug delivery systems. Subsequently, microfluidic chips can be used for cell
culture and drug toxicity screening (Created with Biorender.com, accessed on 12 October 2022).

Drug delivery devices have potential to be used for various clinical applications, such
as tissue regeneration, diabetes, oncology, and infectious diseases. Moradikhah et al. used
a cross-junction microfluidic device to prepare alendronate-loaded chitosan nanoparticles.
They showed that this system substantially enhanced the osteogenic differentiation of
human adipose MSCs, so can be a suitable component of bone tissue engineering scaf-
folds [73]. Mora-Boza et al. illustrated that their fabricated hMSC-laden microcarriers
based on in situ ionotropic gelation of water-soluble chitosan in a microfluidic device using
antioxidant glycerlphytate and tripolyphosphate maintained cell viability over time and
increased the secretion of paracrine factor [74]. An example of oral delivery drug was
examined by Jaradat et al.; insulin was encapsulated into various PLGA nanoparticles
prepared by the microfluidic technique. They found that the mucopenetrating heparin
sulfate-conjugated PLGA nanoparticles enhance insulin permeability in a triple-cultured
intestinal model compared with unmodified and free insulin nanoparticles [75]. Another
model developed by Damiati et al. used PLGA to generate indomethacin-loaded PLGA
microparticles employing a 3D flow-focusing microfluidic chip. This model not only suc-
cessfully incorporates indomethacin, which is a poorly water-soluble drug and nonsteroidal
anti-inflammatory drug, but the authors also developed an artificial neural network as in
silico tool to predict size microparticles [76,77].

An example of using polymers in drug delivery in cancer is biodegradable poly-
meric nanocapsules. Oxaliplatin, irinotecan, and 5-fluorouracil chemotherapy drugs
were encapsulated and carried on a coaxial glass capillary microfluidic device, which
the potential for targeting tumors as the drug release could be controlled [78]. Hong et al.
reported that the synthesized amphiphilic tri-chain tricarballylic acid-poly (ε-caprolactone)-
methoxypolyethylene glycol (Tri-CL-mPEG) and enzyme-targeted tetra-chain pentaerythritol-
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poly (ε-caprolactone)-polypeptide (PET-CL-P) using microfluidics continuous granulation
technology improved the bioavailability and antitumor effects of curcumin in a mouse
model [79]. A recent review by Salari et al. provides a comprehensive assessment of studies
in the field of polymer-based drug delivery for anti-cancer therapy. In their study, 71 papers
were investigated, and they conclude that the polymeric nanoparticles have influential roles
in cancer treatment comparing to the conventional chemotherapy. Polymeric nanoparticles
were able to reduce the cytotoxicity following chemotherapy drug administration, enhance
therapeutic agents solubility, and inhibit tumor growth rate [80].

As bacterial infections are posing a major threat to human health, in addition to
increasing antibiotic resistance, new methods for bacterial detection are necessary to reduce
disease spread. Recently, advances in antibiotic treatment have focused on the targeted
delivery of antibiotics, as well as antibiotics alternatives, such as antimicrobial polymers,
peptides, nucleic acids, and bacteriophages [81]. Borro et al. reported that by using
polymyxin B-aliginate-Ca2+ microgels prepared by 3D printing, the microfluidic mixer
affected the charge contrast and composition of the microgel formation and the interaction
with bacteria-mimicking liposomes at different ionic strengths [82]. Additionally, a P-based
nanoparticles delivery system was used as therapy against bacterial biofilm infections.
Huang et al. used PLGA-based nanoformations combined with carbon quantum dots
(CQDs) using a microfluidic flow-focusing pattern to load different types of antibiotics,
e.g., azithromycin and tobramycin. They found that the azithromycin-loaded CQD–PLGA
hybrid nanoparticles showed synergistic chemo-photothermally antibiofilm effects against
Pseudomonas aeruginosa [83]. Norries et al. illustrated that the hydrogel developed from
the poly(2-hydroxyethyl methacrylate) (PHEMA) and coated with ciprofoxacin antibiotic
reduced the biofilm production of Pseudomonas aeruginosa [84].

4. Polymers as Bioink for 3D Printing

Three-dimensional (3D) printing is a development technique that has been used during
the last decade to produce microfluidic devices. It has many advantages such as low cost,
enabling the easy design of complex 3D structures and rapid prototyping. However, 3D
printing has some limitations regarding the size of the microchannels and some final steps
that are related to the laborious fabrication [85].

Different methods can be used to produce printed porous materials: i. curing a porous
monolithic polymer sheet into the chosen pattern with photolithography, ii. screen-printing
silica gel particles with gypsum, and iii. dispensing silica gel particles with polyvinyl
acetate binder using a 3D printer. All three approaches can be successfully used in
microfluidics [86].

Hydrophilic and hydrophobic polymers can be used to generate 3D-printed microflu-
idic droplets to prevent water-in-oil or oil-in-water droplets from sticking to the interior
device surfaces. Warr et al. investigated two different approaches to avoid this issue: First,
different resins were tested to evaluate their suitability for droplet formation and material
properties. They found that the hexanediol diacrylate/lauryl acrylate resin forms the best
hydrophobic solid polymer that prevents aqueous droplets from attaching to the device
wall. Second, they formed a fully 3D microfluidic annular channel-in-channel geometry
that forms droplets that do not contact channel walls. As such, this geometrical approach
can be used with hydrophilic reins [87].

Distler et al. found that 3D-printed hydrogel is more electroactive and cytocompatible
and enhances cell adhesion and proliferation compared with a 2D flat hydrogel. This
kind of hydrogel formulation has shown promise in in vitro studies, cell therapy, and
assisted tissue engineering electrical stimulation [88]. Wright et al. used a hydrogel
composed of calcium crosslinked alginate (polypyrrole–alginate composite) as bioink for
tissue engineering. They found that PC12 neural cells adhere and proliferate slightly better
than alginate scaffold alone [89]. A compensation between metallic and polymer materials
was used to fabricate a novel complex 3D structure. A soft polymer was cast and cured into
a 3D-printed thin-shelled metallic mold, followed by metallic mold etching in an acidic
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solvent, which did not affect the soft polymer. This approach provided various polymeric
complex structures [90].

At present, organ failure is a worldwide issue, and allograft organ transplantations
are seriously limited due to donor organ shortages, immune rejection, and ethical conflicts,
so finding an alternative solution is crucial [91–93]. Several polymers have been used
for bioartificial organ manufacturing with different types of cells, e.g., stem cells, various
growth factors, and vascular and neural networks. However, 3D bioprinting technology is
a challenging engineering approach. Cooperation is required between different fields, such
as biomaterials, biology, medicine, physics, chemistry, bioinformatics, and engineering, to
fulfill all the requirements from the molecular to organ levels. Further, 3D bioprinting of
polymers needs to meet several basic requirements to be applied in clinical applications.
These requirements include biocompatibility, biostability, good mechanical properties,
bioprintability, biodegradability, suturable with host vascular and nerves, permeability for
nutrients and gases, and sterilizability [93].

5. Polymers as Artificial Cells or Organs

Numerous researchers have been trying to reduce the gap between the structures that
can be designed and produced in the laboratory and those found in biology. Biological
cells provide multiple functions, such as synthesizing proteins and lipids, storing genetic
materials, storing and harvesting energy, etc. [92,94] (Figure 6). Additionally, homogeneous
cells organize into specific tissues, whereas heterogeneous cells aggregate into an organ
with specific physiological functions [93]. As such, creating an artificial cell or organ
that has the same compartmentalized, multifunctional architecture is a challenging task.
Two fundamental approaches have been considered for artificial cell constriction: top-down
and bottom-up approaches. The top-down approach starts from living organisms, moving
down the genome to the lowest number of genes that are essential for maintaining cell
viability and functionality. The bottom-up approach starts from scratch by using biological
and nonbiological molecules to build up a “living” artificial organelle or cell [95].

Figure 6. Architecture of typical biological cell and artificial cell. Left: Eukaryotic cell containing
different types of organelles. Right: artificial “synthase” cell that mimic that structure of biological
cell (Created with Biorender.com, accessed on 12 October 2022).

Several researchers have tried to mimic the natural cell or tissue function and reduce
the gap between normal and artificial cells. In studies involving artificial cells, microfluidics
provides a powerful tool to produce a large number of compartments with different size
ranges [96,97]. For instance, a circular design PDMS microfluidic compartmentalized
co-culture platform was developed by Park et al. In the fabricated model, neurons and
oligodendrocytes are co-cultured in two separate compartments connected by arrays of
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shallow axon-guiding microfluidic channels. The chip design offers physical and fluidic
isolation between the soma and the axon/glia compartments [98]. In an attempt to mimic
the structure of biological cells, alginate was used as a biomaterial in artificial systems,
and four types of glass microfluidics with flow-focusing or co-flowing droplet generators
were used to produce alginate droplets. The generated alginate microgels exhibited various
architectures, including individual monodisperse or polydisperse beads, small clusters, and
multicompartment systems [99]. For cell culture, microfluidic systems are mainly fabricated
with silicon, PDMS, and borosilicate. These materials have been used to test the mammalian
embryos within microfluidic systems [100]. Moreover, many microfluidic devices have
been reported to enhance cell growth, differentiation, and micro-environmental changes
in various perfusion system [101–104]. In 3D cellular environment, combining PDMS and
hydrogel into hybrid device has been used to produce 3D-ECM of aligned for endothelial
cell cultures [105]. A study by Leclerc et al. illustrated that the culture of fetal human
hepatocytes (FHHs) microfluidic bioreactors is promising for liver tissue engineering. They
found that the albumin production by FHHS was four times higher than in static culture
which can be influenced to the potentiality of fetal liver cells maturation [106].

These fabricated models show the use of a variety of polymers as distinctive biomate-
rials and the ease of using microfluidic platforms, which can be used to construct simple
mimics of cellular environments or cellular architectures, and thus offer a promising ap-
proach for synthesizing bioarchitectures. Table 3 summarizes some studies used polymers
and microfluidics in applications described in this review.

Table 3. Summary of some studies used polymers and microfluidics for several applications include
drug delivery, 3D printing, and artificial cells.

Polymers Microfluidic Chip Type Applications Study

Alginate
Alginate-based bioinks with
cartilage cells used to print
hollow constructs

The vessels-like printable microfluidic
channels were capable to transport
nutrients, biomolecules, oxygen through
the construct and can support cell growth.

[13]

PLGA Quartz Droplet X-Junction Chip
insulin was encapsulated into PLGA
nanoparticles and then appended with
heparin sulfate for oral insulin delivery.

[75]

PDMS
Deep channels or single layer
pattern using soft
lithography method

High-throughput drug screening can
perform using a single chip where
enzymatic assays are in
picolitre-scale droplets.

[107,108]

PLGA 3D flow-focusing
microfluidic chip

Indomethacin was encapsulated into
microparticles to develop in silico tool to
predict size particles.

[77]

Collagen and alginate PDMS microfluidic
encapsulation device

3D microenvironment of human tumor
developed by encapsulating MCF-7 cancer
cells in the collagen core of microcapsules
with an alginate hydrogel shell for
miniaturized 3D culture. Then the
cytotoxicity of doxorubicin hydrochloride
was assessed.

[109]

Chitosan and alginate Coaxial flow microfluidic chip

HepG2 cells encapsulated in the
chitosan-alginate fibers to guide growth,
alignment, and migration of
encapsulated cells.

[110]

PDMS and graphene oxide (GO)

Nano-sized GO -modified
nanopillars on microgroove
hybrid polymer array (NMPA)
were fabricated using sequential
laser interference lithography and
microcontact printing technique.

Mouse myoblast cells (C2C12) were
significantly differentiated into skeletal
muscle cells on the micro-sized line
pattern with GO coating (<10 nm).

[111]
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Table 3. Cont.

Polymers Microfluidic Chip Type Applications Study

1,6-hexanediol diacrylate
(HDDA), lauryl acrylate (LA),
polyethylene glycol
diacrylate (PEGDA)

3D-printed microfluidic
droplet generator

the hydrophobic HDDA/LA
3D printing resin allows droplet
formation in 3D-printed planar
microfluidics for the basic
geometries while hydrophilic
PEGDA resin allows droplet
formation in non-planar
3D geometry.

[87]

Elastin-like protein (ELP)

Two custom-designed chips: one
with ready-made channel and
another with sacrificial
gel-made channel

ELP hydrogels with cell-adhesive
RGD amino acid sequence was
used as bioinks for constructing
3D in vitro models with on-chip
vascular-like channels. The
developed model was compatible
with both single cell suspensions
of neural progenitor cells (NPCs)
and spheroid aggregates of breast
cancer cells.

[112]

PDMS Microfluidic-based droplet system

The high-throughput
tree-branched microfluidic
droplet system for multicellular
spheroids formation showed
a high protentional to mimic the
in vivo solid tumor structure with
heterogeneous cell types and for
anti-cancer drug
screening applications.

[113]

Alginate Flow-focusing or co-flowing
droplet generators

Generated alginate microgels
exhibited various architectures,
including individual
monodisperse or polydisperse
beads, small clusters, and
multicompartment systems.

[99]

Au-PEG-PFPE
diblock-copolymer surfactant

Microfluidic flow-
focusing junction

Lipid vesicles (LUVs or GUVs)
were encapsulated into
copolymer-stabilized droplets.
Generated synthetic cells were
able to be loaded with
biomolecules, such as
FoF1-ATP synthase.

[114]

6. Conclusions

The combination of natural/synthetic polymers and new biofabrication techniques,
such as microfluidics, offers promising approach for tissue engineering scaffolds. Polymers
and microfluidics enable rapid prototyping, reliability, as well as easy and low-cost man-
ufacturing in research laboratories and for commercialization. Currently, there are many
polymer-based drug delivery systems approved by FDA that are available on the market.
Further, for commercial mass production, thermoplastics are used to develop standard
microfluidic devices. However, despite scientific progress in biofabrication technologies,
we are still in the early stages of the development of microfluidic technology for tissue engi-
neering applications. There are serious obstacles to be overcome in producing a functional,
complex, and large-scale system.
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83. Huang, Z.; Zhou, T.; Yuan, Y.; Kłodzińska, S.N.; Zheng, T.; Sternberg, C.; Nielsen, H.M.; Sun, Y.; Wan, F. Synthesis of carbon
quantum dot-poly lactic-co-glycolic acid hybrid nanoparticles for chemo-photothermal therapy against bacterial biofilms. J.
Colloid Interface Sci. 2020, 577, 66–74. [CrossRef] [PubMed]

84. Norris, P.; Noble, M.; Francolini, I.; Vinogradov, A.M.; Stewart, P.; Ratner, B.D.; Costerton, J.W.; Stoodley, P. Ultrasonically
Controlled Release of Ciprofloxacin from Self-Assembled Coatings on Poly(2-Hydroxyethyl Methacrylate) Hydrogels for Pseu-
domonas aeruginosa Biofilm Prevention. Antimicrob. Agents Chemother. 2005, 49, 4272–4279. [CrossRef]

85. Scott, S.; Ali, Z. Fabrication Methods for Microfluidic Devices: An Overview. Micromachines 2021, 12, 319. [CrossRef]
86. Evard, H.; Priks, H.; Saar, I.; Aavola, H.; Tamm, T.; Leito, I. A New Direction in Microfluidics: Printed Porous Materials.

Micromachines 2021, 12, 671. [CrossRef] [PubMed]
87. Warr, C.; Hinnen, H.; Avery, S.; Cate, R.; Nordin, G.; Pitt, W. 3D-Printed Microfluidic Droplet Generator with Hydrophilic and

Hydrophobic Polymers. Micromachines 2021, 12, 91. [CrossRef]
88. Distler, T.; Polley, C.; Shi, F.; Schneidereit, D.; Ashton, M.D.; Friedrich, O.; Kolb, J.F.; Hardy, J.G.; Detsch, R.; Seitz, H.; et al.

Electrically Conductive and 3D-Printable Oxidized Alginate-Gelatin Polypyrrole:PSS Hydrogels for Tissue Engineering. Adv.
Health Mater. 2021, 10, e2001876. [CrossRef] [PubMed]

89. Wright, C.J.; Molino, B.Z.; Chung, J.H.Y.; Pannell, J.T.; Kuester, M.; Molino, P.J.; Hanks, T.W. Synthesis and 3D Printing of
Conducting Alginate–Polypyrrole Ionomers. Gels 2020, 6, 13. [CrossRef]

90. Kamat, A.M.; Pei, Y.; Jayawardhana, B.; Kottapalli, A.G.P. Biomimetic Soft Polymer Microstructures and Piezoresistive Graphene
MEMS Sensors Using Sacrificial Metal 3D Printing. ACS Appl. Mater. Interfaces 2021, 13, 1094–1104. [CrossRef] [PubMed]

91. Orive, G.; Hernández, R.M.; Gascón, A.R.; Calafiore, R.; Chang, T.M.S.; de Vos, P.; Hortelano, G.; Hunkeler, D.; Lacík, I.; Pedraz,
J.L. History, challenges and perspectives of cell microencapsulation. Trends Biotechnol. 2004, 22, 87–92. [CrossRef] [PubMed]

92. Marguet, M.; Bonduelle, C.; Lecommandoux, S. Multicompartmentalized polymeric systems: Towards biomimetic cellular
structure and function. Chem. Soc. Rev. 2012, 42, 512–529. [CrossRef] [PubMed]

93. Wang, X. Advanced Polymers for Three-Dimensional (3D) Organ Bioprinting. Micromachines 2019, 10, 814. [CrossRef]
94. Lu, A.X.; Oh, H.; Terrell, J.L.; Bentley, W.E.; Raghavan, S.R. A new design for an artificial cell: Polymer microcapsules with

addressable inner compartments that can harbor biomolecules, colloids or microbial species. Chem. Sci. 2017, 8, 6893–6903.
[CrossRef] [PubMed]

95. Xu, C.; Hu, S.; Chen, X. Artificial cells: From basic science to applications. Physiol. Behav. 2017, 176, 139–148. [CrossRef]
96. Sato, Y.; Takinoue, M. Creation of Artificial Cell-Like Structures Promoted by Microfluidics Technologies. Micromachines 2019,

10, 216. [CrossRef]
97. Young, A.T.; Rivera, K.R.; Erb, P.D.; Daniele, M.A. Monitoring of Microphysiological Systems: Integrating Sensors and Real-Time

Data Analysis toward Autonomous Decision-Making. ACS Sens. 2019, 4, 1454–1464. [CrossRef]
98. Park, J.; Koito, H.; Li, J.; Han, A. Microfluidic compartmentalized co-culture platform for CNS axon myelination research. Biomed.

Microdevices 2009, 11, 1145–1153. [CrossRef] [PubMed]
99. Damiati, S. In Situ Microfluidic Preparation and Solidification of Alginate Microgels. Macromol. Res. 2020, 28, 1046–1053.

[CrossRef]
100. Kricka, L.J.; Nozaki, O.; Heyner, S.; Garside, W.T.; Wilding, P. Applications of a microfabricated device for evaluating sperm

function. Clin. Chem. 1993, 39, 1944–1947. [CrossRef]
101. Leclerc, E.; Furukawa, K.; Miyata, F.; Sakai, Y.; Ushida, T.; Fujii, T. Fabrication of microstructures in photosensitive biodegradable

polymers for tissue engineering applications. Biomaterials 2004, 25, 4683–4690. [CrossRef] [PubMed]
102. Taylor, A.M.; Rhee, S.W.; Tu, C.H.; Cribbs, D.H.; Cotman, C.W.; Jeon, N.L. Microfluidic Multicompartment Device for Neuroscience

Research. Langmuir 2003, 19, 1551–1556. [CrossRef] [PubMed]
103. Leclerc, E.; Sakai, Y.; Fujii, T. Perfusion culture of fetal human hepatocytes in microfluidic environments. Biochem. Eng. J. 2004,

20, 143–148. [CrossRef]
104. Tan, W.; Desai, T.A. Layer-by-layer microfluidics for biomimetic three-dimensional structures. Biomaterials 2004, 25, 1355–1364.

[CrossRef]
105. Lii, J.; Hsu, W.-J.; Parsa, H.; Das, A.; Rouse, R.; Sia, S.K. Real-Time Microfluidic System for Studying Mammalian Cells in 3D

Microenvironments. Anal. Chem. 2008, 80, 3640–3647. [CrossRef] [PubMed]
106. Toh, Y.-C.; Zhang, C.; Zhang, J.; Khong, Y.M.; Chang, S.; Samper, V.D.; van Noort, D.; Hutmacher, D.W.; Yu, H. A novel 3D

mammalian cell perfusion-culture system in microfluidic channels. Lab Chip 2007, 7, 302–309. [CrossRef] [PubMed]
107. Clausell-Tormos, J.; Lieber, D.; Baret, J.-C.; El-Harrak, A.; Miller, O.J.; Frenz, L.; Blouwolff, J.; Humphry, K.; Köster, S.; Duan,

H.; et al. Droplet-Based Microfluidic Platforms for the Encapsulation and Screening of Mammalian Cells and Multicellular
Organisms. Chem. Biol. 2008, 15, 427–437. [CrossRef] [PubMed]

108. Huebner, A.; Bratton, D.; Whyte, G.; Yang, M.; Demello, A.J.; Abell, C.; Hollfelder, F. Static microdroplet arrays: A microfluidic
device for droplet trapping, incubation and release for enzymatic and cell-based assays. Lab Chip 2009, 9, 692–698. [CrossRef]

636



Polymers 2022, 14, 5132

109. Agarwal, P.; Wang, H.; Sun, M.; Xu, J.; Zhao, S.; Liu, Z.; Gooch, K.J.; Zhao, Y.; Lu, X.; He, X. Microfluidics Enabled Bottom-Up
Engineering of 3D Vascularized Tumor for Drug Discovery. ACS Nano 2017, 11, 6691–6702. [CrossRef]

110. Lee, B.R.; Lee, K.H.; Kang, E.; Kim, D.-S.; Lee, S.-H. Microfluidic wet spinning of chitosan-alginate microfibers and encapsulation
of HepG2 cells in fibers. Biomicrofluidics 2011, 5, 022208. [CrossRef]

111. Choi, H.K.; Kim, C.-H.; Lee, S.N.; Kim, T.-H.; Oh, B.-K. Nano-sized graphene oxide coated nanopillars on microgroove polymer
arrays that enhance skeletal muscle cell differentiation. Nano Converg. 2021, 8, 40. [CrossRef]

112. Campos, D.F.D.; Lindsay, C.D.; Roth, J.; LeSavage, B.L.; Seymour, A.J.; Krajina, B.A.; Ribeiro, R.; Costa, P.F.; Blaeser, A.; Heilshorn,
S.C. Bioprinting Cell- and Spheroid-Laden Protein-Engineered Hydrogels as Tissue-on-Chip Platforms. Front. Bioeng. Biotechnol.
2020, 8, 374. [CrossRef] [PubMed]

113. Lee, S.I.; Choi, Y.Y.; Kang, S.G.; Kim, T.H.; Choi, J.W.; Kim, Y.J.; Kim, T.-H.; Kang, T.; Chung, B.G. 3D Multicellular Tumor
Spheroids in a Microfluidic Droplet System for Investigation of Drug Resistance. Polymers 2022, 14, 3752. [CrossRef] [PubMed]

114. Weiss, M.; Frohnmayer, J.P.; Benk, L.T.; Haller, B.; Janiesch, J.-W.; Heitkamp, T.; Börsch, M.; Lira, R.B.; Dimova, R.; Lipowsky,
R.; et al. Sequential bottom-up assembly of mechanically stabilized synthetic cells by microfluidics. Nat. Mater. 2018, 17, 89–96.
[CrossRef] [PubMed]

637





Citation: Marta, H.; Rismawati, A.;

Soeherman, G.P.; Cahyana, Y.; Djali,

M.; Yuliana, T.; Sondari, D. The Effect

of Dual-Modification by

Heat-Moisture Treatment and

Octenylsuccinylation on

Physicochemical and Pasting

Properties of Arrowroot Starch.

Polymers 2023, 15, 3215. https://

doi.org/10.3390/polym15153215

Academic Editor: Raffaella Striani

Received: 12 June 2023

Revised: 24 July 2023

Accepted: 25 July 2023

Published: 28 July 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

polymers

Article

The Effect of Dual-Modification by Heat-Moisture Treatment
and Octenylsuccinylation on Physicochemical and Pasting
Properties of Arrowroot Starch

Herlina Marta 1,*, Ari Rismawati 1, Giffary Pramafisi Soeherman 2, Yana Cahyana 1, Mohamad Djali 1, Tri Yuliana 1

and Dewi Sondari 3

1 Department of Food Technology, Faculty of Agro-Industrial Technology, Universitas Padjadjaran,
Bandung 45363, Indonesia; ari20001@mail.unpad.ac.id (A.R.); y.cahyana@unpad.ac.id (Y.C.);
djali@unpad.ac.id (M.D.); t.yuliana@unpad.ac.id (T.Y.)

2 Department of Agroindustry Technology, Lampung State Polytechnic, Lampung 35141, Indonesia;
giffarypramafisi@polinela.ac.id

3 Research Center for Biomass and Bioproducts, Cibinong Science Center,
National Research and Innovation Agency, Cibinong 16911, Indonesia; dewi004@brin.go.id

* Correspondence: herlina.marta@unpad.ac.id

Abstract: Starch is widely applied in various industrial sectors, including the food industry. Starch is
used as a thickener, stabilizer, or emulsifier. However, arrowroot starch generally has weaknesses,
such as unstable under heating and acidic conditions, which are generally applied to processing in the
food industry. Modifications were applied to improve the characteristics of native arrowroot starch.
In this study, arrowroot starch was modified by heat-moisture treatment (HMT), octenylsuccinylation
(OSA), and dual modification between OSA and HMT in a different sequence—-namely, HMT
followed by OSA, and OSA followed by HMT. This study aims to determine the effect of different
modification methods on the physicochemical and functional properties of native arrowroot starch.
The result shows that both single HMT and dual modification caused damage to native starch
granules, such as the formation of cracks and roughness. For single OSA treatment, especially, there
is no significant change in granule morphology after modification. All modification treatments did
not change the crystalline type of starch but reduced the RC of native starch. Both single HMT
and dual modifications (HMT-OSA, OSA-HMT) increased pasting temperature and setback, but,
conversely, decreased the peak and the breakdown viscosity of native starch, whereas single OSA had
the opposite trend compared with the other modifications. HMT played a greater role in increasing
the thermal stability and the retrogradation ability of arrowroot starch. Both single modifications
(HMT and OSA) increased the hardness and gumminess of native starch, and the opposite was true
for the dual modifications. HMT had a greater effect on color characteristics, where the lightness and
whiteness index of native arrowroot starch decreased. Single OSA modification increased swelling
volume higher than dual modification. Both single HMT and dual modifications increased water
absorption capacity and decreased the oil absorption capacity of native arrowroot starch.

Keywords: arrowroot starch; heat-moisture treatment; octenylsuccinilation; dual-modification;
physicochemical properties; functional properties

1. Introduction

Arrowroot (Maranta arundinacea L.) is a tuber plant with a rhizome root, which is
elongated like an arrow. Arrowroot tubers have been considered inferior commodities
and have not been utilized optimally. Arrowroot tuber is one of the commodity sources of
carbohydrates, which can be processed into starch or flour. Starch can be utilized in many
ways, such as a food thickener, stabilizer, and emulsifier [1]. Starches that are commonly
found in the market are corn starch (maize) and cassava starch (tapioca). However, there
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are still many potential plants that are potential sources of starch, and one of them is
arrowroot tubers.

Native arrowroot starch, however, as with starches from other sources, has several
limitations, such as low thermal stability and susceptibility to acidic conditions, which are
generally used in processing in the food industry [2]. To improve the characteristics of
native arrowroot starch, modifications were applied. One modification method that can
be used to enhance thermal stability is the heat-moisture treatment (HMT) method [3,4].
However, several studies have shown that HMT increases starch syneresis [5,6]. Dual
modification technology is an alternative to overcome the weakness of HMT starch by
combining HMT modification treatment with other modification treatments, such as chem-
ical modification. This study combined both modified treatments using heat-moisture
treatment and octenylsuccinilation using octenyl-succinic anhydride (OSA). Modification
of OSA has advantages because it can increase the hydrophobicity of starch [7,8]. Thus,
OSA-modified starch can be applied as an emulsifier or used as a fat replacer in high-fat
products, resulting in decreased fat products [8–10].

Information regarding the modification of arrowroot starch modified by two methods,
HMT and OSA, is still limited. This current study aimed to determine the physicochemical
and pasting properties of native and modified starches for both single and dual modifi-
cations using HMT and OSA in the reverse sequence. HMT and OSA-modified starch is
expected to be an ingredient in the manufacture of a functional food because each single
modification treatment has advantages from a health perspective. For example, HMT-
modified starch has very slowly digested starch, making it suitable for diabetics [11], while
single OSA modification can produce starch that can replace the role of fat and could thus
be used to produce low-fat products [8].

2. Materials and Methods

2.1. Materials

Arrowroot tubers (Maranta arundinacea L.) cultivated in Pangandaran, West Java,
Indonesia were used as the raw material for starch extraction. All chemicals used for the
modification process were 2-octen-1-ylsuccinic anhydride (OSA) (Sigma-Aldrich, St. Louis,
MO, USA), hydrochloric acid, sodium hydroxide, ethanol 95%, acetic acid, isopropanol,
AgNO3, and phenolphthalein, with specification analytical grade.

2.2. Arrowroot Starch Isolation

Arrowroot starch isolation method was followed according to Marta et al. [11] with
a slight modification. The tubers were peeled and cut into small pieces, and were then
further soaked in water with a tuber/water ratio of 1:5. The tubers were crushed to form a
pulp using a blender (Sharp EM-121-BK, Chiba, Japan) for 2 min. The resulting slurry was
squeezed using a muslin cloth. The slurry was allowed to precipitate for 18 h and decanted
to separate starch and supernatant. The resulting starch was washed and centrifugated
using SL 16 Centrifuge, Thermo Scientific, Waltham, MA, USA at 5000 rpm for 2–3 min to
precipitate the starch. Starch washing and centrifugation were repeated 3 times in order to
obtain clean starch. The resulting starch was dried in a drying oven at 50 ◦C for 24 h, and
was then dried and sieved using a 100-mesh sieve.

2.3. Heat-Moisture Treated (HMT) Starch Preparation

Preparation of HMT-starch refers to Marta et al. [12]. The moisture content of arrowroot
starch was adjusted to 30% (±2%) by adding distilled water, and it was then equilibrated
at 4 ◦C for 24 h in the refrigerator. The starch was then transferred to a tightly-closed Teflon
and heated at 100 ◦C for 8 h. The modified starch was dried in a drying oven at 50 ◦C for
24 h, and was then ground and sieved using a 100-mesh sieve.

640



Polymers 2023, 15, 3215

2.4. Octenylsuccinilated (OSA) Starch Preparation

Preparation of OSA-starch refers to Marta et al. [13] with a slight modification. The
starch sample was first made into a 30% (w/w) starch suspension by dissolving the starch in
distilled water. The pH of the starch suspension was then adjusted to pH 8 using 1 M NaOH
before the addition of 3% OSA solution (w/w). The esterification was then carried out by
stirring the solution for 3 h. During the modification process, the pH of the suspension
was adjusted and maintained in the range of 8.0–8.5 using 1 M NaOH and 1 M HCl. After
the reaction, the starch suspension was adjusted to pH 6.5 using 1 M HCl. Starch was
centrifuged at 5000 rpm for 2–3 min. The precipitated starch was washed using distilled
water and then centrifuged again, and this process was repeated 2–3 times. The starch was
then dried in a drying oven at 50 ◦C for 24 h. The dried modified starch was ground and
sieved (no. 100 mesh sieve).

2.5. Dual Modification by HMT Followed by OSA (HMT-OSA)

The native starch of arrowroot was modified by HMT (as mentioned in Section 2.3)
and followed by OSA modification, as mentioned in Section 2.4, and the obtained starch
was named HMT-OSA starch.

2.6. Dual Modification by OSA Followed by HMT (OSA-HMT)

The native starch of arrowroot was modified by OSA (as mentioned in Section 2.4)
and then followed by HMT modification, as mentioned in Section 2.3, and the obtained
starch was named OSA-HMT starch.

2.7. Granule Morphology Observation Using Scanning Electron Microscopy (SEM)

The granular morphology of native and modified arrowroot starch was determined
using scanning electron microscopy (SEM), a JEOL JSM-6360 LA at 15 kV (JEOL, Tokyo,
Janpan). Mounted starch samples were coated with gold/palladium at 8–10 mA for
10–15 min under low pressure (less than 10 tors). Representative digital images of native
and modified starch granules were obtained at 5000 and 10,000 magnifications.

2.8. Starch Crystallinity Using X-ray Diffractometer (XRD)

The crystallinity of native and modified arrowroot starch was measured using an
X’Pert PRO series PW3040/60 X-ray diffractometer (Malvern Panalytical, Malvern, UK)
that operated using Cu-K alpha radiation with a wavelength of 1.540 nm as an X-ray
source at 40 kV and 30 mA. The diffraction angle (2θ) scanning was from 3.0◦ to 50.0◦
with a scanning rate time of 2.9 s. OriginLab Program was used to calculate the relative
crystallinity of the starch samples.

2.9. Thermal Properties Determination Using Differential Scanning Calorimetry (DSC)

Thermal properties of starch samples were measured using DSC-Q100, TA Instruments
(New Castle, DE, USA). The parameters observed were onset temperature (To), peak
temperature (Tp), conclusion temperature (Tc), and enthalpy of gelatinization (ΔH). Starch
was made into a slurry, with the ratio of water and starch being 3:1. The slurry was
then hermetically sealed using a DuPont encapsulation press before weighing. The starch
samples were heated at a rate of 5 ◦C/min from 20 to 100 ◦C.

2.10. Pasting Properties Determination Using Rapid Visco Analyzer (RVA)

The pasting properties of arrowroot starch were determined using an RVA Starch-
Master 2, Parten Instruments. A total of 3 g of starch samples were added with 25 mL of
distilled water in the RVA canister tube, and stirred in an RVA canister at 960 rpm for 10 s.
RVA was set with a temperature profile, initially held at 50 ◦C for 1 min; the heating was
from 50 to 95 ◦C for 3.7 min; the temperature was held at 95 ◦C for 2.5 min; and cooling
was then achieved at 50 ◦C in 3.8 min and then kept at 50 ◦C for 2 min. The gel was
then maintained at 50 ◦C for 2 min with constant paddle rotational speed (160 rpm) used
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throughout the analysis, and the total analysis time was 12 min. The pasting properties
included the following parameters: pasting temperature (PT), peak viscosity (PV), hold
viscosity (HV), final viscosity (FV), breakdown (BD), and setback (SB).

2.11. Texture Properties Evaluation Using Texture Analyzer (TA)

The texture properties of starch gels were evaluated on a TA-XT express enhanced
Stable Micro System (Surrey, UK). Exponent Lite Express software was used to collect
and calculate the data obtained. The gelatinized starch in the canister after the RVA
measurement was poured into cylindrical plastic tubes (20 mm diameter, 40 mm deep) and
then kept at 4 ◦C for 24 h to form a solid gel. Each gel sample in the tube was penetrated
with a cylindrical probe (P36/R) at a speed of 5 mm/s to a distance of 10 mm for two
penetration cycles. The texture profile curves were used to calculate hardness, adhesiveness,
springiness, cohesiveness, and gumminess.

2.12. Functional Properties

Swelling volume and solubility of arrowroot starch were measured referring to
Marta et al. [13]. A total of 0.35 g (db) of starch sample was mixed with 10 mL distilled
water and put into a centrifuge tube. It was then mixed using a vortex mixer for 20 s, and
the sample was then heated in a water bath at 92.5 ◦C for 30 min and stirred regularly. The
starch sample was cooled for 1 min in ice water and centrifuged at 3500 rpm for 15 min,
and then the supernatant was separated and the volume was measured. Swelling volume
was calculated using the equation:

Swelling volume (mL/g) =
total volume − supernatant volume

weight of sample (db)
(1)

After being separated, the supernatant was dried in a drying oven for 24 h. Solubility
was calculated using the equation:

Solubility (%) =
weight of dried supernatant

weight of sample (db)
× 100% (2)

Water absorption capacity (WAC) and oil absorption capacity (OAC) were measured
referring to Marta et al. [13]. One gram (db) of the starch sample was added with 10 mL of
distilled water or oil into a centrifuge tube, and then mixed using a vortex for 20 s. Samples
were stored at room temperature for 1 h and then centrifuged at 3500 rpm for 30 min. The
volume of the supernatant (water or oil) was measured and separated. WAC and OAC are
calculated using the following equation:

WAC (g/g) =
volume of water absorbed

weight sample (db)
(3)

OAC (g/g) =
volume of oil absorbed

weight sample (db)
(4)

Freeze-thaw stability or syneresis was determined by a previous method [12] with a
slight modification. An aqueous starch suspension (5%) was prepared and heated at 95 ◦C
for 30 min with constant light stirring, then cooled to room temperature in an ice water
bath. A total of 20 g of aliquots of the paste was then taken and put into a centrifuge tube,
and a freeze-thaw cycle was then carried out with storage at 4 ◦C for 24 h, frozen at −15 ◦C
for 48 h, and then thawed at 25 ◦C for 3 h. The samples were then centrifuged at 3500 rpm
for 15 min. The supernatant was separated from the gel. The syneresis was calculated using
the following equation:

Syneresis (%) =
weight of separated water

weight of starch paste
× 100% (5)
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2.13. Color Analysis Using CM-5 Spectrophotometer

The starch color was measured using a CM-5 Spectrophotometer (Konica Minolta
Co., Osaka, Japan) with SpectraMagic NX version 3.0 Software. The samples were placed
in a glass cell and above the light source. After that, measurements were taken at room
temperature. The parameters measured were CIE-lab namely, the L*, a*, and b* values in
each sample. L* value indicates the lightness (whiteness/darkness), representing dark (0)
to light (100); a* value indicates the degree of red-green color ((+) redness/(−) greenness);
and b* value indicates the degree of the yellow-blue color ((+) yellowness/(−) blueness).
The whiteness index for native and modified starches was determined using the following
equation [14]:

Whiteness Index = 100 −
√
(100 − L∗)2+a∗2+b∗2 (6)

Total color differences between starch samples were calculated using the following
equation [15]:

ΔE =

√
(L∗ − L∗

n)
2 + (a∗ − a∗n)

2 + (b∗ − b∗
n)

2 (7)

L*, a*, and b* were parameters for modified starch, and L∗
n, a∗n, and b∗

n were parameters
for native starch.

2.14. Statistical Analysis

Data are displayed as the mean ± SD. Experiments were all performed in triplicate.
One-way analysis of variance (ANOVA) was used to analyze all of the data, and the Duncan
test was used to compare the sample mean at a significance level of 5% (p < 0.05). The
statistical software program IBM SPSS Statistics version 25 was used to examine all of
the data.

3. Results

3.1. Granule Morphology

The granule morphology of native and modified arrowroot starches is presented in
Figure 1. The granules of arrowroot starch are spherical and ellipsoid to oval-shaped.
There was no damage on the surface of starch granules after OSA treatment. In HMT-
modified starch, in both single and dual modifications (HMT, HMT-OSA, and OSA-HMT),
the damage occurred on the surface of the granules, where the surface became rougher due
to the formation of fine cracks.

Figure 1. Granule morphology of native and modified arrowroot starches with 5000× and 10,000×
magnification. OSA = octenyl-succinic anhydride treatment; HMT = heat-moisture treatment; HMT-
OSA = HMT followed by OSA treatment; OSA-HMT = OSA followed by HMT treatment.
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3.2. Starch Crystallinity

The crystallinity properties of native and modified arrowroot starch are presented
in Figure 2. According to the diffractograms, both native and modified arrowroot starch
possessed an A-type crystalline pattern, which was indicated by several diffraction peaks
at 15◦, 17◦, 18◦, 23◦, and 26◦ (2θ), showing that all of the treatments did not alter the
crystalline pattern of the arrowroot starches. However, in terms of relative crystallinity
(RC), the modified starches have lower RC compared to the native starch. The native
arrowroot starch has an RC value of 30.96%, while OSA, HMT, HMT-OSA, and OSA-HMT
starches have 30.25%, 28.26%, 24.88%, and 26.94% RC values, respectively. Additionally,
HMT-modified starch in both single and dual modifications (HMT, HMT-OSA, and OSA-
HMT) has a greater effect on RC than single OSA modification.

Figure 2. X-ray diffractograms of native and modified arrowroot starches. OSA = octenyl-succinic
anhydride treatment; HMT = heat-moisture treatment; HMT-OSA = HMT followed by OSA treatment;
OSA-HMT = OSA followed by HMT treatment.

3.3. Thermal Properties

DSC is used for thermal analysis in order to determine the transition of starch crys-
tallinity caused by heating with the following parameters: (1) To, or temperature onset, is
the temperature at which gelatinization begins, and is also defined as the melting tempera-
ture of the weakest crystals in starch granules; (2) Tp, or peak temperature, represents the
the endothermic peak on the DSC thermogram; (3) Tc, or conclusion temperature, is the
final temperature at which the sample is wholly gelatinized, and is sometimes known as
the crystalline melting temperature (high-perfection crystalline); and (4) ΔH or enthalpy
(J/g) is calculated based on the DSC endotherm, expressing the energy required to break
the double helix structure during starch gelatinization [12,16].

The thermal properties of native and modified arrowroot starches are presented in
Table 1. All modified starch has a lower To than native starch, except for HMT starch. Tp
native starch decreased after modification from 50.46 ◦C to 39.83–44.36 ◦C. Both single
methods (OSA and HMT) decreased Tc, but, conversely, both dual modification methods
increased the Tc of native starch. The temperature range (Tc–To) of modified starches was
higher than native starch, except for HMT-starch, whereas the enthalpy of modified starch
decreased significantly from 1117.08 (J/g) to 936.44–647.30 (J/g).
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Table 1. Thermal properties of native and modified arrowroot starches.

Treatment To (◦C) Tp (◦C) Tc (◦C) Tc–To (◦C) ΔH (J/g)

Native 21.70 ± 3.86 a 50.46 ± 5.89 a 62.29 ± 3.60 b 40.60 ± 7.21 bc 1117.08 ± 56.09 a

OSA 14.39 ± 0.69 b 39.83 ± 3.96 b 58.99 ± 6.67 bc 44.60 ± 7.08 b 647.30 ± 45.86 d

HMT 20.43 ± 2.60 a 44.36 ± 2.60 ab 53.75 ± 1.65 c 33.32 ± 2.55 c 936.44 ± 35.08 b

HMT-OSA 10.89 ± 3.01 b 42.98 ± 3.62 ab 85.76 ± 1.11 a 74.87 ± 2.44 a 781.64 ± 30.73 c

OSA-HMT 11.38 ± 2.21 b 39.98 ± 5.51 b 83.96 ± 1.70 a 72.58 ± 1.32 a 902.26 ± 87.22 b

Means marked with different letters are significantly different (p < 0.05). OSA = octenyl-succinic anhydride
treatment; HMT = heat-moisture treatment; HMT-OSA = HMT followed by OSA treatment; OSA-HMT = OSA
followed by HMT treatment.

3.4. Pasting Properties

The viscoamylograph and pasting properties parameters of native and modified
arrowroot starches are presented in Figure 3 and Table 2, respectively. Both single HMT
and dual modifications (HMT-OSA, OSA-HMT) increased PT and SB of native starch, but,
conversely, decreased PV and BD viscosity of native starch, whereas single OSA has the
opposite trend compared with the other modification treatments.

 

Figure 3. Viscoamylograph of native and modified arrowroot starches. OSA = octenyl-succinic
anhydride treatment; HMT = heat-moisture treatment; HMT-OSA = HMT followed by OSA treatment;
OSA-HMT = OSA followed by HMT treatment.

Table 2. Pasting properties of native and modified arrowroot starches.

Treatment
Pasting

Temperature (◦C)
Peak Viscosity

(cP)
Hold Viscosity

(cP)
Final Viscosity

(cP)
Breakdown

(cP)
Setback (cP)

Native 75.74 ± 0.26 a 4857 ± 42.52 d 2119 ± 37.58 bc 3087 ± 41.15 a 2738 ± 7.00 d 967 ± 15.50 a

OSA 73.02 ± 0.08 a 6094 ± 60.86 e 3033 ± 157.88 d 3956 ± 167.62 c 3060 ± 216.75 e 923 ± 316.74 a

HMT 86.91 ± 0.42 c 1604 ± 57.50 a 1486 ± 60.00 a 2860 ± 61.49 a 118 ± 3.61 a 1373 ± 9.50 b

HMT-OSA 86.78 ± 0.46 c 3111 ± 263.28 c 2261 ± 79.00 c 4081 ± 221.72 c 850 ± 188.80 c 1787 ± 122.11 c

OSA-HMT 83.21 ± 4.03 b 2544 ± 63.58 b 2063 ± 99.00 b 3621 ± 242.31 b 481 ± 35.59 b 1557 ± 166.08 bc

Means marked with different letters are significantly different (p < 0.05). OSA = octenyl-succinic anhydride
treatment; HMT = heat-moisture treatment; HMT-OSA = HMT followed by OSA treatment; OSA-HMT = OSA
followed by HMT treatment.
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3.5. Texture Properties

Texture properties parameters of native and modified arrowroot starches are presented
in Table 3. Both single modifications, OSA and HMT alone, increased the gel hardness
of native arrowroot starch, and the converse effect was seen for the dual modifications.
All modified starches have higher adhesiveness and lower springiness and cohesiveness
than native starch. Both dual modifications, HMT-OSA and OSA-HMT, decreased the
gumminess of native arrowroot starch from 208.95 to 29.21–59.60.

Table 3. Texture profile of native and modified arrowroot starches.

Treatment Hardness (gF) Adhesiveness Springiness Cohesiveness Gumminess

Native 244.51 ± 36.93 b −3.10 ± 2.74 c 1.58 ± 1.02 a 0.86 ± 0.02 c 208.95 ± 27.82 b

OSA 485.03 ± 35.65 d −34.20 ± 0.85 b 0.90 ± 0.01 a 0.76 ± 0.01 b 368.29 ± 21.10 d

HMT 406.78 ± 36.95 c −47.50 ± 24.71 b 0.90 ± 0.04 a 0.68 ± 0.05 a 274.39 ± 21.43 c

HMT-OSA 43.68 ± 5.89 a −54.14 ± 6.61 b 0.83 ± 0.00 a 0.60 ± 0.02 a 29.21 ± 3.49 a

OSA-HMT 76.95 ± 14.88 a −103.14 ± 6.12 a 0.86 ± 0.02 a 0.64 ± 0.06 a 59.59 ± 10.38 a

Means marked with different letters are significantly different (p < 0.05). OSA = octenyl-succinic anhydride
treatment; HMT = heat-moisture treatment; HMT-OSA = HMT followed by OSA treatment; OSA-HMT = OSA
followed by HMT treatment.

3.6. Functional Properties

OSA modification, for both single OSA and dual HMT-OSA, significantly increased
the SV of native starch, but we saw a converse trend for OSA-HMT. All modified starch
has lower solubility and higher syneresis than native starch (Table 4). HMT starch, for
both single HMT and dual modifications (HMT-OSA, OSA-HMT), increased the water
absorption capacity (WAC) and decreased the oil absorption capacity (OAC) of native
starch. All modification treatments increased the syneresis of native starch.

Table 4. Functional properties of native and modified arrowroot starches.

Treatment
Swelling Volume

(mL/g db)
Solubility (%) WAC (g/g db) OAC (g/g db) Syneresis (%)

Native 16.27 ± 0.12 c 9.33 ± 0.14 c 1.13 ± 0.20 b 2.33 ± 0.03 b 7.02 ± 0.06 a

OSA 25.84 ± 0.56 e 9.13 ± 0.21 b 0.83 ± 0.10 a 2.31 ± 0.07 b 18.71 ± 0.96 b

HMT 11.46 ± 0.54 a 8.92 ± 0.14 a 1.35 ± 0.05 c 2.15 ± 0.12 a 38.76 ± 0.49 c

HMT-OSA 17.66 ± 0.17 d 9.08 ± 0.09 b 1.41 ± 0.07 c 2.21 ± 0.09 a 59.06 ± 2.27 d

OSA-HMT 14.31 ± 0.34 b 8.90 ± 0.04 a 1.60 ± 0.06 d 2.20 ± 0.04 a 65.80 ± 3.54 e

Means marked with different letters are significantly different (p < 0.05). OSA = octenyl-succinic anhydride
treatment; HMT = heat-moisture treatment; HMT-OSA = HMT followed by OSA treatment; OSA-HMT = OSA
followed by HMT treatment.

WAC describes the amount of water available for gelatinization [12]. WAC of native
and modified arrowroot starches ranges from 0.83–1.60 g/g (db). The WAC of native
arrowroot starch is 1.13 g/g db, which is smaller than in the previous study, where it
was 1.81 g/g db [17]. Meanwhile, the ability of starch to absorb oil is called OAC, which
could also represent the emulsifying properties of the starch [18]. The OAC of native and
modified arrowroot starches range from 2.15–2.33 g/g db. All of the modification methods,
except for OSA, decreased the OAC of native starch from 2.33 g/g db to 2.15–2.21 g/g db.

3.7. Color Characteristics

The color parameters of native and modified arrowroot starches are L*, a*, and b*,
whiteness index, and ΔE (Table 5). HMT modification of both single HMT and dual
modifications (HMT-OSA and OSA-HMT) significantly decreased the L* value of native
arrowroot starch. Single OSA did not alter the a* value, whereas HMT modification of both
single and dual had a different effect on the a* value of native arrowroot starch. Native
and OSA-modified arrowroot starches have a negative value of a*, which indicates that the
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color tends towards greenness, whereas all HMT modifications have a positive value of
a*, which indicates that the color tends towards redness. All modified starch has a lower
whiteness index than native starch, except for OSA starch. OSA starch has the highest
whiteness index among all of the samples. ΔE is a value indicating the total color difference
between a modified starch and the native starch. The ΔE of modified starch ranged from
0.64 to 1.61. The higher the ΔE, the greater the color differences between modified and
native starches, whereas the HMT starch has the highest ΔE among other modified starches.
The color images of native and modified arrowroot starches which were captured from
Spectrophotometer CM-5 are presented in Figure 4.

Table 5. Color parameters of native and modified arrowroot starches.

Treatment L* a* b*
Whiteness

Index
ΔE

Native 96.26 ± 0.03 d −0.25 ± 0.01 a 3.18 ± 0.03 c 95.09 ± 0.01 d -
OSA 96.39 ± 0.19 d −0.29 ± 0.01 a 2.13. ± 0.10 a 95.80 ± 0.11 e 1.08 ± 0.11
HMT 94.96 ± 0.12 a 0.09 ± 0.00 b 4.07 ± 0.01 d 93.52 ± 0.09 a 1.61 ± 0.09

HMT-OSA 95.44 ± 0.24 b 0.05 ± 0.03 b 3.07 ± 0.23 bc 94.51 ± 0.33 b 0.92 ± 0.13
OSA-HMT 95.80 ± 0.09 c 0.07 ± 0.07 b 2.97 ± 0.25 b 94.86 ± 0.22 c 0.64 ± 0.09

Means marked with different letters are significantly different (p < 0.05). OSA = octenyl-succinic anhydride
treatment; HMT = heat-moisture treatment; HMT-OSA = HMT followed by OSA treatment; OSA-HMT = OSA
followed by HMT treatment.

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

Figure 4. The color of arrowroot starch (a) native, (b) OSA, (c) HMT, (d) HMT-OSA, and (e) OSA-HMT.
The color images were captured from Spectrophotometer CM-5.

4. Discussion

4.1. Granule Morphology

Native arrowroot starch has a round, oval shape with a granular surface that is slightly
textured without cracks, and this is in line with some of the previous studies [1,19]. The
morphology of OSA starch granules did not show significant changes compared to native
starch granules. This result was consistent with the study of OSA-modified Japonica rice
starch [20] and OSA-modified sago starch [13], whereas the HMT caused damage to the
starch granules, with cracks forming and the surface of the granules becoming rougher.
Some of the previous studies also reported granule surface deformation after HMT [5,6,12],
and this is due to the thermal strength, which changes the morphology of the arrowroot
starch [11]. Both dual-modified starch granules (OSA-HMT and HMT-OSA) showed similar
surface characteristics to the HMT starch. The surface of the granules became rougher, and
there were also indentations. This indicated that thermal treatment significantly dominates
the alteration of granule morphology of dual-modified arrowroot starch.

4.2. Crystallinity

X-ray Diffraction (XRD) is a method for assessing and quantifying long-range crys-
talline order in starch [21]. Figure 2 shows that native and modified starches have a similar
crystallinity pattern, i.e., an A-type crystalline pattern, as indicated by several diffraction
peaks at 2θ 15◦, 17◦, 18◦, 23◦, and 26◦ [22], which indicated that all of the modification treat-
ments did not significantly affect the crystalline type of native arrowroot starch. Several
studies have reported that native arrowroot starch has an A-type crystalline pattern [1,23].
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However, this is not in agreement with another study by Nogueira et al. [24], which
reported that arrowroot starch has a C-type crystalline pattern, indicating a mixture of
polymorphs types A and B. The HMT showed no change in the crystalline pattern, similar
to the study of Marta et al. [11] on banana starch, and a similar trend has been seen on
OSA-sago starch [13].

Relative crystallinity (RC) was calculated based on the ratio of the diffraction peak
area (crystalline area) to the total diffraction area [25]. Arrowroot native starch has an RC
of 30.96%, which was in range with the other studies (52.84% [26] and 28.8–30.2%) [27]. All
modification treatments, however, decreased the RC of native starch—-that is, from 30.96%
for native arrowroot starch to 30.25% for OSA-treated starch, 28.26% for HMT-treated
starch, 284.88% for HMT-OSA, and 26.94% for OSA-HMT. Several studies have reported
that HMT decreased the RC, such as in sago starch [13], banana starch [11,13]; mango
kernel starch [28], breadfruit starch [6], rice, cassava, and pinhão starches [29]. Decreased
RC in hydrothermally modified starches, both for single HMT and dual modifications
(HMT, HMT-OSA, and OSA-HMT), can be associated with changes in the crystalline phase
(amylopectin) of starch, where dehydration and double helix movements can disrupt starch
crystallinities and change the crystal orientation of the semi-crystalline fraction to the
amorphous phase [30–32] or possibly partial gelatinization [4,33]. The RC of OSA starches,
for both single and dual modified starches (OSA, OSA-HMT, and HMT-OSA), was lower
than its native counterpart, which was in line with some of the previous studies [13,34,35].
These results indicated that OSA esterification occurs in the amorphous region of starch
granules and slightly changes the starch crystal structure.

4.3. Thermal Properties

Esterification using OSA on arrowroot starch causes a decrease in To, Tp, and ΔH
compared to native starch, which is in agreement with some of the previous studies [36,37].
The introduction of OSA molecules changes the degree of hydrogen bonding, which tends
to weaken the interactions between the starch macromolecules, allowing the granules to
swell and melt at lower temperatures [7,38], whereas heat-moisture treatment could weaken
the interaction between amylose-amylose, amylose-amylopectin, and amylose-lipid, which
leads to imperfect crystal formation. This phenomenon could cause a decrease of Tc and
ΔH in HMT-treated starch [39]. Some previous studies have reported that HMT-modified
starch showed higher gelatinization parameters (To, Tp, Tc) than native starch [12,30,40,41],
whereas in this study, To and Tp of HMT starch were not significantly different to native
starch. Both dual-modified starch HMT-OSA and OSA-HMT starches tend to have thermal
characteristics that are almost similar, where the To, Tp, Tc, and Tc–To are not significantly
different from each other, whereas ΔH of OSA-HMT starch is significantly higher than
HMT-OSA starch.

4.4. Pasting Properties

The increase in PT and the decrease in PV on HMT starch, both for single HMT
and dual modifications (HMT-OSA and OSA-HMT), could be due to the partial breakage
of the ordered chain structure and the rearranging of the broken molecules, facilitated
by the high temperature (100 ◦C) and limited moisture content (30%) during HMT. As
a result, the forces of the intra-granular bonds would be augmented, and the linkages
between starch chains would be strengthened. The HMT-treated starch samples needed
greater heat for structural breakdown and paste production, resulting in a lower paste
viscosity [4]. On the other hand, an increase in PV was observed in single OSA-treated
starch. According to Bajaj et al. [8], substituting bulky octenyl groups could decrease the
inter- and intramolecular bond between starch granules, resulting in limited incorporation
of water into starch molecules. When OSA groups are substituted, the starch granule is
destroyed, which enhances swelling and raises PV. The hydrophobic properties of OSA
also increased the viscosity of starch. This characteristic was discovered advantageous for
making mayonnaise with improved emulsion stability [8].
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The significant difference in PV between HMT-OSA and OSA-HMT-treated starch
is because HMT facilitated this OSA particle to attack more of the –OH group in starch.
According to Park et al. [42], HMT before cross-linking could increase the phosphate content
of the starch, showing that the HMT facilitates the incorporation of the cross-linking agent
to react more with starch granules. This occurred in the octenyl group as well. The OSA
modification increased the BD, which was in line with some of the previous studies [8,43],
whereas the other modifications significantly decreased the BD of the native starches. The
lower BD indicated the higher thermal stability of starch. All HMT modifications, both
single and dual modifications, have a higher SB than native and single OSA starch, which
indicates that HMT increases the ability of starch to retrograde.

From the industrial point of view, the modification of arrowroot starch could give
arrowroot more value, as the starch could be used more in the food industry. HMT and
dual-modified starches (OSA-HMT and HMT-OSA starcher) have a higher thermal stability
than native starch, as shown by the lower breakdown viscosity of the starches. Starch with
good thermal stability could be used as a thickening agent for food products that need to be
sterilized, e.g., sauce, paste, etc. [39], whereas OSA starch has a lower ability to retrograde,
which indicates that the starch may be used as an ingredient in baby food and baked goods
(as it can inhibit staling on bread).

4.5. Texture Properties

Texture parameters in starch have an important role because starch can be a texturizer
agent, such as a thickening and gelling agent. TPA (texture profile analysis) is used to
observe texture parameters, such as hardness, adhesiveness, springiness, cohesiveness, and
gumminess [44]. Gel hardness or hardness is related to the strength of the gel network,
and changes in hardness are related to the effect of swelling granules and amylose con-
tent [44,45], and hardness increases with increasing amylose content. The hardness of HMT
and OSA-modified starches were higher than native starch, whereas the amylose content of
native starch was lower than both HMT and OSA starch. The amylose content for native,
HMT, and OSA starches are 29.15%db, 36.01%db, and 33.44%db, respectively. The gel net-
work structure depends on the quantity and intensity of hydrogen bonds formed between
the amylose chains [46]. Conversely, the hardness of dual-modified starch (OSA-HMT and
HMT-OSA starch) decreased very sharply compared to native starch, and it was not in line
with the amylose content of the dual-modified starches, where the hardness decreased with
increasing amylose content. The amylose content of HMT-OSA and OSA-HMT starches
was 35.32%db and 36.36%db, respectively. This indicated that hardness is not only affected
by amylose content. The adhesiveness of native starch was higher than all of the modified
starches, which is in line with the other studies [47,48]. All modification treatments did
not significantly affect the springiness of starch gel, but they decreased the cohesiveness,
which may be due to the degradation of starch molecules, resulting in a weaker starch
network structure [49]. In terms of gumminess, dual-modified starches tend to have lower
values compared to both native and single-modified starch. The low level of elasticity
in the dual-modified starch is influenced by its low hardness and low cohesive strength
compared to single-modified starch (OSA and HMT).

4.6. Functional Properties

Swelling volume (SV) measures the hydration capacity of starch molecules due to the
presence of water trapped in granules [50]. SV is related to amylose leaching or the solubility
of starch [51]. Solubility indicates the amount of amylose leaching, which dissociates and
diffuses out of the starch granules during the gelatinization process, resulting in starch
swelling [10].

The SV of HMT starch decreased when compared to native starch, which is in line with
other studies [2,12,52]. Furthermore, the decrease might be due to the rearrangement of
starch molecules, increased intramolecular forces [52], and amylose-amylose, amylopectin-
amylose, and amylopectin-amylopectin interactions, which become stronger where the
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starch granules become more rigid [11]. Among other modified starches, OSA starch
has the highest SV. Furthermore, Park et al. [51] reported that the SV of OSA arrowroot
starch was significantly higher than its native starch. This increase in swelling strength
is associated with an increase in the ability of water to percolate into starch granules [53].
HMT-OSA-modified starch had a higher SV than OSA-HMT starch. It was presumed that
the HMT process resulted in cracks and porous starch granules. When the OSA treatment
was applied, the presence of succinate groups could weaken the internal bonds in the starch
granules and increase the percolation of water so that the SV of HMT-OSA starch became
higher [53,54].

All modified starches have lower solubility than native starch, and this is caused by
amylose leaching during the starch gelatinization process. Amylose is in the crystalline
region and is relatively small in size and linear shape, making it easier to leach out from
the starch granules [25]. However, another study [24] reported that HMT on corn starch
increased its solubility, which was influenced by the treatment time: the longer the treatment
time, the more solubility [2].

Among the modified starches, OSA starch has the lowest WAC (0.83 g/g db). The
reduced WAC on OSA starch was due to the presence of a hydrophobic substituent group
from OSA that replaces the hydroxyl group on starch granules, which causes an increase in
the hydrophobicity of starch [55], whereas HMT starch increased WAC (1.35 g/g db), which
is in agreement with some of the previous studies [51,56]. The increased WAC of HMT
starch was caused by the breaking of hydrogen bonds in the crystalline and amorphous
regions, resulting in the expansion of the amorphous areas, which increased the hydrophilic
properties of the starch [18,57]. The presence of pores on the surface of starch granules
can also increase WAC because it will be easier for water to diffuse into the granules [12].
The increased WAC in dual-modified starch (HMT-OSA and OSA-HMT) was significantly
influenced by the second modification treatment applied because HMT-OSA starch showed
a lower WAC than OSA-HMT starch. OSA treatment after HMT was suspected to reduce
starch hydrophilicity and increase its hydrophobicity due to the presence of OSA groups,
which decreased WAC.

The esterification process with OSA increased starch’s hydrophobicity, thereby increas-
ing the OAC [7]. On the other hand, the OAC is related to the degree of substitution (DS),
where the oil absorption capacity increases with the degree of substitution of OSA [58].

Freeze-thaw stability was determined as syneresis (%). Syneresis releases water from
gel or starch paste during cooling, storage, and freeze-thawing [59]. High syneresis indi-
cates low stability at low-temperature storage [12]. Native arrowroot starch has the lowest
syneresis among other starches, and this is in agreement with some of the previous studies
on arrowroot starch [19,60]. All modifications applied in this study tend to increase synere-
sis. However, when compared with modified starches, OSA starch has higher stability,
which indicates that OSA starch is more stable at low-temperature storage conditions. A
previous study reported that the modification of starch into succinate derivatives (OSA
starch) can improve the freeze-thaw stability (FTS) of corn and amaranth starch [50]. This is
associated with a steric effect on the OSA group, which can prevent starch chain alignment
when stored at low temperatures [7], whereas in this study, OSA modification cannot
improve the FTS of native arrowroot starch. Increased syneresis in HMT starch might be
due to the resulting random interactions reducing the water-holding capacity of the starch
gel [61]. The intensity of syneresis depends on various factors, such as the composition of
the amylose fraction, the length of the amylopectin chains, and the degree of polymerization
of amylose and amylopectin [57].

HMT and OSA-HMT decrease SV and SOL and increase the WAC of native starch,
which indicates that HMT and OSA-HMT starches can be applied in pasta and noodle
formulations. Marta et al. [62] have reported that HMT banana starch can be used as an
ingredient in noodle production. All modified starches have higher sineresis, so they cannot
be applied in frozen foods.
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4.7. Color Analysis

Color is a characteristic that has an important role in determining the quality and the
level of consumer acceptance in selecting a product. In flour or starch products, consumers
generally prefer products that are white or bright in color. To determine the color of both
native and modified arrowroot starch objectively, color analysis was performed. Color
testing of products, mainly arrowroot starch, can be carried out using a stand-alone, top-
port color measuring instrument, which was the Spectrophotometer CM-5 in this research.
The color of each starch sample was then interpreted by referring to the CIELAB systems
through the L*. a*, and b* values [63].

The highest lightness (L*) was shown by OSA starch (96.39), while HMT starch showed
the lowest lightness (94.96). There was a significant difference in lightness, especially
for HMT-modified starch. This is presumably because thermal treatment can cause the
degradation of color pigments in starch. The redness (a*) in arrowroot starch with a
negative value is indicated by both native and OSA starches, which indicated a tendency
to be green in color [64]. Meanwhile, the positive values for HMT starches, both single
HMT and dual modified starches (HMT-OSA and OSA-HMT starches), indicated that these
starches tended to be red. The color shift to red was caused by the application of thermal
treatment. The level of yellowness (b*) in all arrowroot starch (native and modified) has a
positive value, indicating that all starch leads to a yellow color. The highest b* value was
shown by HMT starch (4.07), while the lowest was indicated by OSA starch (2.13). This
means that HMT starch is more yellow than OSA starch (Figure 3).

The whiteness index (WI) is based on a scale of 0–100, with the highest value described
as the highest level of lightness. The WI value is positively correlated with the L* value;
the higher the WI, the higher the L* value. HMT-modified starch, for both the single HMT
and dual-modified starches, had low WI. The HMT modification process that was carried
out reduced the lightness level of starch. Total color difference (ΔE) is a parameter used to
assess how much change or difference can be seen in the Lab* value results in ingredients or
food after specific treatments [65]. Dual modification, especially OSA-HMT starch, has the
smallest ΔE value, which indicates that the color produced between native and OSA-HMT
starch is not much different, whereas HMT starch showed the highest ΔE value, in which
there was a significant difference/change in starch color compared to native starch.

5. Conclusions

All modification treatments, both for the single and dual modifications, had significant
effects on granule morphology, crystallinity, thermal, pasting, and functional properties,
texture, and color characteristics of native arrowroot starch. The granules of arrowroot
starch are spherical and ellipsoid to oval shaped. There was no damage on the surface of the
starch granules after OSA. In HMT-modified starch, both for single and dual modifications
(HMT, HMT-OSA, and OSA-HMT), the damage occurred on the surface of the granules.
Native and modified starches have a similar crystallinity pattern, which was an A-type
crystalline pattern. All modification treatments decreased the RC of native starch, where
HMT has a greater effect on RC than OSA. Both single HMT and dual modification (HMT-
OSA, OSA-HMT) increased PT and SB, and, conversely, decreased PV and BD viscosity of
native starch. All HMT treatments, both for single and dual modifications, can improve the
thermal stability of native starch, especially the HMT single treatment, whereas OSA single
treatment has the opposite trend compared with the other modification treatments. OSA
starch has a firm texture characteristic, which is indicated by the high value of hardness
and gumminess. Both single OSA treatment and HMT-OSA significantly increased the
SV of native starch, but, conversely, trend for the OSA-HMT. All modified starches have
lower solubility and higher syneresis than native starch. Both single HMT modification
and dual modifications (HMT-OSA, OSA-HMT) increase WAC and decrease the OAC of
native starch. HMT starch for both single and dual modifications have low L* and WI
values, while OSA starch has the brightest color among other starches. Based on pasting
and functional properties, both HMT and OSA-HMT starch can be applied in pasta and
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noodle formulation and also as a thickening agent, whereas OSA starch can be used as an
ingredient in baby food and bakeries because it has a low ability to retrograde.
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Abstract: Plastic waste poses a significant challenge for the environment, particularly smaller plastic
products that are often difficult to recycle or collect. In this study, we developed a fully biodegradable
composite material from pineapple field waste that is suitable for small-sized plastic products that
are difficult to recycle, such as bread clips. We utilized starch from waste pineapple stems, which is
high in amylose content, as the matrix, and added glycerol and calcium carbonate as the plasticizer
and filler, respectively, to improve the material’s moldability and hardness. We varied the amounts of
glycerol (20–50% by weight) and calcium carbonate (0–30 wt.%) to produce composite samples with
a wide range of mechanical properties. The tensile moduli were in the range of 45–1100 MPa, with
tensile strengths of 2–17 MPa and an elongation at break of 10–50%. The resulting materials exhibited
good water resistance and had lower water absorption (~30–60%) than other types of starch-based
materials. Soil burial tests showed that the material completely disintegrated into particles smaller
than 1 mm within 14 days. We also created a bread clip prototype to test the material’s ability to hold
a filled bag tightly. The obtained results demonstrate the potential of using pineapple stem starch as
a sustainable alternative to petroleum-based and biobased synthetic materials in small-sized plastic
products while promoting a circular bioeconomy.

Keywords: biodegradable plastic; starch; circular economy; pineapple; tensile strength

1. Introduction

In recent years, there has been growing concern about the environmental impact of
plastics, which are known to persist in the environment and harm living organisms [1].
To address this issue, a variety of solutions have been proposed, including the use of
biodegradable polymers in single-use applications and outright bans on plastic use in
some countries [2]. Biodegradable polymers are available in a variety of forms, includ-
ing fully biobased polylactic acid (PLA), partially biobased polybutylene succinate (PBS),
fully synthetic polybutylene adipate terephthalate (PBAT), and natural polymers such as
starch, polyhydroxyalkanoates (PHAs), and polyhydroxybutyrate (PHB). However, not all
biodegradable polymers are created equal, and it is important to understand the specific
properties and limitations of each type. For example, polylactic acid (PLA), polybutylene
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adipate terephthalate (PBAT), and polybutylene succinate (PBS) are widely used biodegrad-
able polymers, but they do not easily biodegrade in natural environments. Instead, they
require specific conditions, such as controlled humidity and temperature, which are typ-
ically only found in industrial composting facilities [3,4]. Therefore, it is still crucial to
ensure that these biodegradable materials are properly disposed of and collected in such
facilities to ensure their complete degradation. On the other hand, starch-based materials,
polyhydroxyalkanoates (PHAs), and polyhydroxybutyrates (PHBs) are fully biodegradable
in natural environments and may be a more appropriate choice for certain applications
where collection and recycling are not easy or economical, such as small and lightweight
objects or products. These materials can biodegrade completely without requiring spe-
cialized industrial composting facilities and may, therefore, offer a more practical and
environmentally friendly solution for certain types of waste.

Considering the availability, cost of production, and other environmental impacts,
starch may be the material of choice to make bioplastics and, indeed, there are many
reviews available [5–7]. However, unmodified starch has poor properties, especially low
mechanical strength and poor water resistance. Thus, it requires modification or blending
with other polymers to make it more useful [8–11]. Unfortunately, most starches are
used for human consumption. Using them for materials would certainly interrupt food
supply chains and limit access to food for vulnerable groups, making it unsustainable.
Researchers have investigated various nonconventional or nonfood starches for use in
material applications [12–18]. However, the availability of these alternative starch sources
is relatively limited. As a result, much of the research on starch-based materials has
focused on modifying traditional food-grade starch to improve its properties. One of
the main challenges of using starch as a material is its poor water resistance and low
mechanical strength. To address these limitations, researchers have developed a range
of modification methods. Initially, modification was achieved through a single method,
but the resulting products still had limitations. Over time, researchers developed more
advanced modification techniques, such as dual modifications [19–22] or combining starch
with various fillers [23–25]. This not only adds complexity to the process but also produces
products with higher intensity in terms of material and energy, leading to a higher carbon
footprint. Therefore, finding starch that does not require modification or requires very little
modification would make it more sustainable.

Recently, our group started investigating pineapple stem starch (PSS) as a promising
material for a variety of applications. This is because the PSS has a relatively high amylose
content and can be obtained from pineapple field waste, which is abundantly available
in Thailand [26–28]. We reported that the PSS film exhibits good properties, such as high
water resistance, low water absorption, and good mechanical strength, while still being
readily biodegradable [29]. As a result, the PSS film has been proposed for use in single-use
or disposable applications.

This study aims to extend the potential applications of PSS by developing a biodegrad-
able composite suitable for single-use purposes. The high amylose content of PSS is
expected to confer good water-resistant properties to the composite. The matrix material
used for the composite was unmodified and raw PSS. The mechanical properties of the ma-
terial were enhanced by adding glycerol and calcium carbonate as modifiers. By exploring
the range of mechanical properties achievable through these modifications, we can identify
suitable applications for our composite material. This knowledge is critical for developing
sustainable alternatives to conventional plastics and reducing the environmental impact of
single-use products.

Glycerol was chosen as the primary plasticizer in this study due to its widespread use
and effectiveness in previous research [5,30,31] and its availability as a byproduct from
the biodiesel industry [32–34]. Similarly, calcium carbonate was chosen as the primary
filler due to its wide use in plastic manufacturing and its availability from natural sources,
such as the Earth’s crust [35,36], or byproducts from food industries, such as eggshells
and seashells [37,38]. Notably, the use of PSS, a nonconventional food-grade starch, in
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this research ensures that it does not pose a threat to food security. This approach not
only makes use of waste or byproducts but also supports the principles of a circular
economy and sustainability. The use of renewable resources such as PSS, glycerol, and
calcium carbonate in the development of biodegradable composites can significantly reduce
reliance on nonrenewable resources and mitigate the environmental impact associated with
conventional plastics.

2. Materials and Methods

2.1. Raw Material and Chemicals

Pineapple stem waste, a byproduct of a proprietary bromelain extraction process,
was obtained from Hong Mao Biochemicals Co., Ltd., (Rayong, Thailand). In general,
the process involves crushing peeled pineapple stems to disrupt the cell structure and
extract liquid by centrifugation [28]. The remaining solid material was dried under the
sun for a few days and further ground into a powder using a grinder. The stem powder
was collected by sieving (80 mesh) to separate the coarse fibers, cell wall, and other solid
contaminants, which constitute about 56% of the whole mass. The powder was used as
obtained without further washing. The extractive constituents make up about 15% of the
dry powder. The characteristics of the powder are similar to that obtained by the wet
milling process reported previously [27]. Commercial-grade glycerol was obtained from
local stores and the uncoated-grade calcium carbonate was produced by Surint Omya
Chemicals (Kok Toom, Thailand) Co., Ltd., (Lopburi, Thailand).

2.2. Preparation of Starch Paste and Composites

A starch paste was prepared by mixing a predetermined amount of PSS, water, and
glycerol in a glass beaker. The amount of glycerol was varied at 20, 30, 40, and 50% based
on the weight of the PSS. For all formulations, the amount of water was fixed at the same
weight as PSS. The mixture was left for at least 60 min at ambient condition before being
gelatinized in a household microwave (Toshiba, model ER-G33SC(S), Toshiba Thailand
Co., Ltd., Nonthaburi, Thailand) set at 50% of maximum power (1100 W) for 90 s. The
gelatinized PSS was left to cool down to room temperature. A predetermined amount of
calcium carbonate (0, 20, and 30% wt. of PSS) was then added into the paste on a laboratory
2-roll mill until a homogeneous mixture was obtained. The mixing time was approximately
15 min. After mixing, the mixture was sheeted out to a thickness of approximately 1 mm.
The sheet was then dried in a hot-air oven at 80 ◦C for 6 h. The samples were then left in
an ambient environment to gain equilibrium moisture content at least 7 days before any
measurements were made. The sample code is represented as GXCaY, where X and Y are
the amounts of glycerol and calcium carbonate, respectively.

2.3. Characterization of PSS Composites
2.3.1. Fourier-Transform Infrared Spectroscopy (FTIR)

The FTIR spectra of the materials were recorded with a spectrophotometer (Frontier,
Perkin Elmer, Waltham, MA, USA) in the attenuated total reflection (ATR) mode using a
diamond crystal. The measurements were performed at room temperature over a range of
4000 to 400 cm−1 with 16 scans and a resolution of 4 cm−1.

2.3.2. X-ray Diffraction (XRD)

The X-ray diffraction patterns of the materials were obtained from a benchtop X-ray
powder diffractometer (D2 Phaser, Bruker AXS GmbH, Karlsruhe, Germany) using an
X-ray wavelength of 1.54 Å with a step scan of 15 s/point over the 2θ of 5–40 degrees.
The percentage of crystallinity of each PSS composite sample was determined using the
following equation:

Crystallinity (%) = Ac/(Ac + Aa) × 100 (1)

where Ac = the area of crystalline region and Aa = the area of amorphous region. The peaks
belonging to calcium carbonate were excluded from the calculation.
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2.3.3. Mechanical Properties

Tensile test: Specimens were punched out from a 1 mm sheet with a cutter (ISO
37 type 2 dumbbell die). Tensile tests were carried out on a universal testing machine
(Instron 5569, Instron, High Wycombe, UK) according to ISO 527-3 with a long-travel,
contact-type extensometer. A crosshead speed of 50 mm/min was used. The secant
modulus at 1% and the tensile strength and elongation at break were obtained as average
values from five specimens.

Hardness and density: The hardness of the material was determined according to
the durometer method or Shore hardness of ISO 7619-1 (Zwick Model 7206.07, Zwick,
Ulm, Germany). The density of the material was determined following Archimedes’ princi-
ple with a density kit on a laboratory balance (XS105, Mettler Toledo, Greifensee, Switzerland)
according to method A of ISO 1183. The specimen was weighed in air and then weighed
when immersed in distilled water using a sinker and wire to hold the specimen completely
submerged. The measurement was carried out at 25 ◦C and the density was calculated
using the below equation. The water density for the calculation was set at 1.00 g/cm3.

Density = Wair/(Wair − Wwater) (2)

where
Wair = weight of the sample in air.
Wwater = weight of the sample in water.

2.3.4. Morphology

The fractured surfaces of the specimens obtained from the tensile tests were observed
with a scanning electron microscope (SEM) (JSM-IT500, JEOL, Tokyo, Japan). The samples
were coated with platinum before the observation.

2.3.5. Water Solubility and Absorption

A piece of specimen was immersed in distilled water for 24 h and its weights (wet and
dried) were monitored. The amount of water absorbed was determined following ISO 62 at
25 ◦C. The water resistance was determined qualitatively by observing the uptake of water
by the sheet samples. The water solubility and absorption of the sheets were determined
from the following equations:

Water solubility = ((wi − wfd)/wi) × 100 (3)

Water absorption = ((wf − wi)/wi) × 100 (4)

where
wfd is the weight of the dried PSS sheet after being immersed in distilled water.
wf is the weight of the wet PSS sheet after being immersed in distilled water.
wi is the initial weight of the PSS sheet.

2.3.6. Soil Burial Test

This test can be used to determine the biodegradability of starch-based materials by mi-
croorganisms [39]. The test was slightly modified from a protocol reported previously [39].
Specimens of size 4.0 × 4.0 cm2 were cut and put in envelopes made from a high-density
polyethylene net for easy recovery. The envelopes were buried at the edge of a garden of
the department building, about 10 cm beneath the surface. The pH of the soil was measured
to be 7.5. The area was under the shade of trees and was watered every week. No attempt
was made to regulate the moisture content and temperature of the area to obtain a natural
environment. The envelopes were taken out for the observation of samples after different
periods of time. The state of biodegradation was evaluated visually.
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2.4. Statistical Analysis

Statistical analysis was performed using analysis of variance (ANOVA) with the Data
Analysis tool in the Microsoft Excel (Office16) program. The t-test method, with two-sample
assuming unequal variances, was performed to analyze differences among the means at a
confidence level of 95%.

3. Results and Discussion

3.1. Fourier-Transform Infrared Spectroscopy (FTIR)

Figure 1 displays the FTIR spectra of the PSS composites containing different amounts
of glycerol and calcium carbonate. In the controlled system without calcium carbonate, the
amount of glycerol did not significantly affect the FTIR spectra of the composites. The FTIR
spectra of the PSS with only glycerol were very similar to that of other starches that have
been well understood and documented [40,41]. The peak positions and their corresponding
functional group vibrations are listed in Table 1. When calcium carbonate was added,
obvious changes were noticed at two positions (shaded area in Figure 1) belonging to
calcium carbonate, i.e., the asymmetric stretching peak at 1416 cm−1 and out-of-plane
bending at 876 cm−1 [42]. The intensity of these peaks increased on increasing the amount
of calcium carbonate.

Figure 1. FTIR spectra of PSS composites containing different amounts of glycerol and calcium
carbonate: (a) no calcium carbonate, (b) 20% calcium carbonate, and (c) 30% calcium carbonate.

Table 1. FTIR peak positions and corresponding functional group vibrations.

No. Observed Position (cm−1) Functional Group

1 3300 O-H stretching
2 2925 C-H stretching
3 1644 C-O bending (associate with OH group)
4 1453 CH2 symmetric deformation
5 1413 CH2 symmetric scissoring
6 1368 C-H symmetric bending
7 1150 C-O-C asymmetric stretching
8 1076, 993 C-O stretching
9 923, 860, 760 C-O-C ring vibration of carbohydrate

3.2. X-ray Diffraction (XRD)

Figure 2 displays the XRD patterns of the PSS composites containing different amounts
of glycerol and calcium carbonate. All PSS composites have a certain degree of crystallinity.
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The crystalline structure is different from that of the original PSS, which has an A-type
structure, similar to other types of starches as shown previously [27]. The appearance is
similar to that of PSS film prepared by solution casting [29] and that of ozonated cassava
starch films [11]. These crystalline peaks are attributed to the spontaneous recrystallization
of amylose molecules during film drying [43,44] or retrogradation. It was stated that
retrograded starch is always B-type regardless of the starch type [11,45]. The crystallinity
index decreased on increasing the amount of glycerol added. In systems containing calcium
carbonate, five new peaks appeared, which were characteristics of calcium carbonate.
The patterns were simply a combination of the PSS matrix and calcium carbonate. The
diffraction intensity of PSS dropped significantly but still displayed crystallinity. The drop
in intensity is due to the lesser amount of PSS within the measurement volume of XRD.
Again, for each set of calcium carbonate contents, the crystallinity index decreased on
increasing the amount of glycerol. It is worth noting that most reported thermoplastic
starches do not exhibit such a distinct crystalline structure as is observed here [20,25,46].
This is presumably due to the high amylose content of PSS as it is the component that
undergoes rapid reordering to form double helices and crystallites [47,48].

Figure 2. X-ray diffraction patterns of PSS composites containing different amounts of glycerol
and calcium carbonate: (a) no calcium carbonate, (b) 20% calcium carbonate, and (c) 30% calcium
carbonate. The number on each pattern indicates the crystallinity of the starch matrix. * indicate
calcium carbonate diffraction peaks.

3.3. Mechanical Properties

Figure 3 displays the stress–strain curves of the PSS composites containing different
amounts of glycerol and calcium carbonate. For the system without calcium carbonate
(Ca0), that with 20% glycerol displayed a sharp rise in stress as it was extended, and the
stress reached a maximum point and then dropped slightly and broke at about 5% strain.
When the glycerol content increased to 30, 40, and 50%, the stress dropped significantly,
but the material could still be extended to a strain of about 50%. The maximum stress
decreased with increasing glycerol content. When 20% calcium carbonate was added, the
stress dropped from that without calcium carbonate but still broke at a strain of about 5%.
On increasing the glycerol content to 30% and beyond, a similar pattern was observed,
i.e., the stress dropped sharply and further decreased with increasing glycerol content and
failure strains increased to about 40–50%. For the last set with 30% calcium carbonate,
a very different pattern of behavior was seen. The composite with a glycerol content of
20% displayed a sharp rise in stress and then leveled off and failed at much a greater strain
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of about 25%. On increasing the glycerol content to 30, 40, and 50%, the stress dropped in
steps while the failure strain also increased in steps, reaching a value of about 45%. Average
values for the moduli, tensile strength, and elongation at break are shown in Figure 4. The
range of moduli obtained was about 45–1120 MPa, and the tensile strength was about
3.0–17.4 MPa. It should be noted that the modulus and tensile strength of the PSS sheet
with glycerol content of 20 wt.% were much greater than that of other starches with similar
glycerol content, which were about 95.0–529.0 MPa and 5.7–12.0 MPa, respectively [49,50].

Figure 3. Stress–strain curves of PSS composites containing different amounts of glycerol and calcium
carbonate: (a) no calcium carbonate, (b) 20% calcium carbonate, and (c) 30% calcium carbonate.

Figure 5 displays the hardness of the PSS composites containing different amounts
of glycerol and calcium carbonate. At the lowest glycerol content of 20%, the hardness
of the composite was about 90–95 Shore A, and the hardness decreased with increasing
glycerol content. The lowest hardness obtained was about 63 Shore A for PSS with 50%
glycerol without calcium carbonate. For each glycerol content, the hardness increased with
increasing calcium carbonate content.

661



Polymers 2023, 15, 2388

Figure 4. Modulus, tensile strength, and elongation at break of PSS composites containing differ-
ent amounts of glycerol and calcium carbonate. Different letters on each bar indicate statistically
significant differences in the means.

The densities of the PSS composites containing different amounts of glycerol and
calcium carbonate are shown in Figure 5b. A trend similar to that for hardness was
observed here. For each set of calcium carbonate contents, the density decreased with
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increasing glycerol content, and for each glycerol content, the density increased with
increasing calcium carbonate. These results are to be expected as calcium carbonate has a
density of 2.65 g/cm3 [35] while that of thermoplastic starch with 35 wt.% glycerol is about
1.4 g/cm3 [51]. By assuming these values, the observed densities of the PSS composite
sheets fit well with the calculated values.

Figure 5. Hardness (a) and density (b) of PSS composites containing different amounts of glycerol
and calcium carbonate. Different letters on each bar indicate statistically significant differences in
the means.

3.4. Morphology

Figures 6–8 display the scanning electron micrographs of tensile-fractured specimens
of G20Ca0, G30Ca0, G40Ca0, and G50Ca0. It is apparent that all specimens contained
numerous voids. Presumably these voids occurred because of syneresis process in which
water is expelled from the starch network due to retrogradation [52] and then evaporates
away in the drying stage. The presence of voids agrees well with the decrease in density
with increasing glycerol content observed in Figure 5b. This observation can further support
the decrease in tensile modulus and tensile strength of the films with increasing glycerol
content. For specimens without calcium carbonate (Figure 6), the fracture surface displayed
a very rough morphology. It seems that as the amount of glycerol increases, the size of
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the voids increases. With calcium carbonate added, the fracture surface showed brittle
behavior and no other feature was seen.

Figure 6. SEM micrographs of tensile-fractured surface of (a) G20Ca0, (b) G30Ca0, (c) G40Ca0, and
(d) G50Ca0 specimens (scale bar = 100 μm).

Figure 7. SEM micrographs of the tensile-fractured surface of (a) G20Ca20, (b) G30Ca20, (c) G40Ca20,
(d) G50Ca20 specimens (scale bar = 100 μm).
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Figure 8. SEM micrographs of the tensile-fractured surface of (a) G20Ca30, (b) G30Ca30, (c) G40Ca30,
(d) G50Ca30 (scale bar = 100 μm).

3.5. Water Solubility and Absorption

Figure 9 displays the water solubility of different PSS composite sheets. Solubility
increases with increasing glycerol content indicating more material is leached out. Since
both starch and glycerol are water soluble, it follows that the leached material could be both.
With the addition of calcium carbonate, the water solubility decreased but still increased
with increasing glycerol content. This is to be expected as calcium carbonate is not water
soluble. Considering that glycerol molecules are small and readily soluble in water and the
water solubility is close to but less than the amount of glycerol added, it is likely that some
glycerol could still be trapped inside the composites.

Figure 9. Water solubility of PSS composites containing different amounts of glycerol and
calcium carbonate.
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Figure 10 displays the water absorption of the PSS composite sheets. For all composites,
it is seen that the water absorption increased with increasing immersion time and then
leveled off after a certain period of time. The points where the water absorption starts to
level off seem to change with the calcium carbonate content, i.e., it increased with increasing
calcium carbonate content. In addition, the maximum water absorption for each set of
calcium carbonate content depends on the glycerol content. For specimens without calcium
carbonate, maximum water absorption decreased with increasing glycerol content. These
data should not be treated as evidence for actual lower water absorption since glycerol
leaching did occur as will be shown in the next section, and more discussion will follow.

Figure 10. Water absorption of PSS composites containing different amounts of glycerol and calcium
carbonate of 0 (a), 20 (b) and 30 (c) wt.%.
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For composites with calcium carbonate, Figure 10b,c, the maximum water absorption
decreased, and similar trend was seen that maximum water absorption decreased with
increasing glycerol content, but the change was not regularly spaced as in the system
without calcium carbonate. This could suggest complex interactions within the structure of
the composites. To clearly understand the behavior, further work would be needed, and
this will be reported in future correspondence.

3.6. Soil Burial Test

Figure 11 displays photographs of some selected composite samples before and after
the burial test. All composite samples clearly deteriorated in the burial test but at different
rates. It appears that, after 7 days, the composites became moldy but still maintained their
original shape. After 15 days, composites with little or no CaCO3 were broken into small
pieces, while those with a higher content largely retained their shape. After 30 days, all
composites completely disintegrated, and nothing could be recovered.

Figure 11. Photographs of some PSS composite specimens before and after burial in the soil for
different periods of time.

4. Discussion and Potential Applications

It has been shown that composites with a wide range of properties can be prepared
from pineapple stem waste, an abundant agricultural waste in Thailand and many other
countries. A wide range of properties were obtained from the inherent property of PSS,
which has a high amylose content, due to its ability to accept a large amount of plasticizer
and filler. The material is completely biodegradable in a natural environment. Thus,
properties can be adjusted or tailored to suit different applications. It can be used to replace
synthetic plastics in applications where collection for recycling is difficult or not economical
and the plastic is likely to leak into the environment, such as bread clips, cotton buds, or golf
tees. Compostable versions of these types of products are being offered, such as cardboard
bread clips [53]. To demonstrate potential applications of the PSS composite sheet, simple
bread clips were cut from a sheet using a manual punching tool, and their photographs are
shown in Figure 12. The bread clip was chosen as an example as its function is just to carry
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some information (related to the product in the packaging) and allow re-closure of a bag
with very little stress on the clip. Some composite formulations were found to be too hard
and broke during punching, while some gave a good cut. The clips were found to be able
to close a sample plastic bag nicely as shown in Figure 12. The clip in the figure was cut
from G40Ca0 (without calcium carbonate).

  

Figure 12. Photographs of simple bread clips made from PSS composites compared with a commercial
clip (left) and its use for closing a plastic bag (right).

In summary, our study demonstrated the potential of using pineapple stem starch,
glycerol, and calcium carbonate for the production of biodegradable composites. The
utilization of waste, byproducts, and renewable sources for these materials offers numerous
advantages, including a reduction in the energy required for raw material production, lower
carbon dioxide emissions, and a reduced need for land and water resources, compared
to the use of edible starch. Furthermore, the use of pineapple stem starch, which is not
conventionally used as food, does not pose a threat to food security, and edible starches
can be reserved for food production. We have also shown that a range of composite
formulations can be achieved with varying mechanical and water-resistant properties,
making them suitable for various applications. For instance, our proposed application
of using the composite as bread clips is a practical example of how it can be used to
replace single-use plastics in everyday items that are too small for people to collect for
recycling. Moreover, the observed range of properties could serve as a starting point for
future research, where other sustainable materials can be incorporated to obtain specific
properties tailored to various applications. Overall, our findings hold great potential
for advancing sustainable materials and circular economy, reducing plastic waste, and
mitigating the environmental impact of plastic production and disposal. With the increasing
concern over climate change and resource depletion, our study offers a promising solution
toward a more sustainable future.

5. Conclusions

Biodegradable plastic sheets with a wide range of mechanical properties were suc-
cessfully developed from PSS. The high amylose content allows a sufficient degree of
crystallinity to impart a good starting point. The use of simple chemicals, such as glycerol
as plasticizer and calcium carbonate as reinforcement, provides an opportunity to alter the
mechanical properties to suit various applications. The material is specifically useful for
applications where strength is not so critical and collection back for recycling is difficult.
Since it is starch-based, the material is readily biodegradable within a short period of time
and should leave no microplastics and other contaminants behind. In addition, the rate at
which the composite deteriorates can be controlled via the filler or other additive contents.
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