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Abstract: This special issue “Polymeric Materials: Surfaces, Interfaces and Bioapplications”
was proposed to cover all the aspects related to recent innovations on surfaces, interfaces and
bioapplications of polymeric materials. The collected articles show the advances in polymeric
materials, which have tremendous applications in agricultural films, food packaging, dental
restoration, antimicrobial systems and tissue engineering. We hope that readers will be able
to enjoy highly relevant topics that are related to polymers. Therefore, we hope to prove that plastics
can be a solution and not a problem.

Keywords: surface modification/functionalization; surface segregation; micro- and nanopatterned
films; blends and (nano)composites; coatings; surface wettability; stimuli-responsive materials/smart
surfaces; bioapplications

Polymeric materials have moved from making the progress of the twentieth century to becoming
the materials of the future to be reviled and persecuted by problems that were mainly generated by
the ignorance of citizens, businesses and governments. These problems have resulted in the planet
being contaminated and the resulting consequences. A world without plastics is hardly imaginable
and for this reason, the European Community is proposing some goals related to the production, use
and recyclability of plastics: (1) 60% reuse and recycling of all plastic packaging by 2030; and (2) 100%
reuse, recycling and/or recovery of all plastic packaging in the whole EU by 2040 [1]. Recently,
Devasahayam et al. [2] pointed out the advantages of recycling polymers in mineral and metallurgical
processing. For example, plastics in e-wastes can be used as fuels and reductants in recovering valuable
metals. In another example, the epoxy resins can be used as a binder/reductant or fuel source, which
offers high compression strength under ambient conditions. This far exceeds the heat induration
strength and provides savings in terms of costs, energy and emissions during the iron ore pelletization.
Moreover, several review have focused on solid plastic waste recycling, discussing both mechanical and
chemical recycling [3,4]. Of all types of waste, the largest amount of waste produced is packaging waste
(near 40%), which has short life times. Therefore, EU has placed a limitation on single-use plastic to
decrease this ratio. Another alternative to the recycling process and reducing the production of plastics
from non-renewable resources is the use of biodegradable and/or bio-based polymers, respectively.

One of the reviews in this special issue (SI) focuses on the use of natural and bio-based polymers
as antimicrobial systems and their potential mainly in biomedical and food applications, but also in
water purification and coating technology [5]. However, natural and bio-based materials frequently

Materials 2019, 12, 1312; doi:10.3390/ma12081312 www.mdpi.com/journal/materials1
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have lower performance than traditional synthetic polymers. Therefore, it is necessary to make
modifications or adjustments during the processing steps in order to modulate their final performances.
In one of the SI articles, Samper et al. [6] analyzed the influence of small amounts of biodegradable
polymers, such as poly(lactic acid), polyhydroxybutyrate and thermoplastic starch in the recycled
polypropylene. It is shown that the recycling of polypropylene blended with these bio-based and
biodegradable polymers is hardly affected when it is used at a proportion higher than 5 wt %. In this
sense, the review of Luzi et al. [7] presents the blending of bio-based and/or biodegradable polymers
with traditional synthetic polymers for packaging applications with an optional use of bio-based
nanofillers. This nicely highlighted how these bio-based materials enhance the gas/water/light barrier
properties and the compostability and migration performance of blends. Moreover, they also discuss
the effect of incorporating bio-based nanofillers on the overall behavior of nanocomposite systems that
is constituted of synthetic polymers, which is combined with biodegradable and/or bio-based plastics.

The use of natural polymers is also presented in another article wherein alginate crosslinking by
CaCl2 is obtained to create modified-release drug delivery systems with mucoadhesive properties [8].
The authors present the production of microparticles by the spray drying technique, which enables
us to obtain microparticles with a low moisture content, high drug loading, a high production yield
and a prolonged release of soluble drugs. Peng’s group [9] reported the use of chitosan with wood
auto-hydrolysates that are obtained in the pulping process by hydrothermal extraction, which contains
a considerable amount of hemicelluloses and slight lignin, in order to form films by the casting method.
These films possess a higher tensile strength, better thermal stability, higher transmittances, lower
water vapor permeability and superior oxygen barrier properties compared to those without chitosan
due to the crosslinking interaction between the components, which occurs due to the Millard reaction.
In another article, Ma et al. [10] used fibers from waste corn stalks as reinforcing materials in friction
composites. They found that the incorporation of corn stalk fibers had a positive effect on the friction
coefficients and wear rates of friction composites. The results revealed that the satisfactory wear
resistance performances of these materials are associated with their worn surface morphologies and
the formation of secondary contact plateaus.

Moreover, another polysaccharide, chitosan, is applied for scaffold preparation in tissue
engineering. In more detail, Francolini et al. [11] analyzed the conjugation of chitosan with
graphene oxide. Depending on its oxidation degree, the resulting scaffolds present improved
or reduced mechanical performance and best or worst cytocompatibility as tested in human primary
dermal fibroblasts. Another review of Foster’s group [12] meticulously displays the problem of
disc degeneration, which affects a great part of population, by describing the anatomy of the spine,
the functions and biological aspects of the intervertebral discs. They point out that although there
are numerous studies focusing on tissue engineering for disc degeneration, more progress needs to
be made.

Focusing on some actual problems, dental restoration failures remain a major challenge in
dentistry. In another review, Xu’s group [13] provided information on the development and properties
of innovative antibacterial dental polymeric composites, antibacterial bonding agents, bioactive
root caries composites, adhesives and antibacterial and protein-repellent endodontic sealers. These
polymeric materials substantially inhibit biofilm growth and greatly reduce acid production and
polysaccharide synthesis of biofilms. Following with antimicrobial polymeric materials, Lienkamp’s
group [14] describes the development of amphiphilic copolymers of oxanorbornene monomer bearing
N-tert-butyloxycarbonyl protected cationic groups with an oxanorbornene-functionalized poly(ethylene
glycol) macromonomer. After this, these comb-like copolymers are surface-attached to polymer
hydrogels, giving rise to a material that is simultaneously antimicrobial and protein-repellent. In another
article, Ji et al. [15] analyzed the antifouling behavior directly in the natural seawater of different
carbon nanotubes-modified polydimethylsiloxane nanocomposites by using the multidimensional
scale analyses method.
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Palza et al. [16] carefully reviewed the development of polymeric materials with electroactivity,
such as intrinsically electric conductive polymers, percolated electric conductive composites and ionic
conductive hydrogels. They evaluated their use in the electrical stimulation of cells, drug delivery,
artificial muscles and as antimicrobial materials.

On the other hand, the breath figures approach is presented as an efficient method to obtain
highly ordered porous materials with potential applications in cell culture and antimicrobial coatings,
respectively [17,18]. These articles discuss the influence of the chemical nature of polymers, the solvent
or the humidity in the preparation process on the final properties (porous size, surface energy, etc.).
Another approach is presented in the article of Lavieja et al. [19], where the use of a green laser in the
range of nanosecond pulses was an effective method to obtain superhydrophobic and superhydrophilic
surfaces on a white commercial acrylonitrile-butadiene-styrene copolymer and therefore, to control its
wettability. The last article deals with the surface modification method to produce gradient wrinkles
using a gradient light field. Li et al. [20] described the easy control of the gradient wavelength of
wrinkles by modulating the distance between the lamp and the substrate.

Finally, we would like to thank all authors for contributing to this collection in “Polymeric
Materials: Surfaces, Interfaces and Bioapplications”.
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Abstract: This article concisely reviews the most recent contributions to the development of
sustainable bio-based polymers with antimicrobial properties. This is because some of the main
problems that humanity faces, nowadays and in the future, are climate change and bacterial
multi-resistance. Therefore, scientists are trying to provide solutions to these problems. In an
attempt to organize these antimicrobial sustainable materials, we have classified them into the main
families; i.e., polysaccharides, proteins/polypeptides, polyesters, and polyurethanes. The review then
summarizes the most recent antimicrobial aspects of these sustainable materials with antimicrobial
performance considering their main potential applications in the biomedical field and in the food
industry. Furthermore, their use in other fields, such as water purification and coating technology,
is also described. Finally, some concluding remarks will point out the promise of this theme.

Keywords: bio-based polymers; antimicrobial; biodegradable; sustainable; eco-friendly

1. Introduction

Nowadays, plastics have gone from being outstanding materials that make life easier for us
to being a serious concern for our ecological system. The European Council has pointed out the
need to reduce our dependency on fuel and gas imports and to create sustainable energy, that is,
achieve sustainable development by 2030. The 17 goals that cover this sustainable development
include food security, health, sustainable consumption and production, the sustainable management
of natural resources, clean oceans, and climate change [1]. Bio-based polymers have emerged as a
potent solution for replacing petroleum-based polymeric materials and reducing the dependence
on the depleting crude oil reserve. Besides this, many of the existing bio-based polymers can be
biodegradable; in particular, natural bio-based polymers, such as polysaccharides and proteins, but
also several synthetic biopolymers, such as poly(lactic acid). Biodegradability is also an important
and desired property in many applications, including food packaging and agricultural applications,
and contributes to sustainability as it reduces the waste impact of oil-based polymers. Nowadays,
although the bio-plastics market represents only about 1% of the 335 million tons of plastic that the
world produces annually [2,3], their production is continuously growing [4]. In some of the uses of
biopolymers, additional properties are also needed; for instance, antimicrobial properties are desired in
food packaging and biomedical devices, wherein microbial contamination can cause serious problems
for public health and safety.

On account of this background, in this article we intend to show the capacities of bio-based
polymers to be antimicrobial materials, centered on both natural and synthetic polymers.
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There are extensive and excellent reviews about antimicrobial polymeric materials [5–12] in which
the methodologies of encapsulation and blending with antimicrobial organic and inorganic compounds
as well as their possible mechanisms of action are discussed [9]. However, most of them are mainly
focused on fossil-oil derivatives. On the other hand, there are also many reviews about bio-based
polymers [13–20]; however, only a few are related to antimicrobial activity [21,22]. Therefore, this
review does not intend to gather all of the works performed to date but give hints on the subject and
make the general public aware of the great possibilities of sustainable polymeric materials.

First, we will mention polysaccharides, which are the most abundant and exploited family.
Following the natural systems, the proteins with antimicrobial activity will be described. Then,
synthetic systems based on natural products will be analyzed; specifically, polyesters and
polyurethanes. Since the literature regarding natural and bio-based antimicrobial polymeric materials
is significantly wide, we focus the analysis mainly on the research performed in the field during
recent years. It is not our purpose to do an extensive review; instead, we will highlight some of these
interesting materials. Finally, we will conclude with some reflections on this hot topic.

2. Polysaccharides

Polysaccharides are the macromolecules that belong to the components of life, together with
proteins and nucleic acids. They determine the functionality and specificity of species. Their
functionalities divide them into structural, storage, and gel-forming polysaccharides. Due to their
abundance and excellent properties, such as biodegradability, they are unique materials to develop
interesting antimicrobial bio-based materials.

2.1. Chitosan

Chitosan (CS) is a linear polysaccharide with inherent antimicrobial activity that is derived from
naturally occurring chitin, which is, after cellulose, the most common biopolymer on earth. It is
sourced mainly from crustacean shellfish and certain fungi. Chitosan is a partially or completely
N-deacetylated derivative of chitin, chemically composed of N-acetylglucosamine and glucosamine
units joined through β(1−4)glycosidic linkages, and has primary amino groups that provide a positive
charge under acidic pH (pKa about 6.3) and decent antimicrobial properties against a wide range of
micro-organisms (Figure 1) [23,24].

 

Figure 1. The chemical structure of chitin and chitosan and the protonated form of chitosan.

Although the exact mechanism of action is still not completely understood, the most accepted
mechanism is based on electrostatic interactions between positively charged chitosan and the negatively
charged micro-organism membrane [25]. Nevertheless, other modes of action, such as interactions
with DNA or the formation of complexes with metal ions, seem to be involved [26]. This antimicrobial
activity is strongly affected by its structural characteristics, such as molecular weight or degree of
deacetylation, and by environmental conditions, such as pH, temperature, or ionic strength [27].
Compared with other antimicrobial polymers, chitosan offers several advantages, as it has a natural
origin, is biodegradable, biocompatible, and nontoxic for mammalian cells, and has been approved
by the U.S. Federal Drug Administration (FDA) and the E.U. as safe (GRAS, Generally Recognized
As Safe) for tissue engineering, drug delivery, wound dressing, dietary use, and plant protection
applications. Besides this, chitosan has excellent film-forming ability and good mechanical and
barrier properties; thus, it has great potential in food packaging [21]. However, its biocidal activity

6



Materials 2019, 12, 641

and solubility are reduced in neutral pH conditions [28], which limit its use in many applications.
Therefore, chemical modifications of chitosan, typically either at amino (the secondary C2 NH2 group)
or hydroxyl groups (the primary C6 OH and secondary C3 OH groups), aim to produce derivatives
with enhanced properties to widen its applications [29,30]. A huge number of studies have been
carried out on the preparation of antimicrobial chitosan derivatives mainly via quaternization and
carboxylation. However, all of these modifications propose to improve its solubility and antimicrobial
activity while also maintaining its original biodegradability and biosafety. Next, the most common and
recent functional groups and derivatives used to improve its antimicrobial activity without affecting
its inherent properties are discussed viz. by chemical modification and blending with organic and
inorganic antimicrobial agents.

2.1.1. Chitosan Modification

Probably the most common method for introducing a permanent positive charge into chitosan
chains is by the formation of quaternary ammonium groups by either direct quaternization of the
primary amino group at the C2 position or by incorporating such groups at any of the reactive
moieties (hydroxyl and amino groups). For instance, in a recent study, chitosan derivatives with triple
quaternary ammonium groups were synthesized via Schiff-based reactions. Although the resulting
samples with a high positive charge exhibit significantly enhanced antifungal activity, the preparation
method required multiple steps [31].

In another study, chitosan derivatives were prepared by reaction with different quaternary
ammonium salts containing a bromide end-group capable of reacting with the amino or hydroxyl
groups of chitosan [32]. The ammonium salts benzalkonium bromide, pyridinium bromide,
and triethyl ammonium bromide were previously obtained by a quaternization reaction between
1,4-dibromobutane and the respective tertiary amines. These chitosan derivatives with quaternary
ammonium groups showed much lower minimum inhibitory concentration (MIC) values against
Gram-negative Escherichia coli and Gram-positive Staphylococcus aureus bacteria than neat chitosan.
Also, in the case of S. aureus, the type of substitution influences the activity, with better properties for the
pyridinium derivative. Although an important improvement of the activity is generally obtained [33],
these chemical modifications often lead to unselective reactions at the amine, the hydroxyl, or both, as
occurred in the last example. For instance, the N-methylation with methyl iodide typically provokes
partial O-methylation [34]. Similarly, chitosan derivatives only modified at the OH positions are
exceptional. Besides this, it is difficult to obtain a high degree of substitution in most of the cases,
in particular with long alkyl chains, as these syntheses normally need to be carried out in acidic
conditions or heterogeneous media [35].

Recent studies have been directed at obtaining better selectivity and a high degree of substitution
by using several protecting groups. Sahariah et al. [36,37] have developed an efficient method for the
selective modification of chitosan with up to 100% substitution of the amino groups. They prepared
protected di-tertbutyldimethylsilyl (TBDMS) chitosan and introduced quaternary ammonium groups
with different alkyl chain lengths by reductive amination. All of the prepared derivatives showed
bactericidal properties and good selectivity when tested with human red blood cells (RBCs). It was
also shown that the activity was influenced by the length of the alkyl chain and by the tested
micro-organisms; derivatives with a short alkyl chain presented high activity against S. aureus, while
longer alkyl chains were more active against Gram-negative E. coli and Enterococcus faecalis bacteria [36].
These derivatives also demonstrated effectiveness towards S. aureus biofilms, especially those with
short alkyl chains [37].

In another recent work, the quaternary ammonium groups were introduced exclusively at the
hydroxyl groups by previous protection of the –NH2 groups via a Schiff-based condensation reaction
with benzaldehyde [38]. By this way, it is possible to prepare positively charged chitosan derivatives
with free primary amino groups, which is important as these amino groups have a key role in
the biological activity of chitosan, such as in its antioxidant activity. The obtained O-quaternized
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chitosans showed an improved water solubility and antibacterial activity against Gram-positive
bacteria. Remarkably, the cytotoxicity for the AT2 cell line was significantly lower than that of the free
quaternary ammonium salts.

A different strategy was followed in a recent work, in which quaternized chitosan samples
with alkyl chains were prepared by an external acid-free method [39]. In this approach,
a quaternary ammonium molecule containing carboxylic acid was synthesized, which acted as a
reactant for attachment onto the amino groups of chitosan via 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide/N-hydroxysuccinimide (EDC/NHS) chemistry and also acted as an acid for the
dissolution of chitosan. The antimicrobial activity was tested against planktonic Gram-positive
Staphylococcus epidermidis and E. coli bacteria, and Candida albicans fungi, by evaluating the MIC and
minimum bactericidal and fungicidal concentration (MBC and MFC, respectively) and against biofilms.
Although the chitosan derivative showed growth inhibition and biocidal effects, the results against
Gram-negative bacteria were modest.

The preparation of carboxyalkyl chitosan derivatives, especially carboxymethyl chitosan (CMC)
polymers, is also a common strategy to improve the water solubility of chitosan and enhance the
antimicrobial activity over the whole range of pH [40]. Typically, carboxymethyl chitosan is synthesized
through carboxymethylation of the primary amino and alcohol groups, leading to N-CMC and O-CMC
chitosan, respectively, as well as N,N-CMC and N,O-CMC derivatives. The incorporation of the
carboxymethyl group at the reactive positions of chitosan (amine and hydroxyl) can be controlled by
the reaction conditions, such as temperature or concentration [41–43]. In general, the antimicrobial
activity of O-CMC is greater in comparison with the rest of the derivatives, as it presents a higher
number of free amino groups [41], although other parameters, such as the degree of deacetylation,
the degree of substitution, the molecular weight, and the pH of the medium, can affect its antimicrobial
capacity [44].

In addition, carboxyalkyl chitosan is commonly modified by the introduction of other
functional groups in order to improve the activity. For instance, several thiosemicarbazone
O-carboxymethyl CS derivatives have been prepared towards a condensation reaction of
thiosemicarbazide O-carboxymethyl CS with o-hydroxybenzaldehyde, p-methoxybenzaldehyde, and
p- chlorobenzaldehyde [45]. The antimicrobial activity of the prepared derivatives was tested against
Gram-positive Bacillus subtilis and S. aureus, Gram-negative E. coli bacteria, and Aspergillus fumigatus,
Geotrichum candidum, and C. albicans fungi using the inhibition zone method. The microbiological
results showed that both the antibacterial and antifungal activities of the thiosemicarbazone
O-carboxymethyl chitosan derivatives were better than those of the original O-carboxymethyl chitosan,
especially the chloro-derivative.

In recent years, the effectiveness of carboxyalkyl chitosan against biofilm formation has also been
studied [46,47]. A carboxymethyl chitosan with an O-carboxymethylation degree of ~90% was tested
against Gram-positive and Gram-negative bacterial biofilm formation, and the results indicated that
CMC provoked a reduction of 74.6% at 2.500 mg/mL and 81.6% at 0.156 mg/mL, respectively [46].
CMC also demonstrated the capability to prevent bacterial biofilm formation in dynamic conditions.
Although the mechanism of action was not fully understood, it seems that the presence of CMC induces
the flocculation of bacteria by surface charge neutralization that prevents initial bacterial adherence
and cell–cell interaction. This group has also demonstrated the efficacy of CMC on the inhibition of a
fungal biofilm of Candida tropicalis, Candida parapsilosis, Candida krusei, and Candida glabrata [47].

Chitosan and chitosan derivatives have also been conjugated with several cationic amino acids
and antimicrobial peptides with the purpose of improving their activity. The incorporation of amino
acids, such as arginine [25,48], typically leads to derivatives with excellent antimicrobial properties
and high water solubility. Arginine has a guanidine group with a pKa of ~12.5; thus, it is positively
charged over almost the whole range of pH. Arginine can be easily attached onto chitosan by using,
for example, an EDC/NHS coupling reaction between the amino group of chitosan and the carboxylic
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acid of arginine [48]. Guanidine molecules have been also attached onto chitosan [49–51]; however,
their selective introduction requires more complex strategies, such as the use of protecting groups [52].

Although the coupling of amino acids onto CS has been extensively explored, in the last
few years the incorporation of antimicrobial peptides has attracted more attention. Antimicrobial
peptides (AMPs), both host defense peptides and their synthetic analogues, are promising candidates
as antimicrobial agents due to their high efficiency and low probability to induce bacterial
resistance [53–55]. Furthermore, the preparation of these cationic peptide-polysaccharides might
enhance the selectivity towards bacteria in comparison with mammalian cells, as their structure
mimics the peptidoglycans found in the bacterial membrane [56]. Cationic chitosan-graft-polylysine
and chitosan-graft-poly(lysine-ran-phenylalanine) have been prepared by N-carboxyanhydride (NCA)
ring-opening copolymerization of α-amino acids initiated from the amino groups of chitosan.
The resulting derivatives showed outstanding broad spectrum antimicrobial properties against
Gram-negative Pseudomonas aeruginosa and E. coli and Gram-positive S. aureus bacteria (MIC values
between 5 and 20 μg/mL) and the fungi C. albicans and Fusarium solani (MIC values between
0.2 and 0.9 μM,) while maintaining very high selectivity over human RBCs. In another strategy,
the antimicrobial peptide poly(lysine11-stat-phenylalanine10), prepared by NCA ring-opening
copolymerization, was modified by hexamethylene diisocyanate and then statistically grafted onto
the acid-functionalized chitosan [57]. In this approach, the residual −COOH groups had to be further
esterified, as an important decrease in the antibacterial activity was observed that partially counteracted
the positive charge.

In more recent studies, click chemistry has been used to couple AMPs onto chitosan. For instance,
a potent antimicrobial peptide, Dhvar-5 (sequence LLLFLLKKRKKRKY), with an N-terminal
propargylglycine was attached onto azide-functionalized CS via Cu(I)-catalyzed azide-alkyne
cycloaddition (CuAAC) [58]. Similarly, an anoplin peptide was grafted onto chitosan by using a
CuAAC coupling reaction [59]. Azido moieties were anchored onto the amine groups of chitosan by
using tert-butyldimethylsilyl (TBDMS) protection, whereas the anoplin peptides were synthesized
bearing either N– or C–terminal alkyne groups (Figure 2).

 

Figure 2. A schematic representation of the preparation of anoplin-chitosan derivatives by CuAAC
click chemistry.

Then, several conjugates were obtained by varying the content of the attached peptide. Some of
the resulting derivatives exhibited enhanced antimicrobial activity against S. aureus, E. faecalis, E. coli,
and P. aeruginosa bacteria compared to anoplin or chitosan. In particular, the conjugates were very
effective against E. coli, with MIC values as low as 4 μg/mL. More importantly, the hemotoxicity was
significantly reduced in the case of the anoplin-chitosan derivatives.

Other click chemistry reactions, such as thiol-ene click chemistry, have been employed to prepare
peptide–chitosan conjugates. The cationic peptide ε-poly(L-lysine) was attached onto chitosan in
order to prepare broad-spectrum antimicrobial compounds, as the ε-poly(L-lysine) is effective against
bacteria but presents poor activity against fungi [60]. In this coupling reaction, the chitosan was
first functionalized with methacrylate groups, and the terminal amino group of the peptide was
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thiolated with homocysteine thiolactone hydrochloride. After the click reaction, the obtained cationic
peptide-polysaccharides demonstrated both antibacterial and antifungal activities. In addition, the
conjugates showed low hemolytic activity, good in-vitro biocompatibility when tested with bone
mesenchymal stem cells, and scant evidence of in vivo toxicity.

In another recent example, cysteine-terminated HHC10 (KRWWKWIRW) AMP was grafted onto
the C2 (amino) or C6 (hydroxyl) reactive centers of CS by thiol-maleimide click conjugation [61]
(Figure 3). Remarkably, the peptide-polysaccharide with free amino groups of chitosan backbone
(CSO-HHC) displayed higher antibacterial activity than the corresponding conjugate with the modified
amino groups (CSN-HHC) due to its capacity for protonation, which increases its water solubility and
the positive charge. Likewise, both conjugates showed lower hemolytic activity and cytotoxicity than
the free peptide due to the effect of chitosan.

Figure 3. Preparation of the peptido-polysaccharides by conjugation of the HHC10 antimicrobial
peptide (AMP) to the C-2 (amine) or C-6 (hydroxyl) positions of chitosan. Adapted from [62].

2.1.2. Chitosan Mixed with Antimicrobial Organic Compounds

Essential oils (EOs) are a product of aromatic plants, which contain multiple substances, including
terpenes and aromatic and aliphatic compounds, such as esters, ethers, aldehydes, ketones, lactones,
and phenols [62,63]. They have received great attention during the last few years due to their
antioxidant and antimicrobial activities, in particular in the food industry [64]. However, the direct
use of essential oils for food preservation is often limited due to their cost, poor solubility, toxicity,
and aroma, which may impact on the sensory perception of foods. In this sense, essential oils can be
incorporated into films, coatings, or capsules in a reduced dose that maintains their efficacy. Much
effort has been made in the development of chitosan materials with essential oils, as chitosan has great
potential as an active ingredient as well as in bio-based packaging films and edible films [65]. In general,
the incorporation of essential oils improves the effectiveness of chitosan against fungi and food-borne
bacteria. Essential oils can be incorporated either directly in the formulation of chitosan films [66]
or previously encapsulated [67]. Likewise, the preparation of micro- and nanocapsules of chitosan
derivatives as food additives has been extensively explored [68] as well as the covalent attachment
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of some components, such as gallic acid, onto chitosan [69,70]. For instance, in a recent publication,
a rosemary essential oil was incorporated onto chitosan-montmorillonite nanocomposite films in
different amounts (0.5%, 1%, and 2% v/v) [71]. Films containing the essential oil exhibited antimicrobial
activity on the contact surface for both Gram-positive and Gram-negative bacteria tested by the
inhibition zone method, whereas the chitosan films did not present any activity. Results in growth
media obtained by the colony forming units (CFU) method, indicated, however, that the presence of
the essential oil did not affect the antibacterial activity, and the montmorillonite decreased the activity
as it can interact with chitosan and phenolic compounds of the rosemary essential oil. Thus, in the
preparation of composite films for a food packaging application, the components and additives that
are added to improve the mechanical and physico-chemical properties could affect their antimicrobial
properties, so an optimal design is normally required. In another example, nanoemulsions of carvacrol
were incorporated onto carboxymethyl chitosan films that were previously obtained by electrospray
from CMC microgels [72]. The resulting composite films showed good antibacterial activity against S.
aureus and E. coli and also the capability to prolong the shelf-life of wheat bread.

In the last few years, the nanoencapsulation of essential oils has attracted more attention compared
to microencapsulation as smaller particles improve the solubility and dispersibility of the compounds.
A clove essential oil was encapsulated by chitosan nanoparticles via the emulsion ionic gelation
technique [73]. The resulting loaded nanoparticles demonstrated enhanced fungal activity against
Aspergillus niger in comparison with empty chitosan nanoparticles and free oil. Similar results were
found for a rosemary essential oil nanoencapsulated in chitosan/γ-polyglutamic acid nanoparticles,
with a significant increase in the antibacterial activity against B. subtilis [74]. Likewise, an essential
oil of Cyperus articulates was loaded into chitosan nanoparticles by an oil-in-water mixture and
ionic gelation method [75]. These loaded particles also showed lower MIC values against S. aureus
and E. coli compared to free oil and unloaded chitosan nanoparticles. However, these nanoparticles
exhibited a higher cytotoxicity effect against MDA-MB-231 cells, probably due to the slow release of
oil components encapsulated in the chitosan nanoparticles.

2.1.3. Chitosan with Metallic Nanoparticles

An important and highly explored strategy for improving the antimicrobial activity of chitosan is
the incorporation of metal or metal-oxide nanoparticles (NPs), including Ag, Cu, ZnO, and TiO2 NPs,
and the preparation of nanocomposites. Among all existing nanoparticles, silver nanoparticles (AgNPs)
have attracted much attention due to their potent antimicrobial activity. Several approaches have been
used to prepare chitosan/AgNP nanocomposites, including physical and chemical strategies, in which
the main objective is to reduce agglomeration, which is considered to be an important factor that affects
the antimicrobial efficacy in the nanocomposites. Common methods imply the in situ preparation of
AgNPs by the chemical reduction of silver salts; however, the used reducing agents may exhibit toxicity
and also could interact with the functional groups of chitosan. Thus, more environmental friendly
methods are becoming a priority nowadays [76]. In this sense, it was demonstrated that chitosan
can act as both a reducing and stabilizing agent in the synthesis of AgNPs [77]. For instance, AgNPs
stabilized with chitosan were synthesized at a large scale by a green method using autoclave, in which
chitosan functions as a reducing agent as well as a stabilizer [78]. It was shown that, while chitosan
only can prevent the growth of S. aureus, AgNPs stabilized with chitosan are also able to inhibit the
growth of E. coli bacteria. Moreover, the inhibition zone from a disk diffusion test increased with
the presence of the AgNPs. This was due to the additional modes of action of AgNPs by disrupting
the cell wall of bacteria via several pathways and also by the release of Ag+ ions, which can interact
with bacterial DNA and proteins [79]. They also showed that the stabilization of chitosan reduces the
cytotoxicity of AgNPs against L-929 fibroblast cells, which might be due to limited contact between
the NPs and the cells and the controlled release of Ag+.

Nevertheless, there is a serious concern related to the possible toxicity of AgNPs for the human
body; for instance, when they are used in food packaging [80,81]. A possible solution might be the
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immobilization of silver nanoparticles to limit the leakage and diffusion of AgNPs. For example,
laponite, which is a synthetic clay with a nano-sized and layered structure, was used to immobilize
silver nanoparticles in chitosan films [82]. In this approach, quaternized chitosan was used as a
reducing agent for the synthesis of AgNPs embedded in laponite, and subsequently the modified
laponite was mixed with chitosan to prepare films by the casting solvent evaporation technique.
Remarkably, the resulting films only released about 5.6% of AgNPs, which was much lower than films
without laponite (about 29.1%). In addition, the films showed low toxicity and good antimicrobial
activity against E. coli and S. aureus bacteria and A. niger and Penicillium citrinum fungi, and were
capable of extending the shelf-life of fresh litchi.

In addition to AgNPs, other nanoparticles, such as Cu and CuO NPs [83,84], ZnO NPs [85,86], and
TiO2 NPs [87,88], have been used to improve the antimicrobial activity of chitosan. In the case of TiO2

nanoparticles, it is accepted that their antimicrobial activity is based on photocatalytic processes under
UV-light irradiation that generate reactive oxygen species (ROS) [89,90]. However, recent studies have
also demonstrated biocidal properties of TiO2 nanocomposites under visible light [88,91], which might
improve their applicability since there is a low proportion of UV light in the total solar irradiance.
Zhang et al. [88] prepared chitosan-TiO2 composites with efficient antimicrobial activities under visible
light. They incorporated TiO2 nanoparticles into chitosan and evaluated the antimicrobial behavior
against food-borne pathogenic microbes, including E. coli, S. aureus, C. albicans, and A. niger, under
visible light irradiation (a 20 W daylight lamp). The films exerted high antimicrobial activity against
the tested strains with 100% sterilization in 12 h. The good performance obtained under visible light
irradiation was attributed to the decreased transmittance found in the visible light region, which
enabled the films to have a photocatalytic antimicrobial effect.

2.2. Cellulose

Cellulose is a linear syndiotactic and semi-rigid homopolymer consisting of D-anhydro
glucopyranose units (AGU), where each unit has three hydroxyl (OH) groups at the C2, C3, and
C6 positions (see Figure 4). Cellulose is a semi-crystalline and high-molecular-weight homopolymer
of β-D-glucopyranose units linked by β-1,4-linkages, where the repeat unit is a dimer of glucose:
cellobiose. Cellulose and its derivatives are one of the most abundant natural biopolymers, and much
progress has been made towards their study, characterization, and applications. Most cellulose
derivatives are commercially available. Some are water-soluble, biodegradable, electro-neutral,
and biocompatible. They are used in many industrial applications, such as packaging and
textile production; however, in recent years, cellulose-based materials have been investigated
regarding new advanced applications, such as sensors, liquid crystal polymers, soft-actuators, and
biomaterials [92–94]. The increased interest in this natural polymer, obtained from renewable biomass
feedstock, responds to the urgent need for the replacement of synthetic polymers to reduce the
actual global dependence on fossil fuel sources, making possible the development of sustainable and
ecofriendly functional materials.

 
Figure 4. A schematic representation of cellobiose that shows the repeated anhydroglucopyranose
units (AGUs).

As stated in the introduction, there is also an actual challenge involving the development of
antimicrobial materials, which includes the development of biopolymers (natural polymers) and
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bio-based polymers with antimicrobial properties. Indeed, there is a deep concern regarding the
increased resistance of microbes (bacteria, fungi) against actual antimicrobial agents. Micro-organisms
are everywhere and they require only moisture, a source of carbon, and mild temperatures to multiply
and prosper. Unfortunately, cellulose and its derivatives are an excellent medium that can serve
as a supplier of moisture and even the growth of micro-organisms. So, modifications need to be
done to impart antimicrobial properties to this natural polymer [95]. To do so, and also in the case
of polysaccharides, three main approaches have been followed: cellulose and cellulose derivative
modification (functionalization or grafting); blending with cationic molecules, essential oils, or
antimicrobial polymers; and the incorporation of antimicrobial metal nanoparticles (silver, gold, etc.).
Special recognition of nanocellulose is given below.

2.2.1. Cellulose Modification

The first strategy followed for the development of sustainable antimicrobial cellulosic
materials considers the chemical modification/functionalization or grafting onto cellulose derivative
surfaces [96] so that non-leachable materials are obtained. This strategy is often applied for the
modification of nanocellulose, or uses microfibrillated cellulose as starting material, as we will describe
in the following section. However, based on the literature from the last three years, research related to
cellulose derivatives is scarce. As an example of this approach, Wu et al. reported the preparation of
nisin-grafted cellulose membranes [97]. The authors first oxidized native cellulose using sulfuric acid,
and then bonded nisin amino groups onto aldehyde groups of the oxidized cellulose. The obtained
nisin-grafted cellulose membranes were then tested against Gram-variable Alicyclobacillus acidoterrestris
bacteria, which are not pathogenic to humans but are implicated in the spoilage of fruits and cause
a bad taste and flavor. The performed antimicrobial test confirmed the antimicrobial activity of the
cellulosic material. Besides this, the authors determined that the antimicrobial efficacy increased as the
oxidation time of the native cellulose increased.

Li et al. [98], using as starting material fully bleached eucalyptus kraft pulp fibers, took advantage
of the layer-by-layer (LbL) technique to modify these fibers’ surfaces with chitosan and lignin (LS),
which present both antimicrobial and antioxidant properties. The electrostatic LbL technique is a
simple and versatile polymer surface modification method that builds a nanostructured multilayer
onto a solid substrate surface with the desired composition and properties [99]. For the preparation of
multilayer deposition onto cellulosic fibers, the authors immersed the fibers into CS for a short period
of time and rinsed the surface with water to remove the excess. The same procedure was followed
for the deposition of the LS layer. By repeating those steps up to four times, the authors fabricated
a multilayer of alternant CS and LS layers over cellulose fibers. They evaluated their antimicrobial
activity by measuring their MIC against E. coli by the standard broth microdilution method. For the
test, fibers modified with different numbers of layers, and fibers where the outermost layer was either
CS or LS, were selected. The obtained results revealed that as the content of the bilayer increased the
growth inhibition degree also increased, but always when the CS was located in the outermost layer.

2.2.2. Cellulose Mixed with Antimicrobial Organic Compounds

Another strategy described in the literature is the incorporation of essential oils into
cellulose-based matrices imparting the antimicrobial property that cellulosic material lacks [100].
For instance, Heredia-Herrero et al. developed an antimicrobial plastic film based on the cellulose
derivative ethyl cellulose (EC) [101]. This derivative comes from the substitution of some hydroxyl
groups of the cellulose backbone with ethyl ether groups. EC is soluble in organic solvents but
insoluble in water, non-toxic, versatile, and edible. From EC, it is possible to form tough films
that not very flexible; hence, the addition of plasticizers is needed. Common plasticizers, being
low-molecular-weight components, have the problem of migration from the polymer matrix, which
affects the material’s performance on the desired application. However, what is even more important
and relevant to this contribution is that certain plasticizers also lead to serious environmental pollution
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in addition to affecting human health [102]. The strategy followed by Heredia-Guerrero et al. was
the combination of EC with acetoxy-polydimethylsiloxane (PDMS), which interact to form hydrogen
bonds, and with a clove essential oil. The EC-based film’s antimicrobial activity was tested against,
E. coli, P. aeruginosa, and S. aureus bacteria. The obtained results revealed that biofilm formation by
E. coli was significantly inhibited due to the presence of the essential oil, with a film inhibition of 44%
and 57% after 24 h and 48 h, respectively. In the case of S. aureus, significant inhibition occurred after
48 h, with 62% of biofilm inhibition [101]. In conclusion, the authors provided the cellulosic films
with antimicrobial properties as well as improved their flexibility so that they could have potential
application in food packaging.

Following the strategy of incorporating an essential oil into cellulosic matrices, Liakos et al. created
antimicrobial cellulosic nanofibers by an electrospinning technique. For that, the authors used cellulose
acetate (CA) as a biopolymer matrix to encapsulate different EOs within the CA fibers: cinnamon,
lemongrass, peppermint, rosemary, and oregano [103,104]. CA is a biodegradable compound formed
from the acetylation of cellulose. This biopolymer is amorphous, odorless, non-toxic, and water-vapor
permeable, and shows excellent optical properties besides a high resistance to heat and chemicals [105].
For the encapsulation of the essential oils, the authors first dissolved a cellulosic polymer in acetone
and then added the corresponding essential oil to the CA/acetone solution. The obtained CA/EO
electrospun fibers showed a diameter size that ranged from 1 to 3 μm approximately. The antimicrobial
properties of the CA/EO fibers were evaluated against E. coli bacteria and C. albicans fungi. The results
revealed that cellulosic fibers containing 6.2% and 25% EOs were able to inhibit the growth of E. coli
bacteria. The cellulosic material owes its enhanced effectiveness to the nanostructured morphology
that is provided by the used technique (electrospinning). Cellulosic electrospun fibers have a high
exposed surface area compared to cellulosic flat films, allowing the micro-organisms to more easily
penetrate inside, so that they can better sense the presence of the antimicrobial agent. Despite this
advantageous morphology, the antifungal activity of the CA/EO fibers was not effective. The authors
concluded that the lack of activity was due to the size of C. albicans fungi being four times larger than
E. coli bacteria, such that they were not able to penetrate inside the cellulosic material and thus make
contact with the encapsulated essential oil [103].

2.2.3. Cellulose Containing Antimicrobial Metal Nanoparticles

Tran et al. developed a novel method to prepare biocompatible antimicrobial composites from
cellulose and keratin with silver nanoparticles [106]. The idea for the study came from the need to fix
silver nanoparticles into a matrix so that nanoparticle agglomeration or coagulation could be hindered.
Following this idea, they took advantage of a previous methodology used for the green synthesis of a
cellulose and keratin antimicrobial composite [107], in which ionic liquids (ILs) were used as green
solvents. In this case, they introduced silver salt into a cellulose-keratine-IL solution that was further
reduced to obtain a biopolymer-based composite containing silver in either its ionic (Ag+) or metallic
(Ag0) form. The antibacterial property of the obtained material was tested against E. coli, S. aureus,
E. faecalis, and P. aeruginosa. To evaluate the antimicrobial activity, bacteria were grown in the presence
of the composites with ionic or metallic Ag, and further measured by CFU counting compared to
those for the cellulose/keratin composite and the control. As determined from the experiments, both
composites exhibited excellent antibacterial activity against most of the studied bacteria; however,
those with metallic silver nanoparticles showed slightly better performance compared to ionic silver.
The interesting properties of the cellulose/keratin composite, together with the antimicrobial activity
derived from the presence of silver nanoparticles, make this sustainable biopolymer-based material
useful as a potential dressing for chronic wounds treatment.

As mentioned, micro-organisms are everywhere; for instance, in paper and the paper products
that are widely used in our everyday life, from bank notes to newspapers, books, and packaging
paper. The distribution of this kind of material can contribute to the contamination and spreading of
infectious diseases. Taking this into consideration, Islam et al. integrated antimicrobial activity into
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cellulose paper by the incorporation of silver nanoparticles using a mussel-inspired strategy [108].
To do so, the authors functionalized cellulose paper with dopamine molecules. This functionalized
paper was then immersed in an ammoniacal silver nitrate solution; at this stage, dopamine catechol
groups reduced the silver salt and subsequently held the produced nanoparticles via strong adhesion.
Finally, the authors demonstrated the successful antimicrobial activity of the AgNP-decorated cellulose
paper against some highly virulent fish and shrimp pathogenic bacterial strains, such as Gram-negative
Proteus mirabilis, Vibrio parahemolyticus, E. faecalis, and Serratia marcescens.

Dairi et al. have recently developed a cellulose-acetate-based film with antimicrobial and
antioxidant properties for packaging applications [109]. The strategy consisted of the use of CA
and AgNPs prepared following a biogenic synthesis mediated by plants. This is a novel ecofriendly
process to obtain AgNPs in which there is no need for high temperatures, high pressures, and the
production of toxic chemicals [110–112]. In this particular case, the process consisted of the synthesis of
AgNPs into a gelatin-modified montmorillonite organoclay (OM) using a Curcuma longa tuber aqueous
extract. The final material consisted of plasticized CA films that were obtained by a solvent casting
method from a solution of CA, thymol, and modified nanoparticles. The antimicrobial property of
the obtained film was tested against E. coli, P. aeruginosa, Salmonella enterica, and S. aureus bacteria
as well as A. niger and Aspergillus flavus. The antimicrobial test for the films was performed by an
agar diffusion disc against micro-organisms. The authors found that the CA films presented a low
bacterial inhibition zone indicative of a moderate antimicrobial activity, which is directly related to
the low content of Ag within the CA film. The activity against E. coli bacteria was moderate even
when this bacteria strain was found to be most sensitive to AgNPs. In addition, the authors concluded
that the presence of the organoclay may contribute to control over the silver release for a long-lasting
antimicrobial effect.

Although silver nanoparticles present antimicrobial properties, both ionic and metallic silver
nanoparticles were found to be toxic above a certain concentration as mentioned above [106].
Being so, Tran et al. [113] developed a cellulosic-based biopolymer antimicrobial composite using gold
nanoparticles as antimicrobial agents instead of silver. It is well-known that gold nanoparticles
exhibit high antimicrobial activity against Gram-positive and Gram-negative bacteria alongside
their antiviral function [114]. As the authors indicated in their study, most of the work done in
this regard used synthetic polymers as carriers or matrixes for the growth or encapsulation of Au
nanoparticles. Tran et al. focused their work on the use of cellulose as a matrix. They took advantage
of the methodology used for the green synthesis of the cellulose and keratin antimicrobial composite
mentioned earlier [106,107]. However, in this case, the authors used two different ionic liquids as
solvents of both the biopolymer matrix and the chloroauric acid to obtain a cellulose/keratin/Au NP
composite with antimicrobial activity. The composite was tested against methicillin-resistant S. aureus
(MRSA) and vancomycin-resistant Enterococcus (VRE). The assays demonstrated that the biopolymer
composite is able to inhibit 97% and 98% of the VRE and MRSA bacteria, respectively, being the Au NPs
responsible for the antibacterial effect. As toxicity is the drawback for silver nanoparticles, the authors
also evaluated their biocompatibility. They evaluated the cytotoxicity of the composites using human
fibroblasts. Interestingly, the results revealed that the cellulose/keratin/Au NPs composites were
not cytotoxic. The authors demonstrated for the first time that any possible cytotoxicity that the gold
nanoparticles may have had was removed when they were incorporated into the cellulose/keratin
biopolymer matrix.

2.2.4. Nano-Cellulose-Based Materials (Nanocrystalline, Nanofibrillated, and Bacterial Cellulose) with
Antimicrobial Activity

Research on cellulose-based materials has increased intensively; however, cellulose has some
limitations related to its functionalities. In this sense, there is a growing interest regarding new
nanocellulose materials, such as nanocrystalline cellulose [115–119], microfibrillar/nanofibrillar
cellulose, and bacterial cellulose [120–124]. The three-dimensional hierarchical structures that compose
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nanocellulose open up new opportunities for new fields and applications [125]. However, as occurred
with cellulose, nanocellulose-based materials lack antimicrobial properties, so it is necessary to provide
them with this activity.

Nanofibrillated cellulose, obtained by mechanical disintegration from native plant fibers, is a
cellulosic derivative used as a novel packaging material [126]. However, its major drawback is its
vulnerability to microbe attacks, such as from cellulose-consuming fungi, for instance [127]. It is
known that most of the bacterial cell walls are negatively charged; therefore, and as mentioned
above, an interesting option to develop intrinsic antimicrobial materials is the use of quaternary
ammonium compounds, molecules, or polymers [128]. Indeed, it has been demonstrated that
these compounds could interact electrostatically with the negatively charged bacteria cell wall,
causing a disruption of the membrane and posterior death [6,129,130]. With this in mind,
Littunen et al. [127] proposed the chemical incorporation of quaternary ammonium compounds into
nanofibrillated cellulose (NFC) to impart an antimicrobial property. For that, the authors developed
two types of cationized and nanofibrillated cellulose via redox-initiated graft copolymerization with a
[2-(methacryloyloxy)ethyl]trimethylammonium chloride (DMQ) monomer to obtain nanofibrillated
cellulose grafted poly[2-(methacryloyloxy)ethyl]trimethylammonium chloride (NFC-PDMQ), and by
etherification with a quaternary ammonium compound (NFCQ). They evaluated the antimicrobial
activity of unmodified NFC and both NFCQ and NFC-PDMQ against three potential human pathogens:
Micrococcus luteus, E. coli bacteria, and Candida oleophila yeast. As expected, unmodified NFC did not
show pathogen growth inhibition. As the authors stated, the cationized sample NFCQ showed
a strong broad-spectrum antimicrobial effect at a high concentration (2000 μg/mL). In contrast,
the polymer-grafted NFC-PDMQ showed moderate antibacterial activity but a strong antifungal
response. In addition, NFCQ was notably more efficient against the Gram-negative than the
Gram-positive bacteria, but NFC-PDMQ exhibited consistent activity. A cytotoxicity test was also
performed for both systems and confirmed the lack of toxicity.

Fernandes et al. [131], inspired by the intrinsic antimicrobial property of chitosan that is imparted
by the amino groups along the polymer chain, chemically modified cellulosic fibrils’ surface by
grafting aminoalkyl groups. In particular, the authors chose bacterial cellulose nanofibrils as the
matrix for the modification. Bacterial cellulose (BC), a high-purity cellulose that is produced mainly
from the Gluconacetobacter genus, presents physical and mechanical properties that, together with
its biocompatibility, make it interesting for biomedical applications. For the surface modification,
the authors used a silane chemical grafting approach to produce BC-NH2 nanofibrils. After confirming
the surface modification of the bacterial cellulose, they evaluated the antimicrobial activity against
S. aureus and E. coli bacteria using non-functionalized BC as a reference. Aminoalkyl-functionalized
BC membranes showed a significant reduction in bacterial viability after 24 h.

Nanocellulose (NC) particles have been also used as reinforcing agents to improve the
mechanical and viscoelastic properties of biomaterials, since it is known that the major drawback of
bio-based polymeric materials is their poor mechanical, thermal, and barrier properties compared
to synthetic polymers [132]. Besides this, the chemical versatility of nanocellulose allows for
its modification/functionalization so that antimicrobial agents, such as nanoparticles, can be
anchored [133]. As a result, nanocellulosic particles could act as antimicrobial agents in addition
to reinforcing the bio-based material [118,119,125]. For instance, Spagnol et al. [134] developed
silver-functionalized cellulose nanoparticles without using organic solvents that were further
incorporated into a polymer matrix. To obtain nanocrystal (NC)/AgNPs, they first obtained cellulose
NCs by acid hydrolysis using HCl; the hydrolysis lasted for different periods of time so that NCs
with different dimensions were obtained. In the next step, the authors functionalized the NCs’ surface
with succinic anhydride (NCSA) to incorporate carboxylic groups. Then, the carboxylic groups were
deprotonated by adding NCSA to a sodium bicarbonate solution to act as anchoring groups for AgNPs.
In the last step, the deprotonated NCSA solution and the AgNO3 solution were mixed together and
further purified so that NCs functionalized with AgNPs were successfully obtained. The antimicrobial
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activity of this NC/AgNPs system was evaluated by determining their MIC against S. aureus, B. subtilis,
and E. coli bacteria and C. albicans fungi by the standard broth microdilution method. The effectiveness
was dependent on the morphology of the obtained NC/AgNPs. In fact, the best results were obtained
for NC/AgNPs samples with smaller sizes (between 6 and 18 nm), since larger nanoparticles had
difficulty penetrating into the micro-organism cells.

In a recent study, Lizundia et al. [135] designed innovative antimicrobial bio-based films composed
of cellulose nanocrystals and metallic (silver, zinc oxide, and titanium dioxide) nanoparticles that
show antimicrobial activity. As mentioned above, AgNPs present antimicrobial activity but with
the limitation of toxicity above a certain concentration. Zinc-oxide nanoparticles have effective
antibacterial activity and good catalytic, electrical, photochemical, and optical properties [136]. For the
film preparation, Lizundia et al. first synthesized an NC by sulfuric acid hydrolysis of microcrystalline
cellulose, giving rise to nanorods approximately 10 nm in diameter and 170 nm in length. Next,
they dispersed the respective nanoparticles (rod-like ZnO, spherical Ag2O, and TiO2) in water
through sonication prior to their incorporation into the aqueous NC suspension. In the final step,
the prepared NC/nanoparticles dispersions were solvent-cast to form the films by evaporation-induced
self-assembly. The properties of the obtained nanocellulosic films were evaluated in terms of the effect
of NC dimension, shape, and chemistry in the final composite. Interestingly, the authors confirmed
that the method used for the films’ preparation was derived from the formation of liquid crystal phases
with a chiral nematic (cholesteric) structure. However, the incorporation of NPs affects this cholesteric
structure, as reflected by the different optical properties observed by UV. The authors evaluated the
antimicrobial activity against E. coli and S. aureus bacteria and the cytotoxicity on planktonic cell
cultures after being in contact with the different NC-based films, and on the cells adherent to the
surface of materials to determine the number of live cells. As revealed from the results regarding E. coli,
at 3 h of incubation time, the surviving fraction of cells adherent to the surfaces showed a significant
reduction in NC/Ag2O followed by NC/ZnO and, to a minor extent, on NC/TiO2 films. A similar
trend was observed for planktonic cells. In the case of S. aureus bacteria, the surviving fraction of cells
adherent to NC-based films was significantly diminished on NC/Ag2O, followed again by NC/TiO2

and NC/ZnO. The difference was observed after the direct exposition of S. aureus cells to the NC-based
film when no significant reduction was observed for NC/TiO2 films, whereas for NC/Ag2O and
NC/ZnO films an important decrease in cell survivability was detected. After 24 h of incubation,
the surviving fraction of adherent cells decreased significantly for all NC films, but differences were
observed for the planktonic cells, in which relevant results were only observed with the NC/Ag2O and
NC/TiO2 films. In summary, the direct exposition of E. coli cells to NC-based films containing Ag2O
or ZnO nanoparticles was effective at both shorter and longer incubation times. Similar results were
obtained in the case of direct exposition of S. aureus, although its effectiveness is more significant on
adherent cells at 3 h of incubation. The activity of NC-based films was less effective against planktonic
cells at either 3 h or 24 h of incubation. These successful results indicated that the incorporation of
nanoparticles could provide NC films with antimicrobial activity. The authors suggested their use as
biomaterials and, in particular, as sustainable biomaterials for wound-healing applications.

2.3. Starch

Another interesting polysaccharide is starch, which is formed by a large number of glucose units
linked by glycosidic bonds. Starch is a highly hydrophilic polymer that consists of linear amylose and
highly branched amylopectin. It can be obtained from different botanical sources, such as potatoes,
wheat, maize (corn), rice, and cassava. Starch has numerous applications in the food area because it
is abundant, cheap, biodegradable, and edible [137]. However, its mechanical performance is poor;
therefore, to overcome this limitation, it is usually is blended with another biopolymer, such as chitosan.
In spite of this, starch does not have inherent antimicrobial properties, so these properties also need to
be conferred on it.
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Starch has been chemically modified to introduce cationic groups by etherification, graft
copolymerization, or a combination of both. Yang and coworkers [138–141] have extensively used
this type of modification to obtain flocculants for water treatment, as starch is a low-cost and effective
system. These authors also tested starch’s antimicrobial activity, which has scarcely been explored
in this field. They showed that E. coli and S. aureus bacteria were almost unviable after flocculation.
Cationic starch was also used in combination with starch and sodium alginate to obtain polyelectrolyte
films with an antimicrobial character [142]. These films have inhibitory effects on E. coli and S. aureus
that are greater against Gram-positive than against Gram-negative bacteria.

Another modification of starch performed by Guo’s group was the introduction of 1,2,3-triazole via
click chemistry, which reached high yields and degrees of substitution (see Figure 5) [143]. The resulting
derivatives, 6-hydroxymethyltriazole-6-deoxy starch (HMTS), 6-bromomethyltriazole-6-deoxy starch
(BMTS), 6-chloromethyltriazole-6-deoxy starch (CMTS), and 6-carboxyltriazole-6-deoxy starch (CBTS),
were able to inhibit the growth of E. coli and S. aureus bacteria. The best system was CBTS, followed by
CMTS, BMTS, and HMTS.

 

Figure 5. The synthesis of starch derivatives via click chemistry.

This group has also incorporated quaternized phosphonium salts into starch [144]. In this
work, the derivatives were tested against the common plant-threatening fungi Watermelon fusarium,
Phomopsis asparagi, Colletotrichum lagenarium, and Fusarium oxysporum. The most active derivatives were
those with phenyl and cyclohexyl groups. The cytotoxicity of starch derivatives was also examined
against HEK-293T cells using an MTT assay. These systems presented low cytotoxicity. The cytotoxicity
was higher in those systems having alkyl groups.

Indeed, one of the most common approaches to the provision of antimicrobial activity is the
incorporation of antibiotics into the formulation. Microparticles formed by a polyelectrolyte complex or
self-aggregation are the preferred carriers for drug administration [145–147]. Nevertheless, its release
has to be in a controlled manner and without a toxicity effect.

As mentioned for chitosan, at present, many studies are focused on the incorporation of natural
compounds [148,149]. Pattanayaiying et al. [150] have evaluated the effect of the combination of
nisin (a small antimicrobial peptide approved by the European food safety authority that is used
as a food preservative [134,135]) and lauric arginate® (ethyl lauroyl arginate: a derivative of lauric
acid, L-arginine, and ethanol) (LAE) in a thermoplastic starch/poly(butylene adipate terephthalate)
film coated with gelatin against Gram-negative Vibrio parahaemolyticus and Salmonella typhimurium
bacteria. This combination has a synergic effect in comparison with LAE alone, as occurred in
pullulan, another polysaccharide film [151]. Recently, pouches of polyamide/low-density polyethylene
were coated with blends of oxidized starch with gelatin containing LAE [152]. The authors found
that the incorporation of LAE extends the shelf-life of chicken breast fillets without affecting the
meat’s oxidation. Nevertheless, the release of these natural products is not always in a controlled
manner. Campos-Requena et al. [153] have developed thermoplastic starch/layered silicate (TPS/LS)
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bionanocomposite films for the controlled release of carvacrol. This is possible due to the formation of
intercalated/exfoliated structures that can tune the migration of antimicrobial carvacrol [154], which
results in the increase of its half-life.

Other biocomposite films have been obtained by a combination of pea starch and guar
gum containing catechins from blueberry ash and macadamia as a natural extract, as well as
epigallocatechin-3-gallate from green tea [155]. These films were tested against Gram-positive
Staphylococcus lugdunensis, S. epidermidis, B. subtilis, and E. faecalis bacteria, Gram-negative
Pseudomonas fluorescence, Klebsiella pneumoniae, Enterobacter aerogenes, S. typhimurium, and E. coli bacteria,
and C. albicans, A. niger, Geotrichum candidum, Penicillium italicum, Penicillium digitatum, Rhizopus sp.,
and Mucor sp. fungi. These films were able to prevent the growth of food pathogenic and spoilage
micro-organisms; therefore, they can be used as edible films.

The group of Chiralt [156–160] has also intensively worked toward the incorporation of
antimicrobial essential oils in starch-based materials for their use as preservative coatings or packaging
systems. Moreover, they have also introduced proteins into starch [161], such as lactoferrin and
lysozyme, as efficient antioxidant/antimicrobial systems [162,163]. In this sense, the co-encapsulation
of herb extracts and lysozyme into such polysaccharides as starch, chitosan, and alginate has been
demonstrated to produce more stability and durability during storage [164]. Besides this, these particles
were more effective against Gram-positive B. subtilis and Micrococcus luteus bacteria and Gram-negative
E. coli and Serratia marcescens bacteria. Starch was also modified with octenyl succinic anhydride for
microencapsulation by electrospray, in combination with gum Arabic and nutmeg oleoresin [165].
They exhibit excellent antioxidant activity and a high retention of phenolic and flavonoid content
after 60 days of storage as well as antimicrobial activity against E. coli and Gram-positive Bacillus
cereus bacteria. This modification of starch was also used to stabilize emulsions of nisin and thymol
(2-isopropyl-5-methylphenol) (an isomer of carvacrol) cantaloupe juice [166]. The addition of modified
starch to the juice increases its capacity to retain nisin and thymol over the storage period and to inhibit
the growth of Gram-positive Listeria monocytogenes and Salmonella enterica serovar Typhimurium.

Starch has been also blended with antimicrobial polymers to provide a bioactive character. Chitin
nanowhiskers were added (0.5–5%) to starch, and films obtained by solvent casting were tested against
L. monocytogenes and E. coli to analyze their antibacterial properties [167]. These films showed more
effectiveness against Gram-positive than against Gram-negative bacteria. Moreover, they exhibited
improved thermal properties and mechanical strength in comparison to native maize starch.

Additionally, starch is also extensively used as a reducing and capping agent for the synthesis
of metal and metal-oxide nanoparticles, as in the case of chitosan [168,169]. Taking advantage of this
ability, antimicrobial chitosan–starch–silver-nanoparticle-coated [170] cellulose papers were obtained.
In a first step, starch–silver nanoparticles were synthesized, and then blended with chitosan in solution
at different compositions. Afterwards, the mixture was poured onto papers and the antimicrobial
activities were tested against the E. coli DH5α and S. aureus bacterial strains and the Penicillium expansum
fungal strain. The results showed that the chitosan–starch–AgNP papers were effective against these
microorganisms in comparison with papers coated with chitosan or starch–AgNPs alone, which do
not present antimicrobial properties.

In another approach, starch-based flexible coating papers with excellent hydrophobicity and
antimicrobial activities were obtained [171]. These were prepared with ZnO NPs, in which
carboxymethyl cellulose (CMCe) and chitosan were added to improve the compatibility between
particles and matrix. The antimicrobial activity was improved with the addition of guanidine-based
starch in different amounts (see Figure 6 for an illustration). Moreover, migration tests were performed
in three food simulants (deionized water, 10% alcohol solution, and 3% acetic acid), according to the
E.U. No. 10/2011 standard (see Figure 7). It seems clear that the migration of ZnO NPs is much higher
in films than in coated papers, and, although there is migration in all of the simulants, it is within the
overall migration limits prescribed by legislation.
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Figure 6. Images of the antimicrobial activities against Escherichia coli bacteria of coated papers with
different amounts of guanidine-based starch using a shaking flask method. Reproduced from [171].

 
Figure 7. (a) The migration of ZnO nanoparticles (NPs) from films into different food simulants at
40 ◦C for 7 days; and (b) from coated papers for 4 and 7 days. Reproduced from [171].

In this sense, the group of Xiao has widely used guanidine-based systems to confer potent
antimicrobial properties on cellulosic materials for their use as sanitary papers, filters, or food
packaging papers [10,172–174].

Copper nanoparticles have also been incorporated into starch-based hydrogels to obtain
antimicrobial systems [175]. These nanoparticles were synthesized in a starch medium followed
by silica coating, which enhances their stability. The antibacterial activity of hydrogels with different
amounts of NPs was evaluated against E. coli and S. aureus, and was maintained for at least four
cycles of use. In addition, their dermal toxicity was studied, showing slight irritancy. Therefore, these
hydrogels can be suitable wound-dressing materials.

Starch–graphene (G) hydrogels were obtained by Diels-Alder crosslinking reactions between
furan-modified starch bismaleimide in the presence of graphene layers. These were incorporated as
a conductive nanofiller to the mixture using Salvia extracts as dispersion stabilizers. The resulting
hydrogels were tested against E. coli and S. aureus bacteria [176]. They present activity with low
concentrations of extract, which confirms that the addition of G sheets also influences the antimicrobial
efficiency. Moreover, these materials exhibit improved mechanical and conductivity performance.

2.4. Other Polysaccharides

In addition to the most abundant polysaccharides (starch, chitosan, and cellulose), other
carbohydrate polymers, such as alginate, pectin, and κ-carrageenan, have been employed to prepare
antimicrobial biopolymeric materials with high potential in a large variety of applications, especially
in the food and biomedical fields [137].

Alginate is a linear anionic polysaccharide extracted from marine algae containing β-D-mannuronate
and α-L-guluronate residues linked by (1,4)-glycosidic bonds. This biopolymer has found a
variety of applications in biomedical science and the food industry due to its biocompatibility
and gelation capability [177,178]. Several strategies have been followed in the last few years to
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confer an antimicrobial character on alginate-based materials. In recent investigations, sodium
alginate/poly(ethylene glycol) hydrogels with antimicrobial activity were prepared by grafting the
cysteine-terminated antimicrobial peptide HHC10–CYS, at different proportions, into the structure
through a thiol-ene click reaction [179]. Microbiological studies of the hydrogel against E. coli bacteria
revealed that the activity increased with the content of peptide in the hydrogel. In addition to the
strong antibacterial activity, the hydrogel showed good cytocompatibility. Nevertheless, most of
the works related to alginate-based materials with an antibacterial character use approaches that
are mainly centered on the incorporation of antimicrobial agents into the alginate material without
any chemical reaction. In fact, there is a huge number of publications on the preparation of nano-
and microcapsules of alginate for the encapsulation of antimicrobial components, such as essential
oils [180,181], nisin [182,183], ZnO NPs [184], and AgNPs [185]. In this respect, a common strategy is
the preparation of capsules by the formation of complexes between anionic alginate and cationic
polysaccharides, such as chitosan [186], or cationic peptides, such as nisin [187], with inherent
antimicrobial properties. Besides this, antimicrobial films based on alginate have also been prepared
by incorporating the antimicrobial agents [142,188–190].

Pectin is another important anionic polysaccharide rich in galacturonic acids, with a potential
use in many fields, especially the food industry. Pectin is found in the cell wall of most plants;
however, apple and citrus peels are almost exclusively used for the commercial production of pectin.
Likewise, it presents an ability to form gels and has good gas permeability properties [137]. Typically,
in pectin-based materials, the pectin is crosslinked and blended with other components to improve
their physical properties and water stability. An interesting strategy to impart antimicrobial activity to
pectin is the use of ions as a crosslinking agent with an antimicrobial character, such as Zn ions [191].
Similarly to alginate-based materials, pectin has been employed to prepare capsules for loading
antimicrobial agents, including nisin [192] and antibiotics [193]. In the last few years, there has also
been interest in the preparation of antimicrobial films based on pectin by including such agents as
essential oils [194–197] and AgNPs [198].

Carrageenan has been also studied as a anionic polysaccharide material for potential applications
in packaging [199]. Carrageenan is a linear sulfated polysaccharide composed of D-galactose
and D-anhydrogalactose obtained from marine red algae. Among all of the carrageenan types,
the κ-carrageenan type is used the most due to its good properties. A number of studies have been
published in recent years related to the development of antimicrobial films based on κ-carrageenan
by addition of classical AgNPs [200,201], ZnO NPs [202], CuO NPs [203], essential oils [204], and
clays [205]. For instance, carrageenan-based hydrogels and dry films with antimicrobial properties
were prepared by their combination with CuO and ZnO NPs [203]. Several samples were prepared,
containing 1% ZnO, 1% CuO, or 0.5% ZnO/0.5% CuO, and, in general, both the mechanical and
antimicrobial properties were improved with the incorporation of nanoparticles. The films showed
strong antibacterial activity against E. coli and L. monocytogenes; however, an insignificant difference
in the activity was observed between the different types of incorporated NPs. Equally as described
in starch and cellulose, chitin nanofibrils have been used to reinforce carrageenan and to impart
antibacterial properties [206]. The tensile strength and modulus of carrageenan film increased
significantly with up to 5 wt% of chitin nanofibers. With respect to the antibacterial activity, the films
showed high activity against L. monocytogenes depending on the content of chitin, but insignificant
activity against E. coli.

3. Proteins/Polypeptides

Within this challenge of finding sustainable bio-based materials, natural macromolecules as
proteins are playing an important role due to their versatility and it being possible to modify them
enzymatically, chemically, and physically so that the desired properties can be obtained for each
specific application. In general, proteins are used as additives in polymeric matrices (nisin and corn
zein [207,208], soy protein [209], and wheat gluten [210]), and some examples of this can be found in
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the different sections of this work. However, protein-based materials have also emerged in applications
as diverse as packaging [211] and biomedicine [212]. In this section, we will briefly describe the most
recent work regarding sustainable antimicrobial protein-based materials for some of the most used
proteins, including caseinates, keratin, and collagen.

3.1. Caseinates

Among animal proteins, caseinates are considered to be attractive for use in the food-processing
industry; i.e., food packaging and culinary applications, since they show numerous advantageous
properties, such as their natural origin, edible character, water solubility, and ability to act as
emulsifiers [213,214]. Caseinates show an ability to form networks, plasticity, and elasticity, which
lead to the formation of transparent films with good performance as a barrier against oxygen, carbon
dioxide, and aroma compounds [213–215]. Sodium caseinate is more frequently used than the other
caseinates, such as calcium caseinate or potassium caseinate, and, importantly, caseinates are frequently
plasticized with glycerol to obtain the required flexibility for the formation and manufacture of
film [213,216,217]. Moreover, caseinate-based films have attracted interest as carriers of antimicrobial
substances in food-related applications [217]. The main advantage of introducing antimicrobial agents
into caseinate films, as in the other described systems, is the ability to slow the diffusion of the agents
through the film, allowing for its availability at a desired concentration. Therefore, smaller amounts of
antimicrobial additives are needed to achieve a targeted shelf-life extension, compared with the direct
addition of the antimicrobial additives onto the food surface strategy, where they quickly diffuse away
from the surface, and are rapidly diluted or react with food components [216].

Noori et al. [218] have recently developed a nanoemulsion-based edible coating with strong
antimicrobial activity against psychrophilic bacteria to extend the shelf-life of chicken fillets. For that,
ginger (Zingiber officinale) EO was added to sodium caseinate matrices and the obtained films showed
comparable results to the antibiotic gentamicin. Arrieta et al. added 10 wt% of carvacrol into edible
matrices of both sodium and calcium caseinate, and further studied the obtained plasticized films
against S. aureus and E. coli bacteria by the agar diffusion method [214,217]. Although edible films
of sodium caseinate and calcium caseinate with carvacrol showed antibacterial effectiveness against
both S. aureus and E. coli bacteria, they showed a higher diffusion of carvacrol through an agar gel
inoculated with S. aureus than that with E. coli, resulting in a higher inhibition zone around the edible
film area [217]. Moreover, the E. coli inhibition zone was larger for sodium caseinate films than for
calcium caseinate films (Figure 8). This behavior was related to the fact that divalent calcium cations in
calcium caseinate promote crosslinking with protein chains [214], retaining carvacrol more efficiently
due to the more tortuous structure, which releases the active agent more slowly [217].

Imran et al. [219] developed sodium caseinate films that incorporated nisin, one of the most-used
bacteriocins for food conservation, with high antilisterial and antistaphylococcal activity. Meanwhile,
Calderón-Aguirre et al. [216] introduced nisin as well as antimicrobial substances produced by
Streptococcus infantarius into glycerol-plasticized sodium caseinate films, and observed that caseinate
films containing bacteriocins produced by S. infantarius showed higher antilisterial effectiveness in
long-term refrigeration storage (around 2 months) than nisin-incorporated ones.
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(A) (B) 

Figure 8. The inhibition zone (mm) observed in caseinate-based films plasticized with glycerol and
loaded with carvacrol against (A) S. aureus and (B) E. coli bacteria. a–c Different letters on the bars
indicate significant differences between formulations (p < 0.05). Reproduced from [217] with permission
from Elsevier.

3.2. Keratin

Keratin is a protein found in mammalian hair, fur, wool, skin, hoofs, claws, and horns and in
feathers of birds. This is an ancient material used for textile applications due to the early domestication
of sheep and the use of the produced wool for such purposes. However, the need for non-contaminant
sources for the design of sustainable bio-plastics has put the focus on keratin. Keratin extracted from
such agricultural waste products as poor quality wool and chicken feathers has been used to produce
films, fibers (electrospun fibers), and hydrogels and shown potential application as a scaffold for tissue
engineering and tissue dressings and even as drug delivery systems [212,220–222]. Nevertheless, as is
the case for most of the bio-based materials shown in this work, keratin is not antimicrobial by itself,
so its functionalization or combination with antimicrobial agents is indispensable [223].

Having this in mind, Yu et al. [224] proposed the immobilization of quaternary ammonium
moieties on a keratin-based substrate, thus turning keratin into an antimicrobial material for biomedical
applications. The methodology consisted of the generation of thiols in wool keratin fibers (reduction of
disulfide bonds using tris(2-carboxyethyl)phosphine hydrochloride) and then their reaction with the
acrylate monomer [2-(acryloyloxy)ethyl]trimethylammonium chloride (2-AE) through click chemistry.
In this way, a quaternary ammonium moiety was grafted onto reduced keratin fibers. The antimicrobial
property of the obtained material and also of the untreated material was evaluated against E. coli
bacteria using the agar diffusion plate test. Interestingly, the percentage of bacteria reduction obtained
with the modified keratin was 94%, whereas for the untreated material there was no antibacterial
effect. In this case, since the antimicrobial compound (the quaternary ammonium moiety) is covalently
bonded to keratin, the antimicrobial activity is sustained in time and no leaking can occur. This
interesting approach makes keratin-based materials applicable, for instance, as medical textiles.

Nayak et al. used a different approach by blending keratin with different polysaccharides
(alginate, agar, and gellan) to obtain therapeutic porous dermal patches [225]. To impart antimicrobial
activity, the obtained patches were coated with AgNPs. In particular, the antimicrobial activity of a
keratin/agar patch was evaluated through the disk diffusion test against S. aureus and Gram-negative
Pseudomonas putida bacteria and A. niger and C. albicans fungi pathogens. The results indicated the good
antimicrobial activity of the patches against the tested pathogens, with a remarkable effect against
S. aureus. Thus, the broad antimicrobial activity of the keratin-based obtained patches was confirmed.

3.3. Collagen

Collagen is the main structural protein found in the extracellular matrix of various connective
animal tissues. The amino acids that compose collagen are wound together in a triple-helix, giving
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rise to elongated fibrils. The main role of collagen is both structural and functional, since it
contributes to some processes of tissue repair [226]. In addition, by partial hydrolysis of collagen and
destabilization of the triple-helix, it is possible to obtain the natural polymer called gelatin, which has
also attracted much industrial interest. In sum, collagen possesses such properties as biocompatibility,
biodegradability, and non-toxicity, which makes it suitable for applications involving wound healing
and tissue regeneration. However, as is the case with the aforementioned bio-based polymers, this
protein lacks the antimicrobial activity that is rather important for those kinds of applications. So,
the modification/functionalization of collagen or its combination with antimicrobial agents is required.

Having this in mind, Balaure et al. [227] recently developed a collagen dressing containing
orange essential oil functionalized ZnO nanoparticles (d = 20 nm) inserted into a three-dimensional
(3D) matrix. As was described above, ZnO nanoparticles present antimicrobial activity, and their
incorporation into collagen to impart biocidal properties is a strategy that has also been followed by
other authors [228,229]. In this particular case, for the preparation of the dressing, suitable amounts
of previously synthesized ZnO nanoparticles, collagen, and glutaraldehyde solution (crosslinker)
were added so that collagen–ZnO gels were formed. For the antibacterial activity, collagen–ZnO gels
(with three different ZnO contents) were placed in petri dishes and inoculated with S. aureus and E. coli
bacteria strains. For the sake of comparison, antibiotic disks were used as a control. After 24 h of
incubation, the diameters of the inhibition zone were measured and compared with the control disks.
The results revealed that the collagen–ZnO wound dressings presented a remarkable antimicrobial
activity against the S. aureus strain, as the growth inhibition zones were 11.5 mm and comparable to
the diameter of the inhibition zones obtained for the control antibiotics. When analyzing antimicrobial
activity against E. coli, the influence of the ZnO content was evidenced. Besides the antimicrobial
activity, the developed collagen dressings showed great regenerative capacity. This combination of
outstanding properties makes this bio-based sustainable material a potential candidate for wound
healing applications.

Similarly, You et al. developed a metallic silver nanoparticles–collagen/chitosan hybrid scaffold
to be used as a dressing for burn wounds [230]. Ideal dressings are required to present antimicrobial
activity among other factors, such as keeping moisture in the wound, removing exudates, or even
providing drugs that contribute to the healing. However, in the case of burn wounds, where a large
amount of fluid is lost and bacterial infections occur, it can become necessary to have dressings
with antimicrobial activity. For the scaffold’s preparation, bovine type-I collagen and chitosan were
dissolved together in an acetic acid solution. In the next step, commercial AgNPs were added to
the collagen–chitosan, poured in a plate and kept at 4 ◦C, frozen at −25 ◦C, and finally lyophilized
to obtain the scaffolds. The antibacterial activity was evaluated against S. aureus and E. coli via the
disk diffusion method, at which the zone of growth inhibition was measured after 24 h of incubation.
An antimicrobial assay was performed for collagen and the hybrid collagen-based scaffolds, and,
as expected, more activity was observed in the hybrid scaffold compared to the neat sample without
AgNPs. Furthermore, the antimicrobial activity was improved as the amount of AgNPs in the scaffold
increased. These bio-based hybrid scaffolds, besides their proven antimicrobial activity, exhibit
anti-inflammatory properties that are also derived from the presence of AgNPs. As a conclusion,
the authors postulated that the hybrid collagen-based dermal scaffolds could have application as a
new antimicrobial dressing designed using non-toxic components.

Michalska-Sionkowska et al. [231] developed a collagen-based antimicrobial dressing that
incorporated thymol as an essential oil to provide antimicrobial activity to the final material.
As previously highlighted, it has been demonstrated that thymol shows antimicrobial activity against
both Gram-positive and Gram-negative bacteria strains as well as against fungi and yeast [232,233].
For the preparation of the films, collagen obtained from rat tendons was dissolved in acetic acid. Then,
different amounts of thymol were added to the collagen solution. For a better miscibility of the thymol
in the collagen, a nonionic surfactant was also added to the solution. Finally, the solutions were poured,
and, by the solvent evaporation method, collagen–thymol films were obtained. Since the main objective
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of the work was to develop an antimicrobial material against biofilm formation, the obtained films
were tested by the agar diffusion method against E. coli, P. aeruginosa, S. aureus, B. subtilis, E. aerogenes,
and C. albicans strains. The antimicrobial test revealed that the most sensitive micro-organism was
S. aureus bacteria. This effect was even more significant with the increase in thymol content in collagen
films. The growth of E. coli bacteria was also inhibited, although the dose needed was higher compared
to that of S. aureus. Similar results were observed for C. albicans, B. subtilis, and E. aerogenes, but no
inhibition was observed against P. aeruginosa. The biofilm formation for collagen–thymol and collagen
control films was also evaluated against S. aureus. Through an SEM observation, it was concluded
that the number of micro-colonies on the surface of the collagen-thymol film was smaller compared to
that of the control film without the EO. Thus, collagen-based films were also effective in inhibiting
biofilm formation.

4. Polyesters

Bio-based and biodegradable polyesters, such as poly(lactic acid) (PLA) and poly(hydroxyalkanoates)
(PHAs), are currently the main drivers of the growth in the bioplastics market [2], as they have the
potential to replace traditional polymers, such as poly(ethylene terephthalate) (PET).

As was already mentioned, antimicrobial systems based on biocompatible and biodegradable
polymeric matrices have attracted interest for both biomedical and food-related applications. The main
objective in developing antimicrobial polymeric systems is to lessen and subsequently prevent the
micro-organisms from growing [234]. In this context, several strategies have been developed to
provide materials with antimicrobial performance based on biopolyesters, most of which have been
focused on adding additives with antimicrobial activity, including natural compounds (i.e., EOs),
peptides (i.e., nisin), chelating agents, antibiotics, other polymers (i.e., chitosan), enzymes, and metals
(zinc oxide, silver, etc.) [235]. Despite the wide range of antimicrobial agents that have been used
during the last two decades for the development of biopolyester-based antibacterial materials, it seems
that the route to introduce them is even more important than the agent itself in obtaining an effective
antimicrobial activity at the surface of the material.

4.1. Poly(lactic acid) (PLA)

Among all sustainable polymers, PLA is currently the most promising one to replace
petroleum-derived polymers. Moreover, PLA is biocompatible and biodegradable, and this is why it
is widely used in the biomedical field as well as in a wide range of commodity applications in other
industrial sectors, such as the agricultural and food packaging sectors [236,237]. PLA is chemically
synthesized starting with simple sugars obtained from agro-resources, such as corn, potatoes, cane,
and beet, and fermented to the lactic acid monomer [236,237]. The most common route to produce
PLA at the industrial level is the ring-opening polymerization (ROP) of the cyclic lactide dimer by
condensation with metal catalysts (e.g., tin octoate) with the elimination of water at a high temperature
(but less than 200 ◦C) [238,239] (Figure 9). Another important advantage that has allowed us to rapidly
introduce PLA into the market is that PLA can be processed with the same processing technology that
is already used at the industrial level for traditional petroleum-based thermoplastics to obtain films,
molded pieces, and fibers, including melt blending, extrusion, injection molding, thermoforming, film
forming, and electrospinning [236,240,241].
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Figure 9. A schematic representation of high-molecular-weight PLA industrial production. Reproduced
from [242].

A laminated chitin PLA–PLA composite has been recently prepared by the hot-press method.
Chitin powder was dispersed into a PLA matrix and further processed by a hot press to obtain the inner
layer, where a neat PLA layer was also obtained by the hot press method [243]. It was observed that the
incorporation of 5 wt% of chitin in the chitin–PLA layer in direct contact with a Mueller–Hinton agar
medium, inoculated with E. coli bacteria, was enough to produce a clear inhibition zone. Besides this,
antibacterial PLA-based compounds have been recently developed by adding chitosan nanoparticles
in 0.5, 1, and 2 wt% into a PLA matrix by melt extrusion followed by a solvent casting process to obtain
nanocomposite films. The obtained nanocomposites showed higher antibacterial effectiveness with
increasing content of nanochitosan as well as higher antibacterial effectiveness against L. monocytogenes
than against E. coli bacteria [243].

Imran et al. [219] introduced nisin into several bio-based and biodegradable matrices, including
sodium caseinate, chitosan, and PLA. The antibacterial effectiveness was tested against L. monocytogenes
and S. aureus. Only the PLA–nisin disc films showed effectiveness against both bacteria due to the
PLA’s hydrophobic nature, which lead to a higher nisin retention ability.

EOs have been widely used as PLA antimicrobial additives for the development of active
PLA-based materials with antibacterial activity, which have mainly been studied by the agar disk
diffusion method to simulate the food-wrapping conditions [244–246]. Plasticized PLA composite
films were developed by loading bimetallic silver–copper (Ag–Cu) nanoparticles and cinnamon
essential oil into a polymer matrix via melt blending [247]. The obtained nanocomposites were used to
pack contaminated chicken samples with Gram-negative Campylobacter jejuni, L. monocytogenes, and
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S. Typhimurium, and the degree of bacteria survival after 21 days under refrigerated storage conditions
was measured. The bacterial survival of food-borne pathogens decreased significantly from 6.65
to 3.87 log CFU/g for L. monocytogenes, from 5.40 to 2.59 log CFU/g for C. jejuni, and from 5.52 to
2.42 log CFU/g for S. typhimurium, resulting in interesting materials for antimicrobial food packaging
systems. However, when EOs are directly incorporated into thermoplastic polymeric matrices that
should be processed at a high temperature, high amounts of EOs are lost during processing due to their
high volatility. For instance, plasticized poly(lactic acid)–poly(hydroxyalcanoates) (PLA-PHA)-based
blends were directly incorporated with 10 wt% of carvacrol and processed by melt extrusion [245,246].
Around 25% of the carvacrol was lost during thermal processing [245]. Nevertheless, due to the high
amount added into the blend formulations as well as the high antibacterial activity of carvacrol, the
films showed some antibacterial surface effectiveness against S. aureus, with the observation of a clear
zone of growth inhibition around plasticized film samples, while no inhibition halo was observed in
unplasticized samples. The increased mobility of the macromolecular chains, due to the plasticizer’s
presence, promotes the diffusion of carvacrol from the polymeric matrix into the agar medium in a
radial way, improving the antimicrobial effectiveness. However, no inhibition halo was observed in
the agar plates inoculated with E. coli bacteria, even with plasticizer [246].

In this context, novel processing strategies other than thermal processing to obtain antimicrobial
PLA systems have recently been developed to avoid the loss of volatile additives and to increase the
antibacterial performance of the materials at the surface.

Supercritical impregnation has recently been proposed as an effective route to the introduction of
volatile active compounds, such as EOs, into PLA matrices [248–251]. For instance, it has been recently
used to incorporate thymol into PLA to develop materials with a wide range of applications [248,250].
Villegas et al. recently developed PLA films impregnated with cinnamaldehyde by supercritical
impregnation with very effective antibacterial activity against S. aureus and E. coli bacteria [249].

Likewise, the production of ultrafine electrospun PLA fibers in the form of nonwoven materials
has shown great potential in several fields, such as drug delivery, tissue engineering, filtration, catalytic
processes, sensor development, and packaging. In fact, the electrospinning process has been suggested
to be an effective way to produce nonwoven materials with active surfaces [251–253]. This technique
allows for processing of the active substance with the PLA matrix at room temperature, avoiding the
thermal degradation of the active substance. Moreover, during the preparation of a PLA material
through the electrospinning technique, the high ionic strength as well as the rapid evaporation
of the solvent induce the localization of the active compounds predominantly on the surface of
the fibers [251,252]. For instance, cinnamaldehyde was incorporated into electrospun PLA-based
materials by Lopez de Dicastillo et al. [251] following two approaches: direct incorporation into an
electrospun PLA solution and supercritical impregnation of the electrospun PLA material. The authors
observed that the materials into which cinnamaldehyde had been incorporated by supercritical
impregnation showed a higher surface availability of the active compound, since those materials
showed a higher release rate in fatty food simulants when compared to electrospun materials into
which cinnamaldehyde had been incorporated during the electrospinning process.

Antimicrobial natural extracts with antibacterial activity can also be obtained from algae.
For instance, natural extracts with some antimicrobial performance against E. coli have been obtained
from Durvillaea antarctica algae and incorporated into a PLA matrix encapsulated in electrospun
poly(vinyl alcohol) (PVA) fibers [253].

Nanostructured and aluminum-doped ZnO coatings were sputter-deposited onto an extruded
PLA film by Valerini et al. [254] to functionalize its surface with antimicrobial activity. The materials
with uniform surface coverage showed antibacterial effectiveness against E. coli. The authors concluded
that the strong antibacterial effectiveness against Gram-negative bacteria is due to a polycrystalline
structure, with the presence of cubic aluminum-doped zinc oxide (ZnAl2O4), ZnO, and aluminum
oxide phases.
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Antimicrobial electrospun PLA fibers have also been developed by adding silica nanoparticles
functionalized with ZnO. The PLA-based materials’ antibacterial effectiveness against E. coli was found
to be concentration-dependent and size-dependent. They required at least 0.8 wt% of functionalized
zinc-oxide-doped silica NPs to produce a reduction in bacteria growth. Moreover, the authors obtained
nanoparticles with an average diameter of 5–20 nm and observed that when the particle size was
reduced, the surface reactivity of the nanoparticles was enhanced, leading to electrospun materials
with better antimicrobial performance [255].

Another interesting technique for the modification of PLA film surfaces and the improvement of
their functionalization is by plasma treatments [256–258]. For instance, Hu et al. [257] have recently
coated a PLA film’s surface with nisin after modifying the film’s surface by means of cold plasma
treatment (CPT). They studied the surface antimicrobial activity of the films against L. monocytogenes
bacteria by the inhibition zone method. The authors found that the inhibition zone was only formed
in the area where the incubated agar medium was in direct contact with the PLA–nisin-based films
due to the poor water solubility of nisin. The antibacterial effectiveness of the PLA–nisin films was
then determined quantitatively by means of the viable cell count method, and the total viable counts
(TVCs) of L. monocytogenes decreased from 3.01 to 2.25 log10 (CFU/mL) by increasing the time of
functionalization of the PLA’s surface by CPT from 15 to 60 s. These results suggest that increasing the
CPT time positively affects the nisin adsorption capacity of the PLA’s surface as well as allowing for
nisin to be released from the PLA’s surface when it is in an appropriate medium. Zhang et al. [258]
treated electrospun materials with oxygen plasma to obtain a material with a hydrophilic surface that
can be further functionalized with antimicrobial substances. Catechol possesses an essential role as an
adhesive between interfaces; particularly, the synthetic catechol derivative dopamine methacrylamide
monomer (DMA) possesses an exceptional adhesive property, which was used by these authors
for surface modification in the development of biomedical devices. The electrospun PLA materials
were modified with graphene oxide with DMA and the obtained nanocomposite showed excellent
biocompatibility and exhibited antimicrobial properties against S. aureus and E. coli bacteria.

Munteanu et al. [259] prepared a nanocoating by encapsulating argan and clove oils into chitosan
by coaxial electrospinning and then used it to functionalize electrospun PLA materials previously
treated with CPT. The authors concluded that the electrospun coaxial encapsulation of clove and
argan oils into chitosan led to enhanced antimicrobial activity against E. coli, S. typhymurium, and
L. monocytogenes.

4.2. Poly(hydroxyalcanoates) (PHAs)

PHAs are a family of isotactic, semi-crystalline, and high-molecular-weight thermoplastic
polyesters (Figure 10), which are biologically synthesized by controlled bacterial fermentation of
a wide variety of both Gram-negative bacteria (i.e., those belonging to the genera Azobacter, Alcaligenes,
Bacillus, and Pseudomonas) [260] and Gram-positive bacteria (i.e., those belonging to the genera Nocardia,
Rhodococcus, and Streptomyces) [261]. In response to nutrient limitation (e.g., phosphorus, nitrogen,
trace elements, or oxygen) and in the presence of an abundant source of carbon (e.g., glucose or sucrose)
or lipids (e.g., vegetable oil or glycerine) [238], bacteria can accumulate up to 60–80% of their weight
in PHA [261–263]. Therefore, PHAs are bio-based, biocompatible, and biodegradable, and exhibit
thermal and mechanical properties that are comparable to those of other common polymers, such
polystyrene (PS) and polypropylene (PP). In fact, the PHA family has been under development during
the last few decades, the PHAs market is now emerging very fast, and the production capacity is
predicted to quadruple in a few years [2].
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Figure 10. The chemical structure of most typical PHAs.

Among the PHAs, poly(3-hydroxybutyrate) (PHB) is the most simple and common representative
of PHAs. This is the reason why it is the most widely investigated for the development of PHA-based
antimicrobial systems. From a processing point of view, the main drawback of PHB is its very low
resistance to thermal degradation, since PHB has a melting temperature (around 170–180 ◦C) that is
close to the degradation temperature (270 ◦C) [240]. Thus, although PHAs are still processed by melt
compounding [264–267], the most recent studies on antimicrobial PHA systems are focused on the
preparation of active PHA-based materials at room temperature [268–271].

PHB films with antibacterial properties have been developed by adding metal nanoparticles.
In particular, PHB/AgNP nanocomposites are the most extensively developed group. PHB films have
had AgNPs embedded into them by a two-step process consisting of helium plasma treatment followed
by an immersion process in a silver nitrate solution [272]. Castro-Moyorga et al. [269] simultaneously
biosynthesized AgNPs and PHB from the fermentation process of Cupriavidus necator. The obtained
biopolymer and nanoparticles were used to produce bionanocomposite films with potential as active
coatings for food packaging applications, since they showed antibacterial effectiveness against the
food-borne pathogens S. enterica and L. monocytogenes.

Another PHA, poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV), was loaded with less
than 1 wt% of AgNPs and processed into an ultrafine electrospun fiber. It showed good in vitro
cell compatibility and completely inhibited the proliferation of S. aureus as well as K. pneumoniae
bacteria [270] (Figure 11). The amount of released AgNPs in distilled water increased with the
incubation time, reaching a value of 0.557 ppm after 30 days (see Figure 12). The release is accelerated
by the high surface area of nanofibrous scaffolds and the biodegradation of PHBV. Therefore, these
materials may be good candidates for arthroplasty in regenerative medicine.

Figure 11. The growth inhibition of PHBV nanofibrous scaffolds with different amounts of silver
against S. aureus and Klebsiella pneumoniae. Reprinted from [270].
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Figure 12. The amount of silver nanoparticles (AgNPs) released from PHBV/Ag 1.0 nanofibrous
scaffolds as a function of the immersion time. Reprinted from [270].

Zinc-oxide nanoparticles were also recently used in combination with PHA matrices. For instance,
PHB was melt compounded with bacterial cellulose nanofibers to obtain nanocomposites, which were
further modified by plasma treatment and coated with ZnO nanoparticles dispersed in alcohol using
an ultrasonic spraying device [273]. The obtained nanocomposites completely inhibited the growth of
S. aureus bacteria.

Naveen et al. [274] have prepared PHB electrospun nanofibers loaded with kanamycin sulphate,
a water-soluble aminoglycoside antibiotic, for the development of nanoscaffolds for cell growth and
antimicrobial devices. The electrospun scaffolds promote cell attachment, while the hydrophilic
antibiotic confers antimicrobial performance on the electrospun surface as revealed by the obtained
good zone of inhibition against S. aureus bacteria. The results showed that the electrospinning process
does not affect the antibacterial activity of the kanamycin sulphate drug.

Poly(hexamethylene guanidine hydrochloride) granular polyethylene derivatives are of particular
interest as additives in PHB-based materials processed by melt blending technologies, since they
possess high thermal resistance [275]. Walczak et al. developed melt-blended PHB films enriched with
poly(hexamethylene guanidine hydrochloride) granular polyethylene wax in 0.6–1 wt% with respect
to the polymeric matrix. The active films were able to avoid bacterial biofilm formation by S. aureus
on their surface [275]. Thus, the resulting materials are very interesting for biomedical as well as for
food-related applications.

4.3. Poly(butylene succinate) (PBS)

Poly(butylene succinate) is one of the most popular poly(alkylene dicarboxylate) polymers as
it combines good properties with biodegradability, and can be produced by polycondensation of
succinic acid and 1,4-butanediol (BDO) monomers, which are completely bio-based and obtained
from refined biomass feedstock (from sugar-based feedstock by bacterial fermentation) [276–278].
In fact, many sources support the view that PBS is a material with the potential to replace polyolefins
in the near future [279]. Nowadays, the easiest way and most-employed strategy to obtain
succinic acid is from micro-organisms, such as fungi or bacteria, being the most intensively studied
Anaerobiospirillum succiniciproducens [280] and Actinobacillus succinogenes [281] due to their ability to
produce a relatively large amount of succinic acid. Interestingly, the use of glycerol as a carbon
source substrate had been reported to lead to the best yields of succinic acid compared to other
carbohydrates [280]. BDO can also be directly produced from biomass [277,282] or indirectly from
bio-based succinic acid through its catalytic hydrogenation [283–285], being this latest route the most
common. Figure 13 shows an innovative and promising pathway to obtain BDO in a one-step microbial
fermentation process. Although, in most of the literature, PBS is produced using petroleum-based
monomers, it is within the scope of the present work to include them, as nowadays both monomers
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that constitute PBS are bio-based, becoming more and more accessible, and slowly replacing the
petroleum-based polymer. Therefore, PBS is expected to be completely included in the family of
bio-based polymers in the near future as it is already produced by an industrial company [286,287].
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Figure 13. BDO biosynthetic pathways introduced into E. coli bacteria. Enzymes for each
numbered step are as follows: (1) 2-oxoglutarate decarboxylase; (2) succinyl-coenzyme A (CoA)
synthetase; (3) CoA-dependent succinate semialdehyde dehydrogenase; (4) 4-hydroxybutyrate
dehydrogenase; (5) 4-hydroxybutyryl-CoA transferase; (6) 4-hydroxybutyryl-CoA reductase; (7) alcohol
dehydrogenase. Steps 2 and 7 occur naturally in E. coli, whereas the others are encoded by introduced
heterologous genes.

Typically, PBS is employed in medical equipment and in the food industry, where sterile conditions
together with biodegradability are usually required and the safety and shelf-life of food products must
be ensured/improved. In these regards, antimicrobial properties are added to the material by the
addition of antimicrobial agents. Those additives can be included in the polyester matrix to achieve
the desired activity through the migration of the agent, or can be bounded chemically to its surface
through functionalization, as stated for the above-reviewed polymers.

The first strategy consists in bounding specific functional groups or molecules to the polymer
backbone. This polyester, in general, possesses a lack of available functional groups for further
functionalization; therefore, most of the works introduce cationic groups that will provide
antimicrobial activity into PBS chains by melt polycondensation to achieve cationic copolymers.
Bautista et al. [288] copolymerized either 2,2-(dihydroxymethyl)propyl-tributylphosphonium bromide
(PPD), 2-(N,N,N-trimethylammonium)dimethyl-glutarate iodide (TMA-DMG-I), or 2-ammonium
dimethyl glutarate hydrochloride (A-DMG-CL) with succinic acid and BDO to obtain pendant
quaternary phosphonium/ammonium groups on the copolymer chains (Figure 14). In order to
overcome the drawbacks of the high temperatures needed for polycondensation reactions that can
decompose cationic compounds, the authors successfully applied an enzymatic catalyst that was able
to avoid metal residues and drive the reaction of ammonium-containing PBS under mild conditions
(vacuum; 80–115 ◦C; 40–1.6 × 10−3 mbar). However, although at lower temperatures than is usual,
the introduction of phosphonium groups was only possible by conventional polycondensation with
a titanium catalyst (190 ◦C; 2.9 × 10−3 mbar). The antibacterial activity of the PBS copolyesters
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containing ammonium or phosphonium side groups at different concentrations was explored against
E. coli and S. aureus. The phosphonium derivatives showed a strong antimicrobial effect with only
15 mol% of this cationic compound, while in the case of ammonium, the best results were obtained
when 50 mol% of ammonium groups in the PBS were present.

 

Figure 14. (a) An enzymatic synthesis route to a cationic PBS copolyester containing ammonium.
(b) An organometallic catalyzed synthesis route to a cationic PBS copolyester containing phosphonium.

Another way to obtain specific functional antimicrobial groups on PBS is the one followed by
Wang et al. [289]. The authors modified the PBS surface by O2 or N2 plasma immersion ion implantation
(PIII), a versatile technique that introduces chemical groups onto the samples depending on the gas
employed. The authors evaluated the changes that occurred on the surfaces (chemistry, hydrophilicity)
and their effects on the behavior in the presence of osteoblasts and bacteria. When the PBS surface
was treated with O2, no difference was found with the control. However, when treated with N2,
an antibacterial effect of 91.41% and 90.34% against S. aureus and E. coli, respectively, were obtained
(from the amounts of active bacteria). This fact was associated with the presence of C=NH and C–NH2

groups that not only enhance the antimicrobial properties but also promoted osteoblast proliferation,
differentiation, and mineralization, thus representing potential materials for implants.

Most of the reviewed literature on antimicrobial PBS is based on the incorporation of such ions
as Cu or Ag, or essential oils that slowly migrate towards a product or media, into a PBS matrix.
Research that considers PBS containing covalently bound antimicrobial components remains at a really
early stage. However, the promising results that have been achieved to date will probably attract the
attention of many researchers in the future.

Generally, for the production of antimicrobial packaging, a common strategy is to use a bio-based
EO and biopolymer (see Figure 15). Therefore, to produce antimicrobial PBS, Petchwattana et al. [290]
incorporated thymol as an essential oil, which can be extracted from thyme (Thymus vulgaris), garlic
(Allium sativum), and onions (Allium cepa) among other plants. As mentioned above, thymol possesses
demonstrated antimicrobial efficiency for avoiding food spoilage and extending shelf-life [291].
Pure thymol has been demonstrated to possess antimicrobial efficacy against a broad range of
micro-organisms, including Gram-positive Listeria innocua and S. aureus bacteria and Saccharomyces
cerevisiae and A. niger fungi, with an MIC of 250 ppm for bacteria and mold and 125 ppm for yeast,
retaining significant inhibition even under a microencapsulated condition [292]. In the same work,
these authors also prepared PBS/thymol blown films, with antimicrobial food packaging applications
as the target, containing 2, 4, 6, 8, and 10 wt% of thymol, and tested their antibacterial activity against
S. aureus and E. coli. The release kinetic of the antimicrobial agent and its activity were evaluated.
The MIC value was 10 and 6 wt% of thymol for E. coli and S. aureus, respectively. By incorporation of
10 wt% of thymol in PBS films, the antimicrobial agent release was effective over 15 days in all of the
food simulants tested, while the maximum diffusivity was obtained in isooctane due to its identical
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polarity with thymol. In all of the tested systems, thymol migrated rapidly from the PBS matrix
towards the food simulants, requiring 50–60 h to reach an equilibrium plateau in each case. Therefore,
the authors claim that these materials are suitable for short-cycle food packaging applications, such as
meat, vegetable, and fruit products.

 

Figure 15. The chemical structure of PBS and agents employed to impart antimicrobial properties.

A similar study conducted by Wiburanawong et al. [293] was focused on the addition of carvacrol
to a PBS matrix as an antimicrobial agent for the preparation of food packaging. The prepared materials
showed clear zones of inhibition of S. aureus and E. coli growth at 4 and 10 wt% of carvacrol; however,
no release studies were conducted.

Jie et al. used the extract from Scutellaria root (S. baicalensis), a herb traditionally employed in
Chinese medicine [294], to achieve a dual effect of dyeing and antimicrobial activity in PBS matrices.
Natural pigments were mixed at 1, 3, 5, 7, and 9 wt% with PBS to achieve dyed films. The materials
were tested against S. aureus and E. coli bacteria, achieving antimicrobial properties at the highest
pigment load (9 wt%) without notably affecting the crystallization and thermal stability of PBS [295].

Although EOs are considered to be potential antimicrobial agents for PBS matrices, some authors
claim that their strong odors might affect their acceptance on the market, and hence have tested
alternative fillers as inorganic particles. The antimicrobial activity of ZnO-modified PBS films was
tested against representative food spoilage bacteria (S. aureus and E. coli), and it was observed that
a minimum content of 6 wt% was required for their growth inhibition with a slight increase in the
inhibition zone diameter with the ZnO content. Release of Zn2+ ions from PBS was measured in
distilled water, 3% acetic acid, and 10% ethanol food simulants and was found to have a strong
dependence on ZnO concentration. During the tested 15 days, in distilled water and ethanol, Zn2+

released slowly, reaching a maximum at values lower than 10 ppm, while a fast release (similar to
the PBS/EO systems discussed above) was observed on samples immersed in acetic acid, reaching a
plateau value of 15 ppm after 50 h [296]. An applied study of a PBS film filled with ZnO NPs (10–30 nm
in size), used as packaging to preserve and prolong the shelf-life of fresh-cut apples, was reported
by Naknaen [297]. The author, packed, sealed, and stored freshly cut apple slices in PBS plastic bags
with different contents of ZnO NPs (0, 2, 4, and 6 wt%) at 10 ◦C. After a three-day period (over a total
of 18 days), quality parameters, such as color, weight loss, total acidity, and concentration of sugar,
were determined. Additionally, a microbiological analysis was conducted at the end of the study
over homogenized, filtered, and diluted samples in peptone water. Samples were plated onto agar,
incubated, and then plate counted, showing a lower total amount of bacteria for samples containing
ZnO NPs. By increasing the content of antimicrobial agent, a decrease in the bacteria population
was achieved, reaching equal values for the samples containing 4 and 6 wt% ZnO NPs. Taking into
account the most common regulation that limits the maximum count of aerobic micro-organisms to
6 log CFU/g at the expiration date [298,299], the shelf-life of the fresh-cut apple slices was enhanced
by 8 days when packed in PBS containing 4–6 wt% of ZnO NPs (from 9 to 18 days).
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In the case of an application in the medical field, biodegradable polyesters are usually processed
in the shape of fibers to find application as scaffolds. Tang et al. [300] coated PBS scaffolds, obtained
using the salt leaching method, with copper-doped nano laponite (cnLAP). This material was to
be applied in bone tissue engineering; therefore, the authors used nLAP to promote the osteogenic
differentiation of human mesenchymal stem cells. Additionally, copper ions were expected to also
promote bone regeneration and to inhibit infections. In fact, as is shown in Figures 16 and 17, after
the scaffolds were cultured for 24 h, only a reduction of bacteria (E. coli and S. aureus) was found
in the coated samples containing copper (cnLBC), with values around 90% at the same time as no
cytotoxicity occurred. Certainly, the incorporation of laponite improves the adhesion, proliferation,
and differentiation of bone mesenchymal stem cells, which were ascribed to the release of Mg, Si, and
Li ions from the coating on the scaffolds into the media. All of these facts make this system a good
candidate for bone regeneration.

 

Figure 16. Photographs of E. coli (a–d) and S. aureus (e–h) colonies’ growth after incubation for 24 h
with PBS (a,e), nano laponite (nLAP)-coated PBS (nLBC) (b,f), and Cu–nLAP-coated PBS (c,g) scaffolds
with vancomycin as a positive control (d,h). Reproduced from [300].

Figure 17. The percent reduction of E. coli (a) and S. aureus (b) bacteria on PBS, nLBC, and cnLBC
scaffolds and vancomycin for 24 h. Reproduced from [300].
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Tian et al. [301] introduced poly(vinyl pyrrolidone) capped with silver nanoparticles (PVP-capped
AgNPs) into PBS electrospun materials to impart antimicrobial properties. PVP is often employed
to stabilize AgNPs [302–304], and PVP-capped AgNPs have been reported to have better in vivo
antimicrobial activity and less toxicity to mammalian cells [305] than other capped AgNPs [306].
Spherical capped AgNPs were successfully distributed and incorporated into the PBS electrospun
fibers. The release of silver ions from the scaffolds was investigated in aqueous solution by an
inductively coupled plasma spectrophotometer. After 2 weeks, the authors still detected silver ions
released from the scaffolds due to the hydrophobic character of the PBS that hindered the permeation
of water into the fibers and the diffusion of AgNPs from the fibers. Consequently, an antimicrobial
capacity was confirmed against S. aureus and E. coli, obtaining an ability to inhibit bacterial growth in
the long-term (more than 2 weeks).

Llorens et al. went further and developed a drug delivery scaffold constituted by electrospun
poly(ethylene glycol) (PEG) and PBS blends. By coaxial electrospinning, different core–shell
distributions were obtained, having either PEG or PBS in the outer or inner part (PEG-PBS and
PBS-PEG core–shell distributions) in order to be compared with scaffolds obtained using a conventional
setup (fibers obtained from a mixed solution of PEG and PBS). PEG and PBS solutions were loaded,
respectively, with triclosan (polychlorophenoxy phenol at 1 w/v%), which is an antimicrobial and
antifungal agent [307], and curcumin (0.5 w/v%), which is a natural phenol that seems to have
beneficial effects on the treatment of several diseases [308,309]. The release profiles were studied for all
of the scaffolds and revealed a high dependence on the media’s hydrophobicity and the structure of the
fibers. The authors achieved a different release of curcumin and triclosan and claimed that the solubility
of PEG in aqueous media led to a fast release of the antibacterial compound, while the non-aqueous
solubility of the curcumin-loaded-PBS component will permit a sustained anticancer effect with
time [310]. Additionally, antibacterial tests were performed against E. coli and M. luteus, determining
the bacterial adhesion and growth onto triclosan-loaded scaffolds. All drug-loaded scaffolds prevented
bacterial colonization effectively, while coaxial samples were found to be more susceptible to bacteria
colonization (growth inhibition measurements) than their uniaxial electrospun counterparts. Thus,
60–40% of inhibition was obtained from the coaxial samples, without a significant influence on the
core–shell structure, while 90–75% of inhibition resulted from the uniaxial electrospun scaffolds.

5. Polyurethanes Based on Renewable Oils

Natural oils and fats from vegetable oils (VOs) are the most important renewable industrial
feedstock for sustainable chemistry and, indeed, in polymer science [311]. VOs are triacylglycerols
formed from glycerol and three fatty acids, being the most common the saturated capric (C10), lauric
(C12), myristic (C14), palmitic (C16), and stearic (C18) acids and unsaturated oleic (C18, with one
carbon–carbon double bond) and linoleic (C18, with two or three carbon–carbon double bonds)
acids. In general, VOs do not contain hydroxyl groups; therefore, they are often modified chemically
to introduce hydroxyl groups into their structures. Interestingly, polymer scientists have found
plant-oil-based polyols to be attractive thanks to their unique chemical structure that offers numerous
options for modification. VOs are cheap, non-toxic, biodegradable, and, moreover, their polar character
confers enhanced antibacterial properties to the resultant polymeric systems. Most utilized polyols
from VOs are derived from soybean, sunflower, and cottonseed and, together with fatty acids, have
been used for many years in the production of polyols employed in polyurethane and, to a lesser
extent, in polyester synthesis [312,313].

VOs have been employed for the synthesis of cationic polyurethane (PU) coatings with
antimicrobial properties for application either in the biomedical or food packaging fields. Usually,
cationic PUs are prepared by incorporating a tertiary amine diol or polyol treated with an acid that
is able to bind microbes and disrupt their cell structure thanks to amino groups. Xia et al. [314]
prepared cationic soybean-oil-based waterbone PU dispersions and coatings from five amino polyols
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(Figure 18), and examined the effect of their structure and hydroxyl functionality over the antimicrobial,
mechanical, and thermal properties.

 

MSOL (169 mgKOHg) IPDI 2.75 MDEA 1.7

78 C, 2h

CH3COOH

Water

Waterbone vegetable oil-based cationic polyurethane dispersions

Figure 18. The synthesis route of the cationic soybean-oil-based polyurethane dispersions (PUDs). MSOL,
Methoxylated soybean-oil polyol; IPDI, Isophorone diisocyanates; MDEA, N-methyldiethanolamine.

N-methyldiethanolamine (MDEA)- and N-ethyldiethanolamine (EDEA)-containing PUs provided
the best antibacterial activity, which the authors associated with the smaller/shorter side chains
attached to the nitrogen atoms that allow for better penetration of materials into cells. They observed a
good antibacterial activity towards L. monocytogenes and S. typhimurium and against a Gram-negative
structural mutant of Salmonella minnesota (R613) lacking a full outer membrane layer. Additionally,
although the MDEA with a triethanolamine (TEA) residues structure had lower antibacterial activity
than MDEA and EDEA (lower ammonium ion content), it provided the best balance of antimicrobial,
thermal, and mechanical properties from all tested amino polyols thanks to its relatively high crosslink
density. In a similar study, the same group [315] varied the molar ratio between hydroxyl and
isocianate groups in the PU by varying the MDEA content. All formulations showed inhibitory activity
against S. typhimurium, L. monocytogenes, and MRSA. Clearly, an increase in the ratio of ammonium
cations enhanced the antibacterial properties. Additionally, they varied the crosslinking density of the
materials by using methoxylated soybean polyols (MSOLs) with different numbers of hydroxyls. Lower
crosslinking densities (a lower functionality of MSOLs) showed increased antimicrobial activities even
though the concentration of quaternary ammonium was slightly lower than in their higher crosslinked
counterparts. It seemed that a lower crosslinking density promoted the physical interaction with
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the target bacteria as the molecular mobility of the chains was higher, which helped to increase the
antibacterial activity of the material.

Similarly, Liang et al. [316] employed castor oil, as a natural antimicrobial agent, and MDEA,
as an ionic chain extender, to synthesize waterborne PUs. Samples were tested against L. monocytogenes
and V. parahaemolyticus bacteria, being more effective by increasing either the MDEA content or the
reduction of polyol functionality (a lower crosslinking density, higher mobility, and better interaction
with bacteria).

Bakhshi et al. [317] functionalized intermediate tertiary amine soybean-oil-based polyols (TAPs)
with ammonium salts by using either methyl iodine or benzyl chloride as alkylating agents instead
of using an acid. These bio-based polyols containing quaternary ammonium salts were incorporated
into polyurethanes using different diisocyanate monomers to obtain biocompatible and bactericidal
coatings. When methyl iodine was used, the materials showed significant bacterial reduction (83–95%)
against E. coli and S. aureus bacteria due to the higher amount of active groups in comparison to their
benzyl-chloride-alkylated counterparts.

Thiol-ene (TEC) and thiol-yne (TYC) couplings are the most commonly employed chemistries
for the preparation of plant-oil-derived polyols (hydroxyl building blocks) (Figure 19) [318,319].
By applying thiol-yne coupling chemistry to alkyne-derivatized fatty acids from naturally occurring
oleic and 10-undecenoic acids (mainly obtained from sunflower oil saponification and castor oil
pyrolysis), bio-based methyl-ester-containing polyols for PU technology were obtained (Figure 20).

 
Figure 19. The chemical structures of 10-undecenoic (UD) acid and oleic (OL) acid, their alkyne
derivatives (UDY and OLY), and the hydroxyl building blocks synthesized from them using either
thiol-ene (TEC) or thiol-yne (TYC) as a key synthetic step (d, od, and t refer to diol, oligomeric diol, and
triol, respectively, whereas 1, 2, and 3 refer to R = H and n = 6, and 1′, 2′, and 3′ to R = –(CH2)7–CH3

and n = 5).
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Figure 20. The chemical structures of reagents and the synthesis route employed to
obtain methyl-ester-containing polyols from copolymerized methyl 10-undecynoate (MUDY) and
10-undecynyl alcohol (UDYO) fatty-acid-derived polyols. Varying MUDY/UDYO ratios allowed the
researchers to obtain polyols with different hydroxyl contents for further reactions with diisocyanate to
obtain polyurethanes (PUs).

The synthesized polyols were used to prepare several PU formulations with enhanced surface
hydrophilicity and antimicrobial properties after aminolysis with poly(propylene glycol) monoamine
(Jeffamine® M-600) and complexation with iodine. The antibacterial activity of these systems was
tested against P. aeruginosa, S. aureus, and C. albicans [320], where effectiveness was only observed for
Gram-positive bacteria and fungi but not for Gram-negative bacteria.

Algae oil and several di-acids from renewable sources (dimer acid, itaconic acid, maleic acid, and
phthalic anhydride) were used to synthesize alkyd and polyesteramide polyols for PU coatings with
anticorrosive and antibacterial properties [321]. Bactericidal properties were tested against E. coli and
S. aureus by turbidimetry, showing that the uncoated polyols and the algae oil fatty amide (AOFA) and
monoglyceride (MG) coatings had more bacterial attachment and less inhibition efficiency compared
to algae-oil-modified PU coatings, since algae-oil-modified PU coatings have a higher percentage of
oleic acid, which inhibits the bacterial growth.

In general, bio-based PU does not show antimicrobial activity and, in other polymeric families, the
incorporation of uniformly dispersed metal or metal-oxide nanoparticles has been reported to result in
nanomaterials with excellent antimicrobial activity [322]. These nanocomposites enhance the durability
and efficacy of the antimicrobial effect through a controlled release of the fillers. The antimicrobial
properties of Mesua Ferrea L. seed-oil-based hyperbranched and linear PU nanocomposites containing
AgNPs were studied by Deka et al. [323]. The hyperbranched PU (HBPU) nanocomposite showed a
better bactericidal effect over its linear counterpart (LPU) towards S. aureus and E. coli bacteria and
against C. albicans yeast. The antibacterial activity was dose-dependent and, particularly at a high
loading, the efficiency of the system was comparable to standard antibiotic and antifungal agents.

Moreover, Das et al. [324] reported the antibacterial activity of smart HBPU/Fe3O4

nanocomposites based on sunflower oil and with superparamagnetic-like behavior and shape-recovery
effects. The authors concluded that the hyperbranched structure of the sunflower-oil-based HBPU
matrix, as occurred with AgNPs, prevented agglomeration and led to a better dispersion of Fe3O4
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NPs, resulting in better antibacterial performance against S. aureus and K. pneumonia with respect to
bare Fe3O4. Both Fe3O4 nanomaterials and HBPU/Fe3O4 nanocomposites exhibited good antibacterial
activity against infectious and biofilm-forming microbes.

Additionally, the same group demonstrated that the incorporation of multiwall carbon
nanotubes (MWCNTs) decorated with Fe3O4 enhanced the antimicrobial capacity in comparison
to non-nanohybrid HBPU nanocomposites filled either with Fe3O4 or MWCNTs [325]. Self-healable
castor-oil-based polyurethane containing sulfur-nanoparticle-decorated reduced graphene oxide
(SrGO), combining the potential of both antimicrobial agents (rGO and sulfur nanoparticles),
was obtained by Thakur et al. [326] and further studied by Wu et al. [327]. A synergistic effect was
obtained on the nanohybrid particles of SrGO, and, although a high dose of nanocomposite was needed,
the HBPU–SrGO material showed an inhibitory effect on both Gram-positive and Gram-negative
bacteria, enhancing the inhibitory effect of the neat matrix. Recently, Duarah et al. developed a
bio-based hyperbranched PU from a starch-modified polyol filled with carbon dots and AgNPs
(HPU/CD-Ag) as a material for rapid self-expandable stents. Importantly, HPU/CD-Ag nanohybrid
membranes prevented biofilm formation against E. coli and S. aureus and bacterial adherence against
P. aeruginosa, assessing the highest synergetic antibacterial activity in comparison to HPU/AgNP and
HPU/CD nanocomposites [328].

A linseed-oil-based polyol was employed for PU synthesis, and nanocomposite films with
0.5–10 wt% of Biocera A® commercial particles (composed of silver, zinc, magnesium, calcium
phosphate, alumina, and silica, with a particle size of 3–4 μm) were obtained by the casting-evaporation
technique. Interestingly, systems with and without commercial particles showed antibacterial
performance against E. coli, P. aeruginosa, S. aureus, and B. subtilis and were not cytotoxic against
the Murine fibroblast NIH 3T3 cell line. They suggested that these systems would be useful for wound
dressing applications [329].

Boron-incorporated linseed oil polyols were also employed to obtain semi-inorganic
vegetable-oil-based PUs [330]. Both polyols and their obtained PUs showed high antibacterial activity
against S. aureus; however, although the polyols were completely inactive against E. coli, the PUs were
found to be mildly to moderately active. Sharmin et al. [331] linked CuO NPs to a linseed oil polyol
through an esterification reaction with copper (II) acetate (CuAc) in a one-pot, solvent-less process to
obtain good antibacterial activity against E. coli and S. aureus, probably through membrane disruption
and cell death. The authors proved as advantageous the small size of the particles, which enhanced the
size of the contact surface area and improved the antibacterial action as the metal content increased.
These materials may be useful for making a self-sterilizing biofilm that resists PU coatings and paints.

VOs and their derivatives have demonstrated huge potential as renewable feedstocks, receiving
increasing interest from the research community for developing polyols and PUs from under-used
sources of plant oils. However, there are still some challenges related to cost barriers, mainly due to
the fact that they come from edible sources; so, their usage affects the cost of foodstuffs. Therefore,
future efforts have to be concentrated towards the employment of non-edible seed oils, such as algae
oils, for the preparation of bio-based polyols. Additionally, heterogeneity in terms of VO structure also
represents a challenge and, additionally, new advances in bio-based isocyanates are expected to be
made in the near future.

6. Concluding Remarks

There is a necessity to find new routes or alternatives to petroleum-based materials. The circular
economy has to be reached in every corner of life, and, at the same time, we must be able to combat
bacterial resistance to antibiotics. Thus, biopolymers are outstanding candidates to be modified or
combined with an antimicrobial substance to obtain antimicrobial systems with application in several
fields and in good alignment with the circular economy. This article describes some of the recent
steps taken to reach these goals. However, more research and investment are needed to achieve fully
sustainable materials with antimicrobial activity and effective substitutes for the existing ones. In this
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sense, nanotechnology as a method of reinforcement, nanoencapsulation, or nanostructuration has
shown that it can help us to achieve our goals.
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834. [CrossRef]

44



Materials 2019, 12, 641

103. Liakos, I.; Rizzello, L.; Hajiali, H.; Brunetti, V.; Carzino, R.; Pompa, P.P.; Athanassiou, A.; Mele, E. Fibrous
wound dressings encapsulating essential oils as natural antimicrobial agents. J. Mater. Chem. B 2015, 3,
1583–1589. [CrossRef]

104. Liakos, I.L.; Holban, A.M.; Carzino, R.; Lauciello, S.; Grumezescu, A.M. Electrospun fiber pads of cellulose
acetate and essential oils with antimicrobial activity. Nanomaterials 2017, 7, 84. [CrossRef]

105. Fernandes, S.N.; Canejo, J.P.; Echeverria, C.; Godinho, M.H. Functional materials from liquid crystalline
cellulose derivatives: Synthetic routes, characterization and applications. In Liquid Crystalline Polymers:
Volume 2—Processing and Applications; Thakur, V.K., Kessler, M.R., Eds.; Springer International Publishing:
Cham, Germany, 2015; pp. 339–368.

106. Tran, C.D.; Prosenc, F.; Franko, M.; Benzi, G. One-pot synthesis of biocompatible silver nanoparticle
composites from cellulose and keratin: Characterization and antimicrobial activity. ACS Appl. Mater. Interfaces
2016, 8, 34791–34801. [CrossRef]

107. Tran, C.D.; Mututuvari, T.M. Cellulose, chitosan and keratin composite materials: Facile and recyclable
synthesis, conformation and properties. ACS Sustain. Chem. Eng. 2016, 4, 1850–1861. [CrossRef] [PubMed]

108. Islam, M.S.; Akter, N.; Rahman, M.M.; Shi, C.; Islam, M.T.; Zeng, H.; Azam, M.S. Mussel-inspired
immobilization of silver nanoparticles toward antimicrobial cellulose paper. ACS Sustain. Chem. Eng.
2018, 6, 9178–9188. [CrossRef]

109. Dairi, N.; Ferfera-Harrar, H.; Ramos, M.; Garrigós, M.C. Cellulose acetate/agnps-organoclay and/or thymol
nano-biocomposite films with combined antimicrobial/antioxidant properties for active food packaging use.
Int. J. Biol. Macromol. 2019, 121, 508–523. [CrossRef] [PubMed]

110. Moodley, J.S.; Krishna, S.B.N.; Pillay, K.; Govender, P. Green synthesis of silver nanoparticles from moringa
oleifera leaf extracts and its antimicrobial potential. Adv. Nat. Sci. Nanosci. Nanotechnol. 2018, 9, 015011.

111. Krishnaraj, C.; Jagan, E.G.; Rajasekar, S.; Selvakumar, P.; Kalaichelvan, P.T.; Mohan, N. Synthesis of silver
nanoparticles using acalypha indica leaf extracts and its antibacterial activity against water borne pathogens.
Colloids Surf. B. Biointerfaces 2010, 76, 50–56. [CrossRef] [PubMed]

112. Vemu Anil, K.; Takashi, U.; Toru, M.; Yoshikata, N.; Yoshihiro, K.; Tatsuro, H.; Toru, M. Synthesis of
nanoparticles composed of silver and silver chloride for a plasmonic photocatalyst using an extract from a
weed solidago altissima (goldenrod). Adv. Nat. Sci. Nanosci. Nanotechnol. 2016, 7, 015002.

113. Tran, C.D.; Prosenc, F.; Franko, M. Facile synthesis, structure, biocompatibility and antimicrobial property of
gold nanoparticle composites from cellulose and keratin. J. Colloid Interface Sci. 2018, 510, 237–245. [CrossRef]

114. Yang, X.; Yang, M.; Pang, B.; Vara, M.; Xia, Y. Gold nanomaterials at work in biomedicine. Chem. Rev. 2015,
115, 10410–10488. [CrossRef]

115. Echeverria, C.; Almeida, P.L.; Feio, G.; Figueirinhas, J.L.; Godinho, M.H. A cellulosic liquid crystal pool for
cellulose nanocrystals: Structure and molecular dynamics at high shear rates. Eur. Polym. J. 2015, 72, 72–81.
[CrossRef]

116. Echeverria, C.; Fernandes, S.N.; Almeida, P.L.; Godinho, M.H. Effect of cellulose nanocrystals in a cellulosic
liquid crystal behaviour under low shear (regime i): Structure and molecular dynamics. Eur. Polym. J. 2016,
84, 675–684. [CrossRef]

117. Fernandes, S.N.; Almeida, P.L.; Monge, N.; Aguirre, L.E.; Reis, D.; de Oliveira, C.L.P.; Neto, A.M.F.;
Pieranski, P.; Godinho, M.H. Mind the microgap in iridescent cellulose nanocrystal films. Adv. Mater.
2017, 29, 1603560. [CrossRef] [PubMed]

118. Xu, Q.; Jin, L.; Wang, Y.; Chen, H.; Qin, M. Synthesis of silver nanoparticles using dialdehyde cellulose
nanocrystal as a multi-functional agent and application to antibacterial paper. Cellulose 2018. [CrossRef]

119. De Castro, D.O.; Bras, J.; Gandini, A.; Belgacem, N. Surface grafting of cellulose nanocrystals with natural
antimicrobial rosin mixture using a green process. Carbohydr. Polym. 2016, 137, 1–8. [CrossRef] [PubMed]
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Abstract: Recycling polymers is common due to the need to reduce the environmental impact of these
materials. Polypropylene (PP) is one of the polymers called ‘commodities polymers’ and it is commonly
used in a wide variety of short-term applications such as food packaging and agricultural products.
That is why a large amount of PP residues that can be recycled are generated every year. However,
the current increasing introduction of biodegradable polymers in the food packaging industry can
negatively affect the properties of recycled PP if those kinds of plastics are disposed with traditional
plastics. For this reason, the influence that generates small amounts of biodegradable polymers such
as polylactic acid (PLA), polyhydroxybutyrate (PHB) and thermoplastic starch (TPS) in the recycled
PP were analyzed in this work. Thus, recycled PP was blended with biodegradables polymers by
melt extrusion followed by injection moulding process to simulate the industrial conditions. Then,
the obtained materials were evaluated by studding the changes on the thermal and mechanical
performance. The results revealed that the vicat softening temperature is negatively affected by the
presence of biodegradable polymers in recycled PP. Meanwhile, the melt flow index was negatively
affected for PLA and PHB added blends. The mechanical properties were affected when more than
5 wt.% of biodegradable polymers were present. Moreover, structural changes were detected when
biodegradable polymers were added to the recycled PP by means of FTIR, because of the characteristic
bands of the carbonyl group (between the band 1700–1800 cm−1) appeared due to the presence of PLA,
PHB or TPS. Thus, low amounts (lower than 5 wt.%) of biodegradable polymers can be introduced in
the recycled PP process without affecting the overall performance of the final material intended for
several applications, such as food packaging, agricultural films for farming and crop protection.

Keywords: recycling; polypropylene; biodegradable polymers; degradation; inmiscibility

1. Introduction

The world plastic production has reached more than 330 million tons in the last few years. Among
all plastics, polypropylene (PP) is the most demanded for plastic converter industries in Europe [1].
In fact, PP is one of the most used and consumed polymers in the world due to its good processing
performance and versatility; it is used for a wide variety of applications: commodities, medical
applications, automotive, etc. It is known as one of the “packaging plastics” and packaging products
are mainly short-term applications which ultimately represent a big source of plastic waste. Thus,
a large amount of PP waste is produced every year after its useful life. Fortunately, a huge part of
plastic residues (more than 30%) are retrieved using industrial recycling, closing the loop of circular
economy [1]. Particularly, recycled PP can be used in different ways like new packaging products,
films or matrix of wood composites [2,3]. Moreover, recycled PP can be considered a safe material
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because the producers do not usually use hazardous materials in its process. However, we must
take into account that some recycled materials can be hazardous such as granulated end-of-life tyres
because they can contain polycyclic aromatic hydrocarbons (PAHs), some of which are identified
as carcinogens. Also, recycled expended polystyrene (EPS) coming from building and construction
sector can be considered a hazardous waste because EPS is highly combustible and flame retardant
hexabromocyclododecane (HBCDD). It had been frequently added until it was included in the reach
regulation list in 2015 because it is considered a persistent Organic Pollutant (POPs) [4]. The best
option for disposal hazardous polymers waste is energy recovery, since it can meet partial energy
demand and reduce disposal cost, including CO2 emissions [5].

Another interesting approach to close the loop of circular economy is the use of biobased and
biodegradable polymers, known as biopolymers, which have non-dependence on petrochemical
resources and also do not represent an environmental potential hazard if they ultimately reach landfills.
Therefore, in recent years a great interest on the use of biobased and biodegradable polymers has
increased in order to replace the petrochemicals-based packaging materials and to reduce plastic waste
in landfills in certain applications, mainly short-term packaging and agricultural films [6–8]. Thus,
the use of biodegradable plastics is rising, mainly because there is an increasing concern about the
reduction of the plastics’ environmental impact. In fact, currently, industries and consumers demand
these types of products on the market. According to Bastioli et al., Europe should take advantage of the
great potential of these materials to add value to products by taking advantage of the new bio-economic
feature of bioplastics, as well as to preserve and improve ecosystems and biodiversity [9,10].

Biopolymers [11], such as poly (lactic acid) (PLA) [12,13], polyhydroxybutyrate (PHB) [14]
and thermoplastic starch (TPS) [15], are increasingly used in the food packaging and agricultural
sector, in addition to other fields of application such as medical [16–18] or composite materials [18–20].
However, consumers have low information about where they have to throw away this kind of plastics
after their useful life and they are commonly disposed of with traditional waste plastics [21]. Although
the bioplastic products can also be recycled after their use by recycling in traditional ways [22],
the current systems do not allow the recovery of high purity of plastic waste. Moreover, these new
technologies increase the cost of the final product developed with recycled biopolymers. On the
other hand, if biodegradable packaging residues are found in recycling channels, they could act
as impurities for traditional plastics influencing the structural and thermal properties of recycled
products. The separation and classification processes of these biodegradable products can be complex
and expensive [23–25] and if the consumption of bio-based plastics continues to increase, as it has
been predicted, current recycling systems will have to be considered a reorganization to avoid
contamination of recycled plastics [26]. Currently, there have not been found in the literature works
on the mixture of small % of biopolymers in a PP matrix that help to evaluate their inclusion in the
recycling of this material. However, different studies of PP/bioplastics blends have been carried
out using different compatibilizing agents. This is the case of PLA/PP blends, where studies have
been conducted with different amounts of compatibilizing agents such as polypropylene-graft-maleic
anhydride (PP-g-MAH) and styrene-ethylene-butylene-styrene-graft-maleic anhydride (SEBS-g-MAH),
these compatibilizers improve some properties such as impact strength, especially using a 3 phr of
PP-g-MAH [27–29]. Studies have also been carried out on PP/TPS blends with different percentages
of TPS, observing that the increase in TPS causes a decrease in tensile strength, elongation at break
and MFI [30,31]. In the case of PP/PHB mixtures, not too much information was found, Sadi et al.
performed a work on the compatibility of PP/PHB blends with 20 wt.% of PHB using different
compatibilizers, the PHB causes a significant decrease in the mechanical properties of PP that can be
improved using poly (ethylene-co-methyl acrylate-co-glycidyl methacrylate) (P(E-MA-GMA)) [32].

It is expected that in the near future, the consumption of biodegradable polymers will grow up
and the conventional recycled polymers may have a low amount of biodegradable polymers acting
as impurities. The presence of small fractions of impurities can negatively influence the structural
and mechanical properties of the conventional recycled materials, which might decrease their price
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and viability [33]. This lack of properties is due to the incompatibility of the polymeric components in
the blend. In fact, blending approaches use a number of compatibilization strategies that in general
are related to the addition of a third component that is miscible with both phases (i.e., co-solvent,
nanoparticles), or one part of the third component that is miscible with one phase and another part
with another phase (i.e., copolymers) [34,35]. Compatibilizers can be used to balance not only the
loss of mechanical properties but also the morphological changes of the immiscibility of polymers,
as suggested by MacAubas et al. and Fekete et al. [36,37]. However, considering the industrial plastic
recycling process, it is expected that small fractions of impurities reach the PP recycling process without
any kind of compatibilizers.

In this work, blends based on recycled PP and the most typically used biodegradable polymers
in short-term applications were studied in order to simulate recycled PP contaminated with low
amounts of PLA, TPS and PHB up to 15 wt.%. With this purpose, five different percentages of
biodegradable plastics were blended with polypropylene and further processed by melt extrusion
followed by an injection molding process to simulate the most typically used processing technologies
at industrial level. Then, the effect of the biodegradable materials presence on the mechanical and
thermal properties were evaluated. Therefore, the changes on the softening temperature (VICAT) and
the melt flow index were studied. The mechanical properties were also analyzed to determine the
influence of the biodegradable plastic presence on the extruded blends on the mechanical performance
of the final materials. Furthermore, FTIR studies were carried out to easily determine the presence
of biodegradable materials in recycled polypropylene, while scanning electron microscopy (SEM)
was used to evaluate the polymer-polymer microstructural interaction. Additionally, since a huge
amount of plastic still ends in landfill the blends were also exposed to composting conditions at a
laboratory scale level in order to get information about the influence of biopolymers into recycled PP
under environmental composting conditions. The results allowed to identify the maximum amount of
biodegradable materials that can be blended with recycled PP as impurity without compromising the
mechanical and thermal integrity of the PP based products.

2. Materials and Methods

2.1. Materials and Preparation of the Blends

Recycled PP, with reference PP1B, has been supplied by Acteco (Ibi, Spain), PLA 4032D by
NatureWorks LLC (Minnetonka, MN, USA), TPS Mater Bi by Novamont (Novara, Italy) and PHB P226
by Biomer (Krailling, Germany).

The blends were made by mixing PP with different percentages of biodegradable polymers,
that ranged from 0 to 15 wt.%, as can be seen in the Table 1, in a twin screw extruder
(Dupra S.L., Castalla, Spain), processed at a temperature range of 200–220 ◦C at 50 rpm. The blend
samples were then injected by an injection molding process using a Babyplast estandar 6.6
(Cronoplast S.L., Albrera, Spain) machine with a mold with normalized sample dimensions for tensile
test according to ISO-527-2, specifically 5A samples.

Table 1. Samples acronym.

Sample PP1B (wt.%) PLA (wt.%) PHB (wt.%) TPS (wt.%)

PP 100.0 - - -
PP-2.5%PLA 97.5 2.5 - -
PP-5%PLA 95.0 5.0 - -

PP-7.5%PLA 92.5 7.5 - -
PP-10%PLA 90.0 10.0 - -
PP-15%PLA 85.0 15.0 - -
PP-2.5%PHB 97.5 - 2.5 -
PP-5%PHB 95.0 - 5.0 -
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Table 1. Cont.

Sample PP1B (wt.%) PLA (wt.%) PHB (wt.%) TPS (wt.%)

PP-7.5%PHB 92.5 - 7.5 -
PP-10%PHB 90.0 - 10.0 -
PP-15%PHB 85.0 - 15.0 -
PP-2.5%TPS 97.5 - - 2.5
PP-5%TPS 95.0 - - 5.0

PP-2.5%TPS 92.5 - - 7.5
PP-10%TPS 90.0 - - 10.0
PP-15%TPS 85.0 - - 15.0

2.2. Scanning Electron Microscopy Analysis

The Scanning Electron Microscopy (SEM) images were took with a Phenon of FEI equipment
(Eindhoven, The Netherlands) using 5 kV voltage, to observe the miscibility of the components in the
blends subjected to a cryofracture process. Before the observation, the samples were coated with a
gold-palladium alloy by a Sputter Mod Coater Emitech SC7620 (Quórum Technologies, East Sussex, UK).

2.3. Infrared Spectroscopy Analysis

The infrared spectroscopy analysis was conducted using a Perkin Elmer Spectrum BX spectrometer
(Perkin-Elmer España S.L., Madrid, Spain). The test was made with 20 scans between 600 and
4000 cm−1 with a resolution of 32 cm−1 mode using an attenuated total reflectance (ATR) accessory,
indicated for samples with poor transparency.

2.4. Thermal Characterization

2.4.1. Thermogravimetric Analysis (TGA)

Dynamic thermal degradation analysis was carried out using thermogravimetric analyzer
TGA/SDTA 851 Mettler Toledo (Schwarzenbach, Switzerland). TGA measurements were run at
20 ◦C·min−1 constant heating rates. Temperature was raised from 30 to 600 ◦C under air conditions in
order to study oxidative degradation process following the conditions used in a previous work [38].
The initial degradation temperature (T0) was calculated at 5% mass loss, while temperatures at the
maximum degradation rate (Tmax) for each stage were determined from the first derivatives of the
TGA curves (DTG).

2.4.2. Differential Scanning Calorimetry

The differential scanning calorimetry (DSC) was conducted with a Mettler Toledo 821 equipment
(Mettler Toledo, Schwerzenbach, Switzerland) using samples of 4–6 mg. The heating and cooling
programs were performed at a 20 ◦C·min−1 speed in a nitrogen atmosphere (60 mL·min−1). The DSC
program was carried out in three stages: the first heating took place from 30 to 200 ◦C, followed by
a cooling process up to 30 ◦C to −20 ◦C·min−1 followed by a second heating up to 250 ◦C. The first
heating was carried out to remove the thermal history of the materials. The melting temperature, Tm,
and the melting enthalpy, ΔHm, were obtained from the second heating.

2.5. Mechanical Properties

The tensile test properties were performed with a universal testing machine Ibertest ELIB 30
(SAE Ibertest, Madrid, Spain) at room temperature, according to ISO 527; the tests were performed
with a load cell of 5 kN and at a speed of 10 mm·min−1. From each sample type at least 5 specimens
were tested and the mean of those tests was calculated.

60



Materials 2018, 11, 1886

The Shore D hardness was measured according to the UNE-EN ISO 868 standard using a hardness
equipment Mod.673-D (Instruments J. Bot S.A., Barcelona, Spain). The results were the mean hardness
of at least 5 measurements of samples with thickness of 4 mm.

2.6. Exposition to Composting Medium

The PP based blends were exposed to compost condition with the main objective to study
the influence of PLA, PHB and TPS into PP based blends disintegration. The disintegration under
composting conditions was performed at laboratory scale level according to the ISO 20200 standard [39].
Dogbone samples were buried at 4–6 cm depth in perforated plastic boxes containing a solid synthetic
wet waste (10% of compost (Mantillo, Spain), 30% rabbit food, 10% starch, 5% sugar, 1% urea, 4% corn
oil and 40% sawdust as well as approximately 50 wt.% of water content) and were incubated at aerobic
conditions (58 ± 2 ◦C). PP based blends were recovered at 8, 21 and 30 days. A qualitative check of the
physical disintegration in compost as a function of time was done by taken photographs, while the
structural changes were followed by TGA measurements conducted from 30 to 600 ◦C at 20 ◦C·min−1

under oxidation conditions.

2.7. Other Techniques

The VICAT (VST) softening temperature was studied with the VICAT/HDT station DEFLEX
687-A2 (Metrotec S.A., San Sebastián, Spain) according to the ISO 306, to 50 N with a heating rate
of 50 ◦C·h−1. The flow index measures of the different blends were performed according to ISO113,
using 2.16 kg and 230 ◦C, with an extrusion plastometer (AtsFaarS.p.A., Vignate, Italy).

3. Results and Discussion

3.1. Miscibility

The miscibility between different polymers depends on the chemical structure of the polymers as
well as on their crystalline nature and morphology of the starting polymers [23,40]. While miscibility is
limited to a specific set of conditions, several polymers form immiscible blends. The incompatibility
between two polymeric matrices causes the loss of the mechanical properties and even superficial
lamination. This loss of properties also depends on the percentages of each component on the blend
sample. In the present work, it seems that biodegradable polymers are acting as impurities, probably due
to their different polarities. It is known that the relative affinity between two polymers can be estimated
using the solubility parameter (δ) [41]. To consider that a mixture’s components are compatible, their
solubility parameter should be similar. In this sense, δ should be calculated taking into account the
contribution that each group has in the overall structure of the molecule (Equation (1)).

δ =
ρΣjFj

Mn
(1)

where δ ((cal·cm−3)1/2) is the solubility parameter for each component, ρ (g·cm−3) is the polymer
density, Mn (g·mol−1) is the molar mass of the repeated unit, ∑j and Fj are the sum of the contributions
of all groups (F, (cal·cm−3)1/2·mol−1).

The results of the calculated δ can be seen in Table 2, where δ was calculated according to the
Small method, using Equation (1) and the values of F of Table 3, the solubility parameter results were
very similar with available data in polymerdatabase.com for the polymers studied [42]. While the δ of
PP is 16.4 MPa1/2, that of PLA is 19.5 MPa1/2 and it is the biodegradable polymer with the nearest δ.
Although the solubility values of these two polymers are close, it is not enough to consider these two
materials miscible. Regarding the biodegradable polymers TPS and PHB, whose solubility parameter
are 8.4 MPa1/2 and 21.4 MPa1/2, respectively. Thus, they clearly indicate that there is an increased
immiscibility with the PP matrix, since the solubility parameter of these polymers is more distant
from PP. Therefore, according with the solubility parameter results it seems that the biodegradable
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materials studied here are not miscible with PP and, for that reason, they could generate a thermal and
mechanical properties deterioration on the recycled PP. The microstructural analysis was performed
by SEM. In Figure 1, we observed the SEM images of the different PP blends with 15 wt.% of different
biodegradable polymers as an example, PLA (Figure 1b), PHB (Figure 1a) and TPS (Figure 1c). It can
be clearly seen that the blends based on PP and biodegradable polymers studied here are immiscible,
since a phase separation of the components in the different blends can be observed. In fact, all blends
samples exhibit spherical droplets dispersed in the PP matrix. Some of the spherical droplets have
been pulled out of the PP matrix during fracture, indicating very weak interfacial adhesion and
immiscibility between both polymers, particularly in the case of PP-TPS blend which showed higher
spherical droplets (Figure 1c). This could be due to the polyolefin structural differences in comparison
with the biodegradable polymers, as predicted using the solubility parameter. When two polymers are
immiscible and are blended together, a two-phase system is formed. Generally this material has low
mechanical properties due to the stress concentration generated by the poor adhesion between the
phases [43,44].

Table 2. Values of the solubility parameters calculated from the present constants.

Polymer Structure
Calculated Small

δ(cal)(MPa1/2)
Available Date

δ(cal)(MPa1/2) [42]

PP 16.4 15.5–17.5

PLA 19.5 19.2–21.1

TPS 8.4 -

PHB 21.4 19.2

Table 3. Small’s molar attraction constants for some functional groups [38].

Group F ((cal·cm−3)1/2 mol−1)

–CH3 214
–CH2– 133
–CH< 28
>C< -93
–OH 83
–O– 70

–H (variable) 80–100
>C=O 275
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Figure 1. SEM Images at 3500× magnification of the samples. (a) PP-15PHB; (b) PP-15PLA; (c) PP-15TPS.

3.2. Detection of Biodegradable Materials in the Recycled PP Using the FTIR Technique

Through the FTIR technique, biodegradable materials can be easily detected in the recycled
PP, since, as it was demonstrated in our previous work, some of the characteristic bands of the
biodegradable polymers (PLA, PHB and TPS) do not overlap with the PP characteristic bands [38].
As shown in Figure 2 between 1700 and 1800 cm−1, the PP/biodegradable polymers blends
(with 15 wt.% of the different biodegradable polymers) exhibit a strong band that has no presented the
neat recycled PP. This is due to PLA and PHB present the carbonyl group (–C=O) characteristic band at
this wavelength. The asymmetric stretching of the carbonyl group in neat PLA is at higher wavelength
(1754 cm−1) and it is attributed to the amorphous carbonyl vibration. Meanwhile, the stretching
vibration of crystalline carbonyl groups is centered at lower wavelengths (1726 cm−1) in the spectrum
of neat PP-15%PHB associated with the crystalline state of PHB [45]. TPS presents the same band due
to the additives used for their manufacturing in the thermoplastic form [38]. Although FTIR technique
does not allow to quantify the amount of biopolymer in the blends, it represents a simple and fast
method to detect the presence of this kind of impurities in the recycled PP process which is easily
scalable up to the plastic recycling industry.

Figure 2. FTIR spectra: PP (PP1B) and PP with 15% biodegradable polymer.
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3.3. Thermal Characterization

3.3.1. Thermogravimetric Analysis

Since the amount of different components in a polymeric blend sometimes can be estimated from
TGA, the thermal decomposition of the blends was studied by means of TGA and DTG. In Figure 3,
we show the TGA (Figure 3a) and DTG (Figure 3b) results of PP blends blended with 15 wt.%
of biopolymers as example. Moreover, the thermal degradation is very important for the plastic
processing industry since biopolyesters thermal degradation could lead to the formation of oligomers,
such as oligomeric lactic acid (OLA) in the case of PLA and oligomers of 3-hydroxybutyrate (OHB)
in the case of PHB, which can further act as plasticizers. TGA shows a complete weight loss of PP
in a single degradation step. Meanwhile, PP blended with PLA and PHB were degraded in two
steps, where the first one is assigned to the biopolyesters decomposition and the second one, at higher
temperatures, was related to the PP thermal degradation. TGA revealed that all PP based blends
showed minor thermal stability with respect to PP sample (PP T0 = 357 ◦C). TPS was the biopolymer
that less shifted the onset degradation temperature to lower values, around 10 ◦C for PP-15%TPS,
T0 = 346 ◦C. Higher reduction in onset thermal degradation was observed when biopolyesters were
blended with PP, particularly in the case of PHB (PP-15%PLA T0 = 315 ◦C and PP-15%PHB T0 = 315 ◦C).
Nevertheless, it should be highlighted that no degradation takes place in the temperature region from
room temperature to 220 ◦C, which is the temperature range where the blend samples were processed.
While FTIR allowed to identify the presence of biopolymers in the recycled PP, TGA allows to estimate
the amount of biopolyesters in the blends. For instance, from Figure 3a, the loss of both biopolyesters
could be estimated from TGA and, as it is expected, it is around 15%. This result confirms that there
were not thermal degradation of biopolyesters during processing, and it is particularly important for
PP-PHB blends since it is known that the foremost drawback for the industrial production of PHB
based blends is its small processing window [21]. Different situation is observed for PP-TPS based
blends, since the degradation take place in one step process like PP, avoiding the possibility to quantify
the amount of TPS as impurities in the blend. Although the amount of TPS could not be quantified,
the contamination of PP could be identified from DTG curve (Figure 3b) in which is possible to observe
that the degradation starts prior to the degradation process of PP (see the shoulder in the insert
Figure 3b), which has been attributed to the starch pyrolysis (between 300 and 360 ◦C) [46]. In addition,
after the main degradation process of PP there is another degradation step between 360 and 500 ◦C
that has been related to the oxidation of the partially decomposed starch in air atmosphere [47] and to
the decomposition of the biodegradable co-polyester component in TPS [46]. Moreover, the maximum
degradation temperature of PP was shifted from 423 ◦C in PP to 456 ◦C in PP-15%TPS suggesting
somewhat positive interface interaction between PP and biodegradable TPS material. Biopolyesters
also shifted the maximum degradation temperature of PP to higher values (TmaxPP in PP-15%PLA
474 ◦C and in PP-15%PHB 430 ◦C).

Figure 3. (a) TGA and (b) DTG thermograms of PP blends with 15 wt.% of biodegradable polymers.
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3.3.2. Differential Scanning Calorimetry

In Table 4 and Figure 4, we show the effect of the presence of different biodegradable polymers on
the thermal properties of the recycled PP measured by DSC. In Figure 5, we show the second heating
of the samples with 15% of bio-based polymers, the recycled PP calorimetric curve had 2 melting
peaks, the second correspond with melting peak of PP and the little first peak could be a contamination
with another polymer like a HDPE or LDPE. This double melting peak can be also observed in the
other PP with bio-based DSC curves. In Table 4 can be observed that the melting temperature, Tm,
does not vary and it is between 163.4 and 165.1 ◦C. Compared to the Tc, obtained from the DSC
cooling process, it can be observed that PP presents a crystallization temperature at 124.5 ◦C and in all
samples containing biodegradable polymers, either PLA, PHB or TPS, the crystallization temperature
decreased, being between 120.5 and 121.6 ◦C. In general, the presence of biodegradable polymers
in the PP matrix caused a decrease of the crystallinity, as the enthalpy values of crystallization and
melting decreased. The decrease of crystallinity may be due to the fact that biodegradable polymers in
the blend make difficult the pack of PP chains, since the presence of biodegradable polymers acts as
impurities, and thus, they would reduce the free volume of PP [48,49].

Table 4. DSC results of PP blends with biodegradable polymers.

Sample Tc (◦C) ΔHc (J·g−1) Tm (◦C) ΔHm (J·g−1)

PP 124.5 85.5 164.1 66.0
PP-5%TPS 121.1 89.0 164.0 66.4
PP-10%TPS 120.5 77.4 164.0 57.3
PP-15%TPS 120.8 67.5 163.7 49.3
PP-5%PHB 120.9 80.5 163.9 62.8
PP-10%PHB 120.8 71.0 164.3 65.1
PP-15%PHB 120.8 69.2 165.1 58.1
PP-5%PLA 121.6 80.2 163.4 56.9
PP-10%PLA 121.5 80.4 163.6 62.0
PP-15%PLA 120.9 70.3 165.1 53.5

Figure 4. DSC curves of PP blends with 15 wt % of biodegradable polymers.
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Therefore, the presence of biodegradable polymers not only affects the mechanical properties of
the recycled PP as it will be discussed in the following sections, but also affects the thermal performance,
especially the PP crystallinity considering that the melting temperature is only slightly modified.

3.4. Thermomechanical Characterization

Previously, we discussed the changes caused by the presence of biodegradable polymers on the
thermal properties of the different blends studied but not only these properties are important in the
polymeric materials recycling. Therefore, the changes on thermomechanical properties were also taken
into account, as they are too important mainly for the polymer processing industry.

Figure 5 shows the graphical representation of the melt flow index (MFI). It can be seen that the
TPS does not significantly modify the MFI of the PP, since it practically remains constant for all the
percentages studied, despite being the polymer with the farthest solubility value compared to PP. In the
case of blends made with PP with PLA or PHB, it is observed that the MFI increases as the percentage
of biodegradable polymer in the blends increase. This increase is more pronounced for the samples
made with PLA. Nevertheless, blends prepared with low amount (2.5 wt.%) of these biodegradable
polymers, that is PP-2.5%PLA and PP-2.5%PHB, MFI is not practically affected. This could be related
with the fact that increasing the polyester amount in the blend, the amount of ester groups, which are
relatively easy to breakdown and have poor thermal stability [50], increases and more chain scission
occurs leading to an increase in MFI.

Figure 5. Plot of MFI vs. wt.% biodegradable polymer.

The blend thermal stability was studied by determining the softening temperature VICAT (VST).
The results for all the studied systems, PP-PLA, PP-PHB and PP-TPS, show the same behavior, since as
the amount of biodegradable polymer increases it causes a decreases of the VST (Figure 6). Depending
on the system, the decrease of this property is more or less pronounced. While the PP-PLA blend
system is the one with the highest VST (lower VST reduction), TPS is the biodegradable material
that causes a greater decrease of this property. This behavior could be related to the fact that starchy
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materials are water sensitive and are able to show a rubber-like behavior depending on its moisture
content [51].

Figure 6. VST vs. wt.% biodegradable polymer.

3.5. Mechanical Characterization

The determination of the mechanical properties in blends is very important because of the
incompatibility of different polymers negatively affects the material performance, causing a decrease
on the mechanical properties [36]. A small alteration can be observed on tensile strength (Figure 7)
and tensile modulus (Figure 8) due to the different biodegradable polymers presence, while these
differences increased as the biodegradable polymers percentage increased up to 5 wt.%.

Figure 7 shows the variation in the tensile strength of the different blends made with PP and
biodegradable polymers. It is observed that percentages lower than 5% of PLA and TPS do not
significantly vary the tensile strength of the recycled PP, since it practically remains constant. However,
larger quantities of these two polymers decrease the tensile strength. On the other hand, blends made
with PP-PHB show a decrease in tensile strength in all percentages. This decrease in strength is due to
the lack of interaction between the polymers blends at the interfaces. With regard to the elongation
at break, the results showed (Table 5) that this property not change significantly with the addition of
different bioplastics studied, maybe due to the recycled PP used in this work has a very low level of
elongation. Although these results show scattered values, it seems that biopolymers are not acting
as plasticizer for the PP matrix, in good agreement with thermal degradation results in which it was
observed that there were not thermal degradation of biopolyesters during processing, which would
lead to the formation of oligomers able to plasticize the polymeric matrix.
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Figure 7. Variation of tensile strength vs. wt.% biodegradable polymer in polypropylene.

Table 5. Elongation results of PP blends with biodegradable polymers.

Sample Elongation at Break (%) Standard Desviation (%)

PP 4.87 0.61
PP-5%PLA 4.11 1.84

PP-15%PLA 3.29 1.26
PP-5%PHB 3.09 1.39

PP-15%PHB 3.54 1.78
PP-5%TPS 2.26 0.33

PP-15%TPS 5.68 1.5

The graphical representation of the tensile modulus (Figure 8) shows that the variation of this
property depends on the biodegradable polymer used in the blend. In blends made with PP-TPS it is
possible to observe that the elastic modulus remains constant when the amounts of TPS added are
lower than 5 wt.%. For higher values it can be seen that the modulus decrease considerably up to
400 MPa. In the PP-PHB blends the modulus remains practically constant around 450 MPa for all the
percentages studied, this may be because the PHB has an elastic modulus similar to that of the PP [52].
On the other side, in PP-PLA blends, it can be observed that the elastic modulus increases as the PLA
content increases from around 450 for recycled PP to around 610 MPa for PP-15% PLA, this increase
may be due to the fact that PLA possess a higher elastic modulus than PP [53].
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Figure 8. Variation of modulus of elasticity vs. wt.% biodegradable polymer in polypropylene.

The results obtained in the mechanical characterization were in good accordance with the
calculated solubility parameters. PLA is a biodegradable polymer with the closest δ to that of the PP
and the presence of low percentages of this polymer less or equal to 5 wt.% of PLA, did not cause a
decrease on the mechanical properties, but in higher percentages the tensile strength and the tensile
modulus decreased. Similar findings were found in the study carried out by Pivsa-Art et al. who
analyze PLA-PP blends, the incorporation of 20 wt.% of PLA into PP matrix caused a slight increase in
tensile strength and Young’s modulus. However, to improve the mechanical properties of PLA-PP
blends they used polypropylene grafted with maleic anhydride as compatibilizer [27]. Regarding
the PHB and TPS presence in the recycled PP, they caused the mechanical properties deterioration.
For instance, it happened to Sadi et al. who performed a study on PP blends with 20 wt.% of PHB.
The mechanical properties of this blend were lower than that of PP, and thus, they studied the
compatibilization with different copolymers, founding that the most effective approach was using
poly (ethylene-co-methyl acrylate-co-glycidyl methacrylate) [32].

In a study conducted by Kaseem et al. on blends made with PP and TPS, the increase of TPS
caused a decrease on the tensile strength since the immiscible TPS acted as a filler for PP matrix [30].

3.6. Desintegration under Composting Medium

Unfortunately, instead of reaching the recycling system, several PP-based products still go to
landfill after their useful life, and thus in order to simulate this end of life option the materials
were exposed to composting conditions at laboratory scale level. It is known that PLA, PHB or
starch-based materials are totally disintegrated under composting medium exposed to thermophilic
aerobic conditions [21,47], that is according to the ISO standard in less than three months [39]. In fact,
blends containing PLA, PHB or TPS in their formulations requires between one and two months to
be completely disintegrated under composting [54,55]. Meanwhile, since PP is not a biodegradable
polymer it is not suitable to perform disintegration in a composting medium. Thus, the PP blends
were subjected under controlled composting conditions during 1 month. The visual appearance of
recovered samples at different time of exposition in composting conditions (8, 21 and 30 days, on
the basis of previous work [38]) are shown in Figure 8. It was observed that the samples suffered
somewhat physical changes at the surface after 21 days and mainly after 30 days, suggesting that
the biodegradation of PLA, PHB and TPS is taking place. Therefore, TGA analysis were conducted
to follow the loss of biodegradable materials during composting exposition as it was previously
reported for polystyrene/biopolymers blends [38]. In Figure 9 are shown the TGA and DTG curves
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of PP-15%PLA (Figure 10a,b), PP-15%PHB (Figure 10c,d) and PP-15%TPS (Figure 10e,f) before and
after 30 days exposed to composting conditions. As it was already commented in TGA results,
in the case of PP-15%PLA and PP-15%PHB blends the thermal degradation takes place in two-step
process in which the first step is related with the loss of the biodegradable material, PLA or PHB,
and the second one corresponds to the degradation of the PP. After 30 days in composting the onset
degradation temperature of PP-15%PLA blend was considerably reduced (Figure 10a), since the
disintegration of PLA is taking place and thus there are shorter PLA chains, such as oligomers,
which present lower thermal stability [13], which degrade faster than longer PLA polymeric chains.
Similarly, the maximum degradation temperature corresponding to PLA (TmaxPLA) at about 325 ◦C
was shifted to 289 ◦C after 30 days (Figure 10b). The second maximum degradation temperature of
PP-15%PLA was about 472 ◦C before composting, while after 30 days in composting it was shifted
towards lower temperatures (462 ◦C) approaching to that of PP because there is less PLA impurities
in PP matrix at this composting stage. In the case of PP-15%PHB (Figure 10c) the onset degradation
temperature was shifted to higher temperatures, since PHB has lower thermal stability than PP.
The maximum degradation temperature of PHB (TmaxPHB = 257 ◦C) was shifted to higher values
during composting reaching 270 ◦C after 30 days (Figure 10d), because of the blend behaves more
similarly to PP while it loss the PHB. Similarly, the second maximum degradation was shifted from
430 ◦C to 442 ◦C during composting. Finally, for PP-15%TPS the thermal degradation take place in only
one step and the onset degradation temperature was around 346 ◦C in PP-15%TPS blends (Figure 10e)
and this value was maintained after 30 days in composting. Nevertheless, the shoulder observed just
before the maximum degradation temperature corresponds to the cleavage of ether linkages in starch
backbone of TPS [47] and it was slightly reduced (Figure 10f). Meanwhile, there was a second peak
at higher temperatures, at about 450 ◦C in Figure 10f, which was shifted to 465 ◦C after 30 days in
composting. The displacements of the maximum degradation temperatures were more pronounced
in the case of PP-PLA and PP-TPS blends, since there were less amount of biodegradable material in
both formulations after the exposition to the composting medium. Meanwhile, the more crystalline
PHB was less disintegrated at this stage of disintegration. However, it should be mentioned that
in all cases still remains biodegradable polymer in the formulations, showing that PP can limit the
exposure of biodegradable polymers to the composting degradation suggesting that there is somewhat
positive interface interaction between PP and biodegradable materials as it was observed in TGA
result (Section 3.3.1) and/or the blend separation is forcing a discontinuous disintegration, and thus,
biodegradable materials are less available for the hydrolysis and the further microorganisms attack in
the composting medium.

Figure 9. Visual appearance of recovered blend samples at different times of composting (8, 21 and 30 days).
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Figure 10. TGA (a,c,e) and DTG (b,d,f) thermograms of PP- biodegradable blends before and after
30 days exposed to a composting medium.

4. Conclusions

In this study, the microstructural, thermal and mechanical properties of blends based on recycled
PP with different biodegradable polymers (PLA, PHB and TPS) as impurities were evaluated.
The presence of biodegradable polymers in recycled PP caused a significant loss of mechanical,
thermomechanical as well as thermal properties, especially when using percentages of biodegradable
polymers higher than 5 wt.%. In addition, the effect of the presence of the biodegradable polymers
resulted in evident features seen in SEM images, where the immiscibility of the blends was clearly
observed by the presence of two separated phases. The exposition of PP-based blends to composting
medium showed that although the PP-biodegradable polymer blends were mainly immiscible,
they had somewhat positive interactions with PP matrix, since biodegradable polymers delay their
disintegration process. As the thermal and mechanical properties of the recycled PP are affected by
the presence of more than 5wt.% of PLA, PHB and TPS biodegradable polymers, it is very important
to be able to detect biodegradable materials in PP recycling process. The FTIR technique allowed
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to easily detect the presence of biodegradable polymers in the recycled PP by the appearance of the
–C=O characteristic band of PLA, PHB and TPS between 1700–1800 cm−1. Meanwhile, TGA results
and effective technique to quantify the presence of biopolyesters PLA and PHB in the recycled PP.
Thus, the use of these techniques can help to detect and even quantify the contaminated part of the PP
recycling chain with biopolymers, being very important for the PP-based materials final applications
and/or to further eliminate the presence of impurities in recycled PP.
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Abstract: In the present review, the possibilities for blending of commodities and bio-based and/or
biodegradable polymers for packaging purposes has been considered, limiting the analysis to this
class of materials without considering blends where both components have a bio-based composition
or origin. The production of blends with synthetic polymeric materials is among the strategies to
modulate the main characteristics of biodegradable polymeric materials, altering disintegrability
rates and decreasing the final cost of different products. Special emphasis has been given to blends
functional behavior in the frame of packaging application (compostability, gas/water/light barrier
properties, migration, antioxidant performance). In addition, to better analyze the presence of
nanosized ingredients on the overall behavior of a nanocomposite system composed of synthetic
polymers, combined with biodegradable and/or bio-based plastics, the nature and effect of the
inclusion of bio-based nanofillers has been investigated.

Keywords: bio-based; fossil; hybrids; blends; packaging

1. Introduction

In the last decades, after the signing of the environmental treaty on the 11th December 1997, that
became law on the 16th February 2005, the environmental issue related to greenhouse gas emissions
and climate changes was definitively raised and made one of the most important worldwide concerns,
particularly in the face of toxic waste, pollution, contamination, exhaustion of natural resources, and
environmental deterioration. As a result, different studies have been followed at diverse stages to
develop different and strategic alternatives [1]. A serious alarm is the field of packaging, which, every
year, causes enormous quantities of petroleum-based wastes that are stored in particular areas around
the planet (26% of the plastic manufacture volume has been applied in the packaging sector) [2],
determining enormous negative effects and high recycling costs [3]. In the future years, especially in
2030 and 2050, it was estimated that the quantity of plastic wastes due to the packaging sector will be
grown by two-fold and three-fold, respectively [4]. Notwithstanding the environmental impacts, plastic
materials are extremely useful in the packaging sector, due to positive and synergic combination of main
characteristics, such as transparency, strength ability, flexibility, thermal performance, permeability,
and simple sterilization methods, all of which making them appropriate for the food packaging
sector. Hitherto, petroleum-based polymers (i.e., ethylene vinyl alcohol (EVOH), polypropylene (PP),
polyethylene (PE), polyurethane (PU), poly (ethylene terephthalate) (PET), polystyrene (PS), expanded
polystyrene, polyamides (PA), and poly (vinyl chloride) (PVC)) have led in the packaging function,
for excellent mechanical and physical characteristics. However, according to results from plastics
recycling and recovery data obtained from European associations in 2014, only 39.5% of post-consumer
plastic waste is going to be re-used, while 38.6% of post-consumer plastic waste is considered
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for energy recovery [5]. With the intention of minimizing the environmental impacts induced by
post-consumer plastic waste, bio-based polymers should be selected to realize short-lifespan devices.
Environmentally friendly systems are appropriate solutions to realize disposable systems [6,7]; on
the other hand, green polymeric systems are only used for some specific applications, due to their
limiting characteristics, such as high cost and scarce mechanical and thermomechanical properties with
respect of traditional commodity polymers. Developing green and eco-friendly polymeric blends with
acceptable characteristics can overcome these limitations, even if it has been recently demonstrated that
biodegradable plastic blends need both accurate cautious postconsumer organization and additional
design to consent fast biodegradation in numerous environment conditions (as their release into the
environment can determine plastic pollution) [8].

Preparation of blends with synthetic polymers [9–11] is among the options to enhance some
characteristics of biodegradable polymers, changing degradation rates and modulating the cost of the
obtained materials; polymer blends, particularly olefins with biodegradable polymers, are gaining
popularity as an approach for degradable packaging plastics, since the partial loss of form and bulk
during disintegration may be sufficient to decrease the volume in landfill [12]. This blending approach
began in the 1970s at the U.S.D.A. with Otey [13], who studied and investigated blends based on starch
and ethylene/acrylic acid copolymers and still now starch, being cheap, continues to be an attractive
substitute to realize systems for the packaging sector [14]. In addition, to expand the spectrum of
sustainability incorporating resources and practices that move a step closer toward sustainability [15],
growing the renewable amount or lessening the overall weight of petroleum-based plastics have been
considered as suitable options. Today’s sustainable plastics are not automatically biodegradable and
even contain polyolefins made from renewable feedstocks [16,17].

In the present review, the blending of commodities and bio-based and/or biodegradable polymers
will be taken into account (limiting the study to this class of materials and not considering blends
where both components have a bio-based composition or origin), and special emphasis will be given
to their functional behavior in terms of packaging application (compostability, gas/water/light barrier
properties, migration, antioxidant performance). In addition, to better analyze the effect of green
nanosized ingredients on the overall behavior of systems composed of synthetic polymers, combined
with biodegradable and/or bio-based plastics, the effect of the inclusion of bio-based nanofillers has
been investigated.

2. Bio-Based Nanofillers in the Packaging Sector

Recently, the growth of nanotechnology approaches and strategies has made their use become
of interest in several sectors. Automotive, aerospace, biomedical, and packaging sectors have
adopted and largely investigated the use of nanotechnology applications, as valid strategies
to modulate and improve the characteristic main properties required in specific sectors [18].
Nanotechnology allows the realization of new systems to enhance material performances; of particular
note is the recent development of nanocomposite systems that permitted the advancement of
new polymeric-based formulations, with enhanced structural and functional properties (thermal,
electrical, mechanical, and numerous other characteristics, in respect to the neat polymers [19–23].
Different nanocomposite-based systems have been realized by combining different polymers
(petroleum-based and biodegradable/bio-based), and fillers at the nanoscale level. The nanofillers
show strong reinforcing effects, several works have also analyzed their positive behavior in terms
of barrier and mechanical properties, characteristics of essential importance in packaging and food
packaging applications [24,25].

In this review, the current status of nanotechnology in packaging and also in food packaging
systems are briefly reviewed and summarized. Nanofillers can be extracted from organic or inorganic
sources; here the authors focused their attention to describe the main characteristics of nanofillers
extracted from bio-based/natural sources (plant and animal origin and nanofillers from proteins)
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applied in the packaging sector. An explanation of different nanofillers, with an emphasis on the
functionality, synthesis, characteristics, and structure is included.

2.1. Nanofillers from Polysaccharides—Plant Origin

In literature, different works have proposed the study of extraction and analysis of nanofillers from
polysaccharides with a plant origin: cellulose nanofibers/nanocrystals, lignin, and starch nanoparticles.
The lignocellulosic source is one of the most copious renewable materials existing in the world; these
materials are natural, eco-friendly, sustainable, biodegradable, and considered as low-cost materials,
with advantageous properties and with a significant value for packaging and industrial sectors.
In comparison with petroleum-based natural sources, some interesting advantages are found: (i) low
density and low cost, (ii) high variety, (iii) specific modulus and strength, (iv) reactive surfaces that can
be changed and functionalized by a large variety of reactive chemical groups, (v) high applicability in
nanocomposites, (vi) high recyclability in respect to inorganic fillers [25,26]. Lignocellulosic materials
are generally composed by cellulose (40–50 wt %), hemicellulose (20–30 wt %), and lignin (about
10–25 wt %), and the quantities of the different components can be different according to the native
lignocellulosic origin source [27].

2.1.1. Cellulose Nanofibers/Nanocrystals

Cellulose is the natural polymer largely diffused on Earth, with excellent biocompatibility,
good chemical and thermal stability, and high hydrophilicity. These attractive characteristics have
determined cellulose as an interesting material for different applications in packaging and in biomedical
applications. The cellulosic nanofillers are categorized on the basis of preparation methods considered
for their extraction from native cellulose; they can be found as bacterial cellulose (BC) synthesized
through microorganisms, microfibrillated cellulose (MFC) or nanofibrillated cellulose (NFC), or
cellulose nanocrystals/nanocrystalline cellulose, also named cellulose nanowhiskers, (CNC). MCF is
pulled out by means of a mechanical retting/disintegration method, starting from a variety of cellulosic
extracts, including wood and non-wood fibers [28], consequently obtaining cellulose microfibrils with a
three-dimensional network, the obtained structures showed higher surface area than original cellulosic
fibers or from cellulosic powder. This effect influences a number of extremely interesting characteristics,
such as an exceptionally high-water holding capability and the capacity to realize a configuration
with strong gels at low concentrations. Although microfibrillated cellulose is not soluble in water, it
can show several characteristics of water-soluble cellulose derivatives. Simultaneously, it has some
advantages, such as stability over the whole pH range, at elevated temperatures and at elevated salt
concentrations [29]. MFC show lengths in micrometers and diameters in nanometers, characterizing
them as long and thin reinforcements. This elevated aspect ratio characterizes the material high
strength as functional in several applications, such as the reinforcement phase for composites and films,
and as an agent to modulate the barrier performance. Chemically extracted CNC are characterized
by acicular structure and rigid rod-like particles, monocrystalline domains of 100 to hundreds of
nanometers in length, and 1–100 nm in diameter (Figure 1, Panel A a)) [30,31]; morphology and
crystallinity degree depend, fundamentally, on the native source and the different parameters used for
the extraction process [27]. The extraordinary mechanical characteristics (Young’s modulus is higher
than glass fibers and comparable to Kevlar (60–125 GPa)) give to cellulose crystal the role of a perfect
filler material for the preparation of polymer composites. CNCs exhibit enormous applications in the
biomedical sector and in bio-based material science [32,33].
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Figure 1. Morphological characterization of bio-based nanofillers. Panel A: Polysaccharides—plant
origin: (a) Transmission Electron Microscopy (TEM) image of Cellulose Nanocrystals CNC [27]; (b) Field
Emission Scanning Electron Microscopy (FESEM) image of lignin nanoparticles [34]; (c) TEM image of
starch nanoparticles [35]. Panel B: Nanofillers from Polysaccharides—animal origin: (a) TEM image of
Chitin nanocrystals [36], (b) TEM image of modified chitosan nanoparticles (CSNP) by poly (ethylene
glycol) methyl ether methacrylate (PEGMA) (PEGMA-graft-CSNP) [37]. Panel C: From proteins:
(a) Scanning Electron Microscopy (SEM) image of nanokeratin [38].

Cellulose nanocrystals were largely used and applied to realize nanocomposites with modulated
properties in respect to the neat matrices. Several studies, reported in literature, analyzed their effect
in biodegradable matrices and polymeric blends, even in the presence of natural active ingredients
and antimicrobial nanoparticles [24,39–41]. Cellulose nanocrystals are also used as the reinforcement
phase in conventional matrices [42–45], by also providing, at the same time, an enhancement in terms
of barrier properties.

2.1.2. Lignin Nanoparticles

Lignin is the second most abundant aromatic polymeric material on earth. It is a cross-linked
macromolecule in a three-dimensional shape, composed by three typologies of alternative phenols,
yielding numerous functional groups and linkages, with a mutable chemistry as a consequence of
its native source [34,46,47]. Lignin is an efficient phase to be included in polymers. Works on the
applicability of micro-lignin in thermally processable plastic matrices, elastomers, and thermoset-based
systems have been recently investigated [48–50]. Figure 1, Panel A, (b) shows the typical morphological
aspect of lignin nanoparticles (LNP). LNP diameters are distributed in the range from 30 to
90 nm [47]. Recently, LNPs from a variety of native origins were synthesized/extracted by applying
physicochemical procedures [34,51,52]. Furthermore, the lignin tendency to self-aggregate shows some
disadvantages in terms of their dispersion in thermoplastic, thermoset, or elastomer-based systems.
Therefore, many strategies have been considered and attempted in order to improve the dispersion of
lignin particles into bio-based polymers [51].

2.1.3. Starch Nanoparticles

Starch is composed of amylose and amylopectin. The amylose is a linear and long molecule
built up of 1,4-linked β-D-glucose, although in the amylopectin chains the glucose monomers are
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linked through α-1,6-linkages, determining an extremely branched arrangement. Therefore, the
molecular structure of amylose is simpler than amylopectin, showing a linear structure with few
α-1,6-branches [53]. Amylopectin generally is the main component of starch, composed by short
chains and a high number of α-1,6-branches (5% of the molecule) [53], while amylose, in general, is
randomly arranged among the amylopectin molecules in the amorphous regions. Amylose plays an
important part on the structure of the amylopectin in the crystalline lamellae by cross-linking the two
polysaccharides [54].

Starch consists in granules, with diameters ranging from 2 to 100 μm. In relation to their
native extraction starch, they have different characteristics properties, different chemical composition,
different shape and size [21], that can be small (3.1–3.7 nm) and large (15–19 nm), and disc-shaped
and/or spheroidal [55].

The purification of starch granules with appropriate chemical treatments allow one to obtain
nanoparticles (SNP). In general, many different approaches can be selected and applied to starch with
the intention to obtain granules, while their conversion in NPs is usually carried out by applying acid
hydrolysis. The structural differences in starch granule sizes affects the outcome of the process in
terms of starch purification, characteristics, and nanocrystal yield [19,56]. The acidic hydrolysis process
permits one to obtain crystals with a spherical shape and dimensions ranging 20–50 nm [19,56].

2.2. Nanofillers from Polysaccharides—Animal Origin

Chitin and chitosan nanofillers can be isolated from α-chitin powder extracted from lobster wastes.
The extraction of chitin and chitosan represents the possibility to revalorize the oceanic biomass and
the revalorization of food extracts from the fishing industry. Lobster wastes are eco-friendly, renewable,
sustainable, low cost, and biodegradable, with advantageous properties and with a significant value
for packaging and biomedical applications.

2.2.1. Chitin Nanoparticles/Nanofibers

Chitin is one of the most copious natural polymers obtained from shellfish waste
(exoskeleton/shells), and it is used in combination with biopolymers to realize nanocomposites
with modulated properties, in respect to the neat matrices, principally for food packaging and
biomedical applications. Chitin is extracted from cuticles of insects and exoskeleton of arthropods at
the micro/nanoscale (length: 200–300 nm; diameter: 10–20 nm) [57]. Different treatments can be used
to extract crystalline chitin in nanosized fibrils, the different methods influenced also the dimension
and the morphology of extracted materials [58–60]. The isolation of these nanosized structures can
be performed by: (i) mechanical treatments/disintegration [57,61], resulting in chitin nanofibers
(CHNF) and fibrils with high aspect ratio; (ii) acidic treatments [60–62], resulting in chitin nanocrystals
(CHNC), with higher crystallinity degree in respect to CHNF and with a rod-like appearance (Figure 1,
Panel B, (a)), [57].

Nanochitin has received a crucial position in nanocomposite materials as the filler phase,
due to its intrinsic properties [63]. The physiochemical and biological properties (light weight,
small size, natural and biodegradable character, chemical stability, and non-cytotoxicity) of chitin
at nanoscale dimensions make this material a valid candidate for utilization in food packaging
and biomedical sectors [63], especially thanks to its high antibacterial effect [58,64,65]. Chitin is
characterized by antimicrobial activity, this character is related to its chemical organization consisting
of (1,4)-b-N-acetyl-D-glucosamine-replicating units. Likewise to starch and cellulose nano-fillers,
a broad variety of nanocomposites exploited the interesting mechanical characteristics of nanochitin in
polymeric-based systems [57,66–69].

Salaberria and co-authors [57] analyzed the effect of chitin nanocrystals (CHNC) and nanofibers
(CHNF) at 5 and 20 wt % in thermoplastic starch matrices. The authors observed that the improvement
of the final characteristics of the nanocomposites (superior barrier, thermal, mechanical, and antifungal
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characteristics) depended essentially on the morphological characteristics of the nanofillers used as the
reinforcement phase.

The chitin whiskers were found to enhance the water resistance and tensile strength of the neat
polymer when assembled to soy protein [70]. Likewise, when chitosan whiskers were combined
with chitosan films, it was noted that whiskers improved water resistance and tensile strength of the
chitosan films [71]; however, when included in hydroxypropyl and carboxy methylcellulose, were
capable of enhancing the mechanical and barrier functions of the films [72,73]. Research has also
shown that nanosized chitin can improve barrier properties when embedded in a polymer matrix,
such as starch or PVA [74,75].

2.2.2. Chitosan Nanoparticles

Nanochitosan is a green extract with exceptional physicochemical characteristics; it is
characterized by bioactivity that does not damage humans [76]. It is largely utilized as a controlled
release drug carrier, and, for gene transfer, Nanochitosan has been applied to realize systems with
improved strength and wash ability of textiles, conferring antimicrobial effects [77]. Chitosan at
the nanoscale can be realized considering precipitation or coagulation, ionic cross-linking, emulsion
droplet coalescence, and covalent cross-linking procedure. Berthold and co-authors [78] obtained
chitosan particles by considering sodium sulfate as a precipitation agent and incorporating a dispersant
(Tween 80) to the chitosan acidic solution. Tian and Groves and co-authors [79] enhanced this procedure
and obtained chitosan nanoparticles (CSNPs, 600–800 nm). Ohya and co-authors [80] proposed the
use of glutaraldehyde to cross-link the free amino groups of chitosan; this was a water-in-oil (W=O)
emulsifier, realizing 5-fluorouracil (5-FU) chitosan particles (size: 0.8–0.1 mm).

Kongkaoroptham and co-authors [37] proposed the variation of chitosan (CS) poly(ethylene
glycol) methyl ether methacrylate (PEGMA) (Figure 1, Panel B, (b)), prepared by radiation-induced
graft copolymerization, as a new compatible bio-based filler at the nanoscale level. The nanoparticle
dimensions of PEGMA-graft-CSNPs were distributed from 30 to 100 nm. The strategy was studied to
improve the compatibility, the mechanical, and the thermal characteristics of poly(lactic acid) (PLA).
The mechanical properties of the PEGMA-graft-CSNP/PLA blends showed an improvement in terms of
deformation at break, and a reduction of the tensile modulus brittle behavior to a more ductile behavior.
In the case of poly(butylene adipate-co-terephthalate) (PBAT) films, antimicrobial packaging systems,
combining different quantities of chitosan nanofibers (CS-NF), have been obtained by applying
the solvent casting procedure; the biocomposites had high stiffness, strength, and glass transition
temperatures, and low ductility, water vapor, and oxygen permeability. For all the nanocomposites,
the migrated quantities in polar and non-polar food simulants were significantly under the overall
limits recognized by the present legislation on food contact products. The produced films showed
antimicrobial effect towards foodborne pathogens [81].

2.3. Nanofillers from Proteins

Proteins are another class of biomaterial largely investigated as a valid material to modulate
functional properties in biomedical and packaging applications. Specifically, in this section, the authors
focused their attention on the characteristics of keratin and gelatin.

2.3.1. Nanokeratin

Keratins are natural proteins [82] mostly diffused in poultry feather horns of animals, hair,
and wool [83]. Keratin-based biomaterials have been essentially studied to realize hydrogels, films,
scaffolds, and dressing, which were applied to get several biomedical disposals, as well as wound
healing, cell culture, bone, and nerve regeneration, due to their essential biocompatibility and
biodegradability [84,85]. Keratin obtained from human hair have been established in enhancing
survivability in multiple animal models of bleeding and the efficacy in arresting hemorrhage [86,87].
Human hair keratin was utilized for the first time to realize hemostatic disposal, as documented in a

80



Materials 2019, 12, 471

Chinese medical book named Ming Yi Bie Lu in the 5th century [83]. In the last years, keratin products
extracted from human hair have been used and applied to realize nanoparticles, hydrogel, sponge,
and fibers, to develop hemostatic agents [88].

Fabra and co-authors [38] investigated the combination of nanokeratin obtained from poultry
feathers, applying chemical treatment with polyhydroxyalkanoate (PHA)-based materials, following
different strategies. Nanobiocomposites with high-barrier properties, based on the mixture of PHAs
with nanokeratin, showed different morphologies, such as spherical nanoparticles and fibrillar sizes
(Figure 1 Panel C, (a)). They were productively designed and realized via both: (i) direct melting
technique; and (ii) pre-incorporated into an electrospun masterbatch of PHA, which was then melt
compounded with PHA. Improved barrier characteristics for nanocomposites were experientially
investigated and were seen to be related to PHA grade. Secondly, nanokeratin films, extracted using
the solvent casting technique, were hydrophobized by coating them with electrospun PHA fibers.
The multilayered selection was characterized by good adhesion and led to the improvement of the
ultimate barrier properties.

2.3.2. Nanogelatin

Gelatin is a biodegradable protein extracted from natural sources by applying acid- or
base-catalyzed hydrolysis of collagen. Gelatin is largely used in biomedical application. It is a
polyampholyte macro-molecule characterized by the presence of anionic, cationic, and hydrophobic
groups [89]. Gelatin molecules have repeating strings of alanine, amino acid triplets, proline, and
glycine that influence the triple helical structure of gelatin. The high reliability of gelatin is due to its
exceptional triplehelix organization, due to three polypeptide chains [90].

The properties of gelatin nanoparticles (GNPs) can be maximized by applying a particular
extraction procedure. GNPs can be extracted by applying: (i) two-step desolvation, the method is
characterized by the presence of a desolvating agent in an aqueous gelatin solution, resulting in
conformational modification from triple helical coiled macromolecular arrangement to nanoparticles.
Kumari and co-authors organized GNPs in a size range of 110–257 nm by this procedure [91].
(ii) Simple coacervation: Mohanty and co-authors [92] successfully obtained stable spherical
nanoparticles (45 ± 5 nm) by measured presence of ethanol to aqueous gelatin solution. (iii) Solvent
evaporation: this methodology is characterized by a single emulsion, oil-in-water (w/o), or
double-emulsion, (water-in-oil)-in-water (w/o)/w, procedure. Water solutions that contain drug
and gelatin are incorporated with ultrasonic treatment or high-speed homogenization with the oil
phase. The water-in-water mixture method is utilized to produce insulin-loaded GNPs (250 nm) in
mild conditions for the activity of insulin [93]. (iv) Microemulsion: It is a new and successful procedure
used to prepare gelatin particles. In this process, gelatin in aqueous solution is combined to the solution
of surfactant [sodium bis (2-ethylhexyl) sulfosuccinate (AOT)] in n-hexane and then glutaraldehyde
(GA) to cross-link the nanostructures, followed by evaporation of n-hexane for recovery of GNPs [94].
The nanostructures had dimensions ranging 5–50 nm. (v) Nanoprecipitation: Implies the precipitation
of pre-formed GNPs from an organic solution and the dispersion of the organic solvent in the water
solution with prevalence of a surfactant [95–97].

The diverse aspects of gelatin nanostructures influence the particle properties, like polydispersity
index, zeta potential, drug release, and entrapment efficacy characteristics [98]. In the field of
packaging [99], combination with chitosan has been found: Kumar et al. [100] efficiently made hybrid
nanocomposite films realized with chitosan, polyethylene glycol, gelatin, and silver nanoparticles
(AgNPs), applying a solvent casting procedure, and the researches on packaging of red grapes
underlined that the shelf life of the fruit was prolonged for a supplementary two weeks in case
of the hybrid film. Other than blending, gelatin as nanoparticles can find application in the food sector
as nanocarrier systems for the controlled delivery of a variety of food supplements and additives.
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3. Conventional Matrices for Packaging

The conventional matrices are used in different sectors: packaging, textiles, construction,
electronic, transportation, etc. Figure 2 shows the global plastic production worldwide (Panel A) and in
Europe (Panel B) in relation to the different application sectors. Packaging is one of the main important
sectors that supports the use and application of polymeric materials derived from fossil sources, with
an annual global demand at around 36% [1], followed by the building and construction sector, with
an annual request of 16%, while the total consumption of plastic in Europe is at around 39.9% [101].
The packaging sector is influenced by the demands requested by various stakeholders (consumers,
producers, and retailers), who have specific necessities and do not, each time, recognize the packaging
as an additional significance to the product [102]. The conventional characteristics of packaging are
centered on the protection of food products from degradation processes (mainly induced by several
factors such as temperature, light, moisture, and oxygen conditions of the environment), to enclose
the food, and to supply consumers with ingredient and nutritional information and the description of
several items of information regarding the conservation of food products [103,104]. In addition, the
packaging system needs to improve the shelf life of packaged food, preventing the deterioration and the
organoleptic/external (color and esthetic characteristics) qualities of products [19,23]. These concepts
have constantly been related with an inert substrate, acting as a barrier substrate between the food
and the outside atmosphere, reducing and eliminating the passage of dangerous substances from the
packaging to the food [20,24].

Conventional matrices have long been crucial materials in packaging and in food packaging,
due to numerous reasons, with their easy processability, low cost and essentially for their mechanical
performances. In the first half of the 20th century, thermally processable polymeric matrices were
developed, studied, and applied to packaging to restore glass, paper, and metals (foils and laminates,
aluminum, tin-free steel, and tinplate) [104].

The petroleum-based matrices were developed and studied from the first half of the XX century.
As an example, polyethylene (PE) was studied/synthesized in the 1930s and polypropylene (PP) in
the 1950s, while polyethylene terephthalate (PET) and linear low-density polyethylene (LLDPE) were
studied in the 1970s [105]. The common and most used food-packaging polymers are polyethylene
terephthalate (PET) (applied in food, beverage, and other liquid containers), polyethylene (PE)
(cooking oil, milk, and water containers), polystyrene (PS) (mushroom and eggs), polypropylene
(PP), polyvinylchloride (PVC) (spice ice tea, yogurt and margarine), and polyamide (PA) (stretchy
packaging of fresh food, such as cheese and meat) [102].

Table 1 summarizes the main important physical characteristics—glass transition temperature
(Tg); melting temperature (Tm); tensile strength (T); deformation at break (εb, (%)); optical properties
(OP), as well as transmission of visible light, haze, gloss, and permeability (water vapor (H2O), Oxygen
gas (O2), and carbon dioxide (CO2))—of petroleum based polymers applied in packaging and the food
packaging sector, highlighting at the same time the main applications.

Polyethylene terephthalate (PET) is fundamentally applied in sectors requiring low permeability
to gases, high mechanical performances (deformation at break and strength), wide temperature
resistance (resistance at freezing temperatures, high softening point), and adequate transparency.
High density polyethylene (HDPE) is an interesting polymeric matrix that represents more than over
half of the food packaging available on the market. HDPE is mainly used in contact with a variety
of foods, in addition it is easily shaped; low density polyethylene (LDPE) is extensively used in film
to cover foods. High resistance to tear, low heat seal temperature, and low permeability to water (its
deformation at break exceeds that of other commercial and largely used plastics) are the main required
properties for the specific application.

Polyvinyl chloride (PVC) shows good gas barrier performances and high chemical hardiness,
this polymer is often considered as a valid option to cover meat and fatty foods. PP is largely utilized
for containers and walled cups. Satisfied barrier properties, optical transparency and esthetic quality,
strength, and high temperature resistance allow this polymeric matrix to be suitable for the realization
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of microwave/freeze containers, and sterilized or hot-filled containers [106,107]. Polypropylene (PP)
is gradually substituting polystyrene (PS) in rigid thermally-processed cups (e.g., yoghurt) [105].
Nevertheless, the low barrier properties of PP makes it acceptable for packing limited shelf-life food
(e.g., cheese); the high thermal properties suggested the possibility to realize PP in thermal insulation
applications by using foams (e.g., disposable packages) and reduced weight, but still not flexible and
rigid dishes.

Figure 2. Panel A: Global worldwide plastic production and related application sectors; Panel B: Global
plastic consumption in Europe [101].

Polyamides (PA) are engineered semicrystalline thermoplastics extensively utilized in the food
packaging segment, thanks to good barrier characteristics to gas permeation, interesting mechanical
and chemical resistance, good printability, and interesting optical properties in terms of transparency.
The performances of the final plastic objects are, certainly, strongly related to the chemical structure
of the PA, and also related to the selected process utilized to realize the products [108]. The aid of a
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comonomer can actually influence both intramolecular and intermolecular interactions, incorporating
relevant modifications in the crystallization phenomenon of a PA.

Poly(vinyl alcohol-co-ethylene) (EVOH) is a semicrystalline random copolymer with elevated
transparency, optical characteristics, and outstanding gas barrier performances to hydrocarbons [109],
particularly when low content of ethylene (below 38 mol % ethylene) is considered [110], and
excellent chemical resistance [111]. EVOH-based formulations have been progressively applied in
food packaging, being the sector characterized by severe value/standard in terms of gas and chemical
resistance, water hydrocarbon permeation, and aroma migration [112]. The physical (barrier and
mechanical) performances of EVOH under dry environments are attributed to the elevated intra-
and inter-molecular cohesive energy and semi-crystalline microstructure [113]. The disadvantage
of EVOH copolymers is their moisture sensitivity, which influences negatively their characteristics
(barrier, thermal, and mechanical properties) at high relative humidity [114].

To limit this disadvantage, EVOH in the food packaging sector is often utilized in multilayer
polymeric systems, and combined with hydrophobic polymeric matrices, to improve the final
characteristics of packaging systems [110].

PVA is one of the most popular synthetic polymers for packaging sectors, thanks to its good
compatibility, processability, and acceptable thermal properties. It also possesses good chemical
resistance and high mechanical properties, although its disadvantages include limited barrier and
thermal properties and relatively high cost [115]. The properties of PVA generally depend on its
molecular weight and degree of hydrolysis: many hydroxyl groups on the PVA surface makes it
one of the most hydrophilic polymers with high moisture sensitivity, and hence its resulting blends
and composite materials have become popular for packaging applications [116,117]. In general,
full-hydrolysis PVA is not considered to be a thermoplastic polymer, mainly due to its melting
temperature being very close to the degradation temperature in the absence of plasticizers. Therefore,
it is essential to use plasticizers for PVA in order to control the relevant melting temperature, fluidity,
and thermal stability, especially for screw extrusion and injection molding processes widely used for
the packaging sector.

The triumph of polymeric-based systems in the packaging sector is related to the incessant
progress of better performing neat polymers and polymeric based blends, with relevant progresses
in polymeric matrix processes. In fact, a clever process control of the thickness of different systems
permits the production of lighter packages, reducing the material cost [105]. The lamination and the
coextrusion processes represent a valid opportunity to design and realize multilayer-based systems,
selecting individual layers to ensure specific properties (mechanical resistance, barrier, and aesthetical);
however, biaxial orientation increases, considerably, the mechanical and barrier characteristics of a
film or bottle, positively influencing some attractive behaviors.
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The process technology adopted using polymers are usually more energy-friendly in respect to the
use of other materials (the working process temperature profile is above 300 ◦C, while the temperature
profile used to process the plastic is typically below 300 ◦C). The packaging materials incorporate,
sometimes, plasticizers, stabilizers, and fillers. Plasticizers are used to modulate the mechanical
performance (ductility, strengthen, flexibility, and toughness of polymers; though induced a reduction
of stiffness and hardness) [43,123], while stabilizers are included into the polymers to moderate the
reduction of mechanical characteristics induced by UV light and oxygenation, and fillers tend to
improve or preserve the mechanical and barrier performances in respect to the neat/control [24,124].
In addition, technological developments have permitted the reduction of the weight of packages (at
around 28% in the last few years [105]), which in turn induces relevant savings not only in terms
of transportation costs, but also in terms of environmental issues. Regarding this issue, in the last
decades, the growing environmental contamination brought by the high impact of plastic wastes based
on petroleum extracts has attracted the attention of industrial and academic researchers to design and
develop some innovative polymeric systems. In this context, bio-based polymers have attracted some
interest in respect to conventional ones. Green polymers symbolize a strategic option to design and
realize new eco-friendly and sustainable systems that are able to reduce/minimize the plastic wastes
stored every day in landfills, and the emission of greenhouse gases (GHG), which strongly depend
on fossil extraction, production, use, and end-life [24,125]. There is an increasing interest worldwide
to substitute traditional plastics with bio-based ones, mainly in packaging sector. The utilization
of bio-based materials and resources is seen as one of the numerous strategies able to reduce the
environmental impacts induced by the use of petroleum-based extracts.

Future prospective in the polymeric package sector will be influenced by: (i) How these resources
will guarantee the increasingly additional rigorous necessities for packages; (ii) the processability of
novel bio-based/biodegradable polymers; and (iii) legal, market, and environmental issues.

4. Bio-Based Matrices for Packaging Applications

Presently, packaging films are typically constituted by petroleum-based synthetic polymeric
matrices that monitor the market, due to their reduced price and simple accessibility. As already
analyzed, these polymeric matrices comprise polyolefins (polyethylene), ethylene vinyl alcohol
(EVOH), that are responsible for a relevant barrier towards water and oxygen. Nevertheless, they are
hindered by margins in petroleum resources and the lack of bio-disintegration, which magnify the
ecological and cost-effective concerns.

Bio-based polymers are considered a valid replacement of petroleum synthetic polymeric matrices;
they are obtained by the processing of renewable resources (vegetable and animal wastes) and
offer several positive aspects, such as environmental advantages, disintegrability and degradability,
improved possibility to recycle the polymeric wastes, no presence of toxic components, and high
biocompatibility, in respect to the conventional petrochemical polymeric matrices. The interesting
barrier properties of different bio-based polymeric films for package designs has been acknowledged
in several research review articles [126,127]. Due to the fact that numerous biopolymers show
water affinity, their barrier and mechanical characteristics are subjected to the humidity and ambient
atmosphere, which may decrease their overall performance and the quality of packages when compared
with petroleum-based polymers (Figure 3).

Furthermore, molecular weight, physical properties (crystallization phenomenon and
crystallization degree), visco-elasticity, and rheological characteristics may induce disadvantages,
thus several modifications or adjustments during the processing steps are necessary to modulate the
final performances. Consequently, biopolymers should be modified, studying new polymeric blends
combining two or more different polymeric matrices or fillers, at the micro/nanoscale level, to expand
their characteristics/properties, especially dealing with nature and processability behavior.

Bioplastics can be classified into three important classes, in function of their source:
non-biodegradable bio-based bioplastics (e.g., polyethylene terephthalate (PET), PA); biodegradable
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bio-based bioplastics (e.g., PLA, polyhydroxyalkanoates (PHA) or starch, other polysaccharides or
proteins); or fossil-based biodegradable plastics (e.g., polycaprolactone (PCL)) [128] (Table 2).

Figure 3. A comparison of the intrinsic properties (mechanical characteristics) of usually utilized plastic
materials, engineered polymers, rubbers, bio-based polymers, thermosets, and plastic materials [127].

Table 2. Bioplastics as food contact materials [129].

Bioplastic Main Food Applications

Starch-based polymers
Substitute for polystyrene (PS).

Used in food packaging, disposable tableware and cutlery,
coffee machine capsules, bottles.

Cellulose-based polymers

Low water vapor barrier, poor mechanical properties,
bad processability, brittleness (pure cellulosic polymer),

Regulated under 2007/42/EC.
Coated, compostable cellulose films.

Used in the packaging of bread, fruits, meat, dried products, etc.

Polylactide (PLA)
Possible alternative of low- and high-density polyethylene (LDPE and HDPE),

polystyrene (PS), and poly terephthalate (PET).
Transparent, rigid containers, bags, jars, films.

Polyhydroxyalkanoates (PHA)
Family of many, chemically different polymers

Brittleness, stiffness, thermal instability.

Bio-based polypropylene (PP) and
polyethylene (PE)

Mainly based on sugar cane.
Identical physicochemical properties.

Partially bio-based (PET)
Alternative to conventional PET.

Up to 30% bio-based raw materials.
Used in bottles.

Bio-based polyethylene furanoate (PEF)
Better barrier function than PET.

Up to 100% bio-based raw materials.
May be used in the future in bottles, fibers, films.

Aliphatic (co)polyesters
Includes polybutylene succinate (PBS), polyethylene succinate (PES),

and polyethylene adipate (PEA).
Used in disposable cutlery.

Aliphatic-aromatic (co)polyesters
Includes polybutylene adipate terephthalate (PBAT), polybutylene,

and succinate terephthalate (PBST).
Used as fast food disposable packaging, PBAT for plastic films.

Polycaprolactone (PCL)
Biodegradable polyester.

Low melting temperature, easily biodegradable.
Used in medical applications.

Polyvinyl alcohol (PVOH) Used for coatings, adhesives, and as additive in paper and board production.
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Nevertheless, the general principle to be considered to classify biodegradable materials is the
raw material origin and their production step. In accordance to this, biodegradable polymers are
categorized into three groups: “1st class” or biomass derived polymers, including cellulose acetate,
cellulose, chitin, and starch; “2nd class” or biopolymers synthesized utilizing microorganisms and
plants, as poly(hydroxy alkanoates (PHAs); and “3rd class” or synthetic polymeric matrices, as
polylactide (PLA), poly(butylene succinate) (PBS), bio-polyolefins, bio-poly(ethylene terephtalic acid)
(bio-PET), and synthetic polymeric matrices chemically produced from renewable sources [130]
(Figure 4a,b).

Figure 4. Commercially realized pathways from biomass via different building blocks and monomers
to bio-based polymers (a); estimated global production capacities of bioplastics (biodegradable,
bio-based/non-biodegradable) for 2022 by material type (b) [131].

Typically, 1st class is utilized avoiding the refining step, whereas 2nd class polymeric matrices
are obtained from natural extracts, and they play a central position in conditions that necessitate
biodegradability. The utilization of 1st and 2nd class polymeric matrices permits a more proficient
manufacture, with materials having preferred and modified physical and functional characteristics, but
limited flexibility in the chemical structure. Monomers utilized in 3rd class polymers are obtained by
modifying natural molecules or by the chemical modification of natural macromolecules combining and
applying chemical and biochemical technologies. Several of these 3rd class polymeric matrices, such as
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bio-PET and bio-polyolefines, will not go into natural cycles after utilization, so their concurrence to
the reduction of environmental impact is mainly related to the decrease of the carbon footprint. Studies
and researches regarding progress, innovation, and applications of the three classes of polymers
are described in the following sections, their main important characteristics and chemistries are
also described.

A selection of polysaccharides and their modified products have been utilized to realize
biodegradable films to be used in packaging and edible coatings. These carbohydrates composed by
glycosidic bonds are one of the most important structural components of vegetables (e.g., cellulose)
and animal exoskeletons (e.g., chitin), and they can have, in addition, a crucial function in the “green”
energy storage (e.g., starch) [132]. With growing consideration and research on this area, it has been
practicable to open the way to overtake their intrinsic limitations and identify solutions [133]. In the
following paragraph, some of the principle utilized polysaccharides in food packages are summarized.

4.1. Starch

It is composed of amylose and amylopectin polymers (α-d-glucose monomers), containing
hydroxyl groups (–OH). These groups show strong intermolecular interactions, which give, on the
basis of tighter arrangement, increased crystallinity and melting temperatures. As a consequence,
starch molecules are thermally affected, which strongly limits their application as a packaging material
(Table 3) [134,135]. Alternatively, the presence of hydroxyl groups supports the break of hydrogen
bonds that induce the disintegration into small fragments. Starch products are food sources for
microorganisms in determined environment conditions, as elevated humidity (~55–60% RH), in the
presence of satisfactory oxygen feedstock, and suitable temperatures to make the biodegradation
easy [136,137]. In addition, starch hydrophilicity creates materials with a poor water barrier [138].
At a modest or elevated relative humidity, starch-based substances tend to soak up moisture from the
environment. Firstly, this behavior will induce swelling of the matrix, with disruption of hydrogen
bonds, after that the increase of free volume spaces will also enhance the chain mobility. Therefore,
moisture and gas barriers are negatively influenced and, consequently, are drastically compromised.
According to this, starch may not be adequate to realize packages for dry and oxygen-sensitive foods.
Other than low barrier properties, starch materials have the inclination to show reduced mechanical
characteristics, reducing, consequently, again their utilization [139]. Furthermore, even if starch price
is relatively low, adaptation of its performances may improve the final cost of different materials.
Numerous parameters should be considered for the design of starch food packages.

Table 3. Characteristics and food use of polysaccharides extracted from animals and vegetables [140].

Polysaccharide Properties Main Food Applications

Starch

Biodegradable
Transparent

Odorless and tasteless
Retrogradation high elongation

and tensile strength

Flexible packaging:

• Extruded bags
• Nets for fresh fruit and vegetables
• Rigid packaging
• Thermoformed trays and

containers for packaging
fresh food.

Cellulose Biodegradable
Good mechanical properties

Transparent
Highly sensitive to water
Resistance to fats and oils

Need to perform modification, use
of plasticizer, or polymer blend

Cellophane membranes.
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Table 3. Cont.

Polysaccharide Properties Main Food Applications

Chitin

Biodegradable
Antibacterial and fungistatic

properties
Biocompatible and non-toxic

Highly transparent

Coffee capsules
Food bags

Packaging films

Chitosan

Biodegradable
Biocompatible and non-toxic
Antifungal and antibacterial

properties
Good mechanical properties

Barrier to gases
High water vapor permeability
Brittle—need to use plasticizer

Edible membranes and coatings
(strawberries, cherries, mango, guava,

among others)
Packaging membranes for vegetables

and fruit

Regardless of several published research articles that developed and studied TPS (thermoplastic
starch) products, the weaknesses, such as reduced barrier and mechanical performances, are still
unsolved. As a consequence, additional strategies, such as the compatibilization, chemical and
physical modifications, and development of polymeric blends, have been suggested to solve the
disadvantages of using TPS. Polymeric blends combining two or more polymers are a valid possibility
to modulate and improve TPS performances. This approach is considered cost-effective, since no
modification is required and a wide frame of polymeric material processability can be opened.

4.2. Cellulose

Cellulose (Table 3) shows regular arrangement and structure of hydroxyl groups, it is characterized
by the tendency to organize crystalline microfibrils with strong hydrogen bonds. It has specific
interesting characteristics, such as high mechanical strength, low density, high durability, low
price, no presence of toxic elements or substances, biodegradability, interesting and easy chemical
modification, and stability [141]. In the textile sector, the application of cellulose is largely utilized in
packaging and fibers, and can be classified into two groups: modified and regenerated cellulose [142].
Different chemical modifications, such as etherification and esterification, are frequently and typically
considered to improve the thermal processability cellulosic materials. Numerous modified celluloses
are commercially available, the main ones are cellulose esters (for melt compounding), cellulose acetate,
and regenerated cellulose for fibers [143]. The application of plasticizers and polymeric blends are also
evaluated considering that the chemical and mechanical characteristics are largely influenced by the
blend composition and technical processability followed and applied for their realization [144].

4.3. Chitin/Chitosan

Chitin (Table 3) is a natural polymeric material that composes the exoskeleton of arthropods, it is
also present in the cell walls of yeasts and fungi. In addition, it is an acetylated polysaccharide made up
of N-acetyl-d-glucosamine. Chitin is present also on the market after a chemical treatment (extraction
from crabs and prawns wastes). Chitosan is indeed extracted after the treatment of chitin, applying a
deacetylation process in which several parameters that should affect the extraction and also modify
the main characteristics (e.g., temperature, native origin of chitin, and alkali concentration) need to be
controlled. Chitosan does not show affinity to water, in fact it is insoluble in water, but may be without
problems dissolved in acidic aqueous solutions. The interesting film-forming characteristics permit the
realization of coatings and membranes capable to be utilized for food conservation [145,146].
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The membrane of chitosan is characterized by modest water permeation and low oxygen
permeability, crucial in the conservation and preservation of some food that are sensitive to the
presence of oxygen in the packaging [147,148].

The development of polymeric blends composed by chitosan and other polymeric materials, such
as starch [149] and proteins [150], represents a valid approach to guarantee an enhancement in terms of
mechanical performances, improved characteristics in terms of lower water solubility, and water vapor
permeability. Several other approaches, for instance coating, dipping, casting, Layer-by-Layer (LbL)
assembly, and extrusion, have been considered to realize chitosan systems with several characteristics.
The promising food sector of chitosan systems as antibacterial active compounds and sensing and
barrier systems have had enormous progresses [151].

4.4. Biopolyesters from Microorganisms—Polyhydroxyalcanoates (PHAs)

PHAs are bio-based polyesters produced by microorganisms as a carbon source under nutrient
stress conditions. PHAs are realized after the fermentation process of different materials (sugars,
organic, agricultural, and municipal solid waste, etc.) [152]. This class of biopolyesters is biocompatible,
biodegradable, and thermally processable. PHAs are utilized in food packaging application to realize
coatings, films, boxes, foam materials, and fibers [153]. The final characteristics of the PHAs are
influenced by monomer composition, carbon nature, and source and kind of microorganism utilized
during the fermentation. Within PHAs, polyhydroxybutyrate (PHB) homopolymer has a high degree
of crystallinity, resulting in a stiff and brittle nature. PHAs are resistant to hydrolytic degradation,
PHAs show interesting and exceptional film-forming ability and offer a low permeation to gases
(oxygen and water vapor), good UV resistance, but low chemical resistance towards acids and
bases [154]. Two main restrictions for their use and application in large-scale are related to the
high cost of polymers and characteristics (they suffer problems during processing because of the
limited temperature processing range and a moderately low-impact performance related to high
crystallinity values). Some disadvantages of PHB for industrial applications may be overtaken by
copolymerization with hydroxyvalerate or hydroxyhexanoate. Monomers can be used in 150 different
combinations to produce copolymers with diverse properties. PHB polymeric matrices showed some
different characteristics, modulating the copolymers ratio. PHB can be less crystalline and more elastic
in the presence of long alkyl side chains, such as hydroxyvalerate (HV) and hydroxybutyrate (HB),
that provide, respectively, P(3HB-co-3HV) and P(3HB-co-4HB) [125]. The polymeric blends based on
PHB, combined with other polymeric matrices, can influence and encourage its use (Figure 5a) [153].
For example, PHB has been combined with poly(vinyl butyral), poly(vinyl acetate), poly(ethylene
oxide), cellulose acetate butyrate, poly(vinyl phenol), chitosan, and chitin. Distinctive characteristics
of this set of polymeric matrices are outstanding rigidity, heat, and chemical performances. Isotactic
polypropylene (PP) showed characteristics comparable to the cited PHB copolymers. Isotactic PP
showed remarkable water vapor resistance, in respect to the bio-based polymeric matrices present
in the market. For all these characteristics, bio-based polymeric matrices may be used in several
applications, including packaging.

4.5. Biopolyesters from Biotechnology and Conventional Synthesis from Synthetic Monomers

4.5.1. PLA

(Poly lactic) polymers are obtained by the fermentation process applied to agricultural wastes
and byproducts, such as starch-rich materials (wheat, corn starch, and maize). The procedure implied
the transformation of corn natural resources into dextrose and following fermentation into lactic
acid. PLA is a biodegradable aliphatic polyester and thermally-processable matrix, having interesting
properties for the packaging sector [155]. The monomers based on lactic acid are also polycondensed or
synthetized by ring-opening polymerization of lactide [156], and the properties are strongly related to
the content of optical isomers of the lactic acid. High crystalline polymers are composed of 100% L-PLA
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monomers, while the different concentration of 90/10 D/L copolymers is considered to facilitate the
processing above the glass transition. PLA is the first biodegradable polymer present on the market
and largely commercialized. (Poly lactic) can be utilized to realize injection-molded coatings, films,
and objects. In this context, PLA has substituted polyethylene terephthalate (PET), low-density
polyethylene (LDPE), high-density polyethylene (HDPE), and polystyrene (PS) in the packaging sector.
PLA is several times utilized to realize single use material: blister packages, cold drink cups, lids,
containers, thermoformed trays, bottles, as well as flexible films [157]. Even though PLA is, today,
advantageous from an economic point of view, and it also has many favorable characteristics for
packaging uses (i.e., simple processability, high transparency), it also shows some disadvantages, such
as mechanical characteristics and poor barrier properties, which inhibit its industrial utilization [158].
Significant academic and industrial energies have been dedicated to the improvement of PLA
characteristics to enlarge the application of PLA in different commercial applications of crucial
importance in the industrial sector, in order to develop ecofriendly disposable materials. In addition,
modulation of PLA properties by combining PLA with different polymeric matrices, is realized by melt
blending, being this procedure is quite simple. Furthermore, the technologies required for the process
are available at industrial level with limited costs. The technique permits the realization of simple
packages with modulated characteristics by changing the content of different polymeric matrices,
which are utilized to develop the blends.

4.5.2. PBS

Conventionally, poly(butylene succinate) (PBS) is obtained from succinic acid and 1,4-butanediol
through catalytic hydrogenation of maleic anhydride. Succinic acid can also be synthesized by
microbial fermentation. PBS can be degraded via ester linkages, and retains exceptional mechanical
characteristics that permit it to be prepared by using conventional melt processes. Its uses
consist of bags, hygiene commodities, and mulching. Their mechanical performance is inferior
to polymeric matrices extracted from petroleum. Consequently, aliphatic polyesters could be
utilized as transparent thin systems for packaging bags, filaments, blown bottles, agriculture, and
thermo-processed or injection-molded systems. In order to enhance their properties, new polymeric
blends or chemical modified copolymeric systems (aliphatic-aromatic copolyesters: poly(butylene
terephthalate-co-succinate) (PBTS) and polybutylene adipate terephthalate (PBAT) can be realized.
Copolymers based on polyesters are frequently composed by terephthalic acid to gain better
processability and mechanical performance. Aliphatic-aromatic blends and copolyesters merge the fine
useful characteristics of aromatic polyesters and the interesting biodegradability of aliphatic polyesters.
Furthermore, the combination of characteristics permits the modulation of the performance of the final
product, and address them to the utilization in the industry dedicated to the production of packages.
The aliphatic or aromatic polyesters are based on petrochemical extracts and are usually prepared
through conventional polycondensation methods.

4.5.3. PBAT

Polybutylene adipate terephthalate (PBAT) is composed of a linear polymeric chain made by two
comonomers (forming a copolyester): a rigid unit consisting of terephthalic acid and 1,4-butanediol
monomers, and the elastic unit composed by adipic acid and 1,4-butanediol monomers. PBAT shows
interesting thermal and mechanical characteristics when the amount of terephthalic acid is more than
35 mol %; nevertheless, the increasing amount is followed by an important reduction, considering
the rate and the percentage of biodegraded quantities [159]. This aspect is related to the existence
of aromatic polymeric chains, which build these materials up to be more resistant against microbial
attacks [160]. PBAT is also extremely flexible and soft, to make it applicable in films (mulch), blown
bottles, and injection-molded and thermoformed systems and filaments. It is extensively utilized for
disposals characterized by a short life, such as food films and compostable systems. This copolyester is
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commercially utilized for the realization of single-use not reusable packages, organic waste bin liners,
compostable bags, and protective plastic systems [161].

4.6. Bio-Polyamides

Castor oil is the raw material used as a renewable feedstock for the production of commercially
available bio-based polyamides. Castor beans are characterized by an unusually high amount of
ricinoleic acid (40–60%). The presence of hydroxy groups and double bonds of the acid determine
numerous opportunities for its chemical modification. Chemical modifications permit the synthesys of
different blocks, such as aminoundecane (decamethylenediamine) and sebacic acid [162]. As in the
case of standard polyamides, bio-PAs are frequently produced by polycondensation of dicarboxylic
acids with diamines, by ring-opening polymerization of lactams, or polycondensation of amino
acids [163]. Monomers are mostly obtained from fossil oil, but can even be from biomass (Figure 5b).
There is an available patented method that considers PA6 production by ring-opening polymerization
of ε-caprolactam, obtained by glucose fermentation, from totally renewable feedstocks, such as
sugar [163]. The same bio-based methodology can be utilized to obtain PA 66. In this case, adipic acid,
extracted during the fermentation process of glucose or plant-oil and hexamethylenediamine (HMD),
which can be quickly extracted from biomass, can be used.

4.7. Bio-Polyolefins

Bio-based polypropylene can be produced by using bio-ethanol (Figure 5c); however, this process
is relatively more complex and involves several ways of obtaining the propylene monomer C3H6 from
various renewable resources [164,165]. Major applications of bio-based polyolefins include packaging,
building and construction, automotive and transportation, and others including blow molded bottles,
stretch and shrink films, and detergents. Packaging emerged as the leading application segment on
account of shifting demand from synthetic polymers to bio-based polyolefins in 2013. Automotive and
transportation is the second largest market for bio-based polyolefins, owing to its increased application
in manufacturing automotive parts. Moreover, building and construction is expected to witness strong
growth in the bio-based polyolefins market.

4.8. Bio-Poly (Ethylene Terephtalic Acid) (Bio-PET or PEF)

The furanic–aliphatic polymeric class bas been largely investigated in recent years. These polymers
based on ester groups are characterized by the presence, in their backbone, of aliphatic and furan
units (i.e., obtained from an aliphatic monomer and FDCA (2,5-furandicarboxylic acid)) (Figure 5d).
They have been custom-made by means of several aliphatic monomers, counting those with
a linear carbon sequence or those with an extra rigid cyclic arrangement [166]. Poly(ethylene
2,5-furandicarboxylate) (PEF) is currently considered as an attractive sustainable substitute of
poly(ethylene terephthalate) (PET), due to the fact that it has better barrier and interesting thermal
characteristics (e.g., lower melting phenomenon and higher glass transition temperature) than PET.
The reduced permeability of PEF to CO2, O2, and H2O is a great benefit for packages. Ii is expected to
enter the market in 2020 to replace PET [167].
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Figure 5. Water vapor permeability for Poly(3-hydroxybutyric acid-co-3-hydroxyvaleric acid)
(PHBV) blended with nine different biopolymers and polymers at different concentrations (a) [168];
polyamides completely and partially obtained from renewable sources (b) [163]; processing route for
bio-polyethylene (bio-PE) (c) [169]; (d) transformation of sugar to Polyethylene 2,5-furandicarboxylate
(PEF) and bio- polyethylene terephthalate (bio-PET), a new bio-based plastic similar to PET [170].

5. Hybrid Blends Based on Bio-Based and Fossil Fuel-Derived Polymers

Natural-based polymeric matrices are largely susceptible to moisture and, according to this,
do not afford a good barrier to gas diffusion. Hybrid blends containing renewable polymers in
combination with man-made polymers and additives have shown great potential in solving some of
these limitations. In fact, most of the commercial food packaging is based on hybrid materials, giving
the required properties and functionality to a variety of foods [171].
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Bio-based plastics are characterized by costs much higher than traditional thermally-processable
polymers (e.g., PP and HDPE), consequently, it is not advantageous to use them without combining
these two products. In general, different parameters influence the final microstructure characteristics
and mechanical performances of not totally miscible polymeric blends, thus it is evident that the
overall performance of polymeric blends is strongly connected to blend composition and its phase
morphology [172].

One of the most important aspects of such kind of blending is the recyclability, due to the fact that
bio-based plastics could, on one hand, interfere with the current recycling of plastics, and hence hinder
the closure of plastic cycles [173] (end-of-life compostable bioplastics may pollute recycled plastic
streams if not properly separated and managed, which is undesirable given the current attention
on a transition towards a circular economy), while on the other could enhance the recalcitrance
of fossil-based mixtures to disintegration and compostability [174–176]. Nevertheless, even if the
mechanical recycling of bio-based non-biodegradable plastics, such as bio-PP, bio-PE, and bio-PET,
is chemically matched to their fossil counterparts, thus totally compatible with the current recycling
methodology, a limiting issue is that these materials (as well as blends of bio-based and fossil plastics)
are not compatible with sorting in single polymer streams, even in larger quantities. Therefore, if not
mechanically recycled, they can only be incinerated with energy recovery (or anaerobic digested with
biogas production).

Materials obtained by mixing synthetic polymers with natural polymers can potentially
compromise environmental, economic, and social aspects by reducing the recyclability when compared
to traditional polymers [177,178]. Therefore, a main concern associated with the strategy of introducing
natural/biodegradable polymers into conventional polymers is related to the chance that these blends
have lower levels of recyclability compared to the original polymers, which would then have an
adverse impact on both environmental and industrial issues.

It should be also recognized that use of bio-based or biodegradable plastics is often justified by
asserting that they biodegrade faster than their conventional petrochemical counterparts; on the other
hand, it has to be considered that new demand for biomass inputs could negatively expand uses
of land, fossil fuels, chemical inputs, and water. Additionaly, bioconversion may require the use of
potentially toxic petroleum-based solvents and results from life cycle assessments could give high
energy consumption and emissions for bio-based polymers. When deciding to fully or partially replace
conventional petroleum-based plastics with bio-based plastics, it is important to understand the flow
of these materials and their adverse impacts in all parts of their life cycles in order to select a material
that is more sustainable [179].

Given, as recognized, that the characteristics of biopolymers must be improved substantially if
we want a penetration in the market, the change of these materials toke the attention of researches.
In a dissimilar manner to the design of new polymers and polymerization routes, polymer blending
is a comparatively low-priced and fast process to modify the characteristics of polymeric materials.
As a consequence, this procedure may take part in a critical manner in improving the attractiveness
of bio-based polymeric matrices [180]. Further studies are requested to optimize the miscibility of
these systems to exploit their potentials. It is widely reported in the literature that different chemical
modification routes, such as grafting, transesterification, and copolymerization, have been developed
to obtain polymeric materials and blends with valuable characteristics.

5.1. Starch

In the case of starch-based blends [181], numerous studies have reported, even recently [182], the
blending of thermoplastic starch with other man-made plastics (e.g., polycaprolactone, polyamide,
polyolefins) [183]. While the blending approach reduces some limits of the TPS systems, the successful
approach in improving adhesion can be found by considering non-reactive mixing (blending TPS
with graft block or random copolymers) or reactive compatibilization (by polymerization, grafting,
or branching).
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As an example, a comparison between the effects of carboxylic acids (stearic, palmitic, and
myristic acids) and maleic anhydryde (MA)-grafted poly(propylene), used as a compatibilizer agent
for PP/TPS polymeric blends, was conducted: Carboxylic acids revealed comparable compatibilization
performance with respect to MA-grafted poly(propylene), regarding improved adhesion and better
mechanical properties (Figure 6a) [184]. It was studied that carboxylic acids induced enhanced
crystallinity in PP/TPCS blends. Polymeric blends based on the combination of traditional polymeric
matrices and starch can also speed up the disintegration of traditional based systems used to realize
packages [185,186]: The presence of different amounts of starch into traditional polymeric matrices
can decrease the price and enhance the degradation of the blends, due to the fact that, if polymeric
blends are buried in soil, the starch phase is degraded by microorganism attacks. This enhanced
degradability due to the presence of porosity and voids induces the loss of integrity of polymeric
systems (Figure 6b). Nguyen et al. [187] analyzed the behavior of LLDPE/TPS systems, obtaining a
degree of disintegration of 63%. The systems disintegrated into methane, H2O, CO2, and biomass
after five months in a composting environment. The results confirmed that LLDPE/TPS blends were
disintegrated more rapidly than pure LLDPE, an enhancement in terms of porosity structure with
a loss of integrity of the polymeric matrices was evidenced, finally achieving broken plastic small
pieces. Consequently, if the PE part of the material is not modified to facilitate its disintegration and
the subsequent biodegradation, only the starch part of the blend will biodegrade with fragmentation
of the material as a result. However, it is highly questionable and hard to accept, as polyolefins present
in the blends do not undergo biodegradation and are still present in the form of a polymer material
when the biodegradable part of the blend degrades to water, CO2, and biomass. In the environment,
the packaging product made of this kind of blend is only fragmented to small fractions of plastic that
can be definitely dangerous for living organisms [188]. The recycling opportunity still represent a
possible solution to this problem, as it has already been demonstrated that the replacement of products
based on LDPE with LDPE/TPS blends may not result in substantial changes in the recyclability issues
associated with the reprocessing of the involved systems [189].

Figure 6. SEM micrographs of (a) PP/TPS/MA blend [184]; (b) TPS/PE compatibilized with PP-g-MA
20%—scale 20 μm [186]; (c) 30TPS/70PA12 blend [190]; (d) LDPE/PHB 80:20—scale 40 μm [191];
(e) PS45/PHB45-(block copolymer) C10 blend [192]; (f) PLA/PS (0.3 volume fraction) blend [193].

In the case of PE, further investigation is mandatory to utilize LDPE-starch blends as bio-based
packages, because of the decrease of the mechanical characteristics of PE when the starch amount
increases [194]. Generally, the mechanical performance is reduced with the presence of starch because
of the limited compatibility between PE and starch. The reduced compatibility is strongly related
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to the fact that starch granules are extremely hydrophilic, due to the presence of hydroxyl groups
at their surfaces, while LDPE generally does not show affinity to water. In several researches, if the
content of starch is increased at around 20 wt % the deformability of the PE matrix is changed and
converted into a fragile material (in PE/starch based formulations) [195]; even gas diffusion and
the water vapor transmission rate (WVTR) is changed in relation with the starch ratio, according
to Arvanitoyanis et al. [196], that found how WVTR is decreased proportionally when the amylose
content increases, due to amylopectin degradation during the thermal processing.

Pedroso and coworkers [197] and Rosa et al. [183] observed immiscibility between TPS and
LDPE, Euaphantasate et al. [198] produced LLDPE/TPS systems by extrusion, presenting different
amounts of starch, from 10 to 40 wt %; the microstructure shows the presence of two polymeric phases
and micro-voids.

Rare papers can be found for the realization of TPS blended with high melting synthetic polymers.
In the case of polyamides, Landreau et al. [199] and Teyssandier et al. [190] investigated TPS-based
systems combined with polyamide 11 (PA11) and polyamide 12 (PA12) (Figure 6c). In the first research,
microstructures and characteristics of TPS/PA11 polymeric systems were investigated. The proposed
formulations were modified, applying a compatibilization procedure by considering carboxymethyl
cellulose (CMC) in an amount of 1 g CMC/100 g dry polymeric matrix. The presence of sodium
neutralized anionic groups allowed the interaction between CMC and PA11, perhaps by hydrogen
bonding of the amide groups and metal complexation. The polymeric blends showed interesting
mechanical characteristics (high tensile strength and high modulus), even if TPS was the major element.
In the second work, the authors analyzed the compatibilization of TPS/PA12 blends by the presence
of poly(ethylene-co-butyl acrylate-co-maleic anhydride) terpolymer (Lotader 3410) and bisphenol A
diglycidyl ether (DGEBA). The crystallization phenomenon of PA12 in TPS/PA12 polymeric blends
was determined to be deeply dependent on the DGEBA amount; however, no effect was observed for
the presence of Lotader 3410 t.

Moreover, Tureèková et al. [200] analyzed the preparation of polymeric-based systems composed
by an aromatic-aliphatic copolyester, having wheat starch and 35 mol % of aromatic ester units,
plasticized by 15, 20, or 30 wt % of glycerol. Blends prepared from copolyester and native starch, at
ratios of 55:45, 65:35, or 75:25 by weight, were analyzed; tensile strength values varied between 9 and
30 MPa. Deformation at break of the polymeric blends was very low, while wettability characterization
of the analyzed systems would not reduce possible utilization as package products.

In the case of polystyrene, Tomy et al. [201] investigated the characteristics of oxidized and native
corn starch/polystyrene-based systems under reactive extrusion, using zinc octanoate as a catalyst.
The systems were realized by reactive extrusion, and then processed by compression molding. The data
undoubtedly showed that the used catalyst induced cross-linking between PS and starch, and that
the induced oxidation of the starch magnified its reactivity. Systems did not show signs of swelling
or antimicrobial growth. Yongjun et al. [202] realized copolymer by reactive grafting of starch with
polystyrene (starch-g-PS) by using ionic liquid 1-ethyl-3 methylimidazolium acetate ([EMIM]Ac) as
the solvent and potassium persulfate as the initiator. The obtained analyses showed that ionic liquid
suspension of starch, before polystyrene grafting, is a useful procedure for the synthesis of amphiphilic,
polysaccharide-based graft copolymers with high grafting amount.

Only one paper is available that considered the tuned degradation of PVC when blended with
TPS [203]; thanks to the extensive variety of uses for PVC, a complete comprehension of disintegration
steps is of fundamental significance from an ecological viewpoint.

Lastly, an extensive number of results are accessible on the potential use of thermoplastic starch
in a blend with EVOH [204–207]. Generally, starch systems show relatively interesting barrier
characteristics at low moisture levels and plasticizer amount, with respect of traditional membranes,
such as EVOH (copolymer of vinyl alcohol and ethylene) or polyamide, which are frequently
mentioned as control materials for oxygen barriera. The difficulty with starch membranes is to
verify the appropriate stability between interesting barrier and mechanical characteristics. Commonly,
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great amount of plasticizer amount is chosen to gain a soft material, but in this situation the barrier
characteristics are going to be obviously reduced. Even if starch shows higher diffusion to carbon
dioxide and oxygen than ethylene-vinyl alcohol, it is indeed considerably economically advantageous
to use it; thus, comparable or higher barrier materials, in comparison with EVOH-based multilayer
formulations, can be obtained by considering greater thicknesses.

It has been proven that the blending of starch and PVA enhanced the disintegration of starch-filled
renewable polymers [115,208]. In general, PVA/starch blend films show certain limitations, such
as high affinity to water and weak mechanical characteristics. In particular, barrier and tensile
performance decrease with higher starch amount, resulting from their partial compatibility, especially
in the absence of plasticizers. Consequently, the main approaches to overcome these limitations
comprise the use of chemicals (such as cross-linkers and surfactants) to modify the compatibility
during blending, the use of modified PVA and starch instead of native PVA and starch, respectively,
as well as the incorporation of nanofillers to improve their properties. Zhao et al. [209] modified
starch to tackle this problem by using methylated corn-starch (MCS) and then blended it with PVA.
The water absorption capacity of PVA/MCS decreased by a factor of two when compared with that
of PVA/native starch. On the other hand, Jayasekara et al. [210] modified surface compatibility of
PVA/starch films with the aid of chitosan since the surface roughness of PVA was lower than that
of starch. However, PVA/starch blend surfaces had an intermediate roughness between those of
individual PVA and starch, which remained unchanged with the addition of chitosan.

5.2. Chitosan

Because of the large applications of chitosan in various fields, blends with synthetic polymers,
having a wide range of physicochemical properties, have been prepared in various occasions, with
solution blending investigated by many workers [211,212]. Polyvinyl alcohol and polyethylene are
among the synthetic polymers that have been frequently blended with chitosan.

The combination of good mechanical properties and hydrophilicity of PVA with the biological
activity of chitosan offers a good opportunity to produce beneficial blend films with high antimicrobial
effects, high formability, good strength, and high barrier proprieties, despite the fact that the elongation
at break may be a limiting factor for packaging applications [213].

The progress of scientific investigations on polyethylene/chitosan composites has gained
significant consideration, especially those prepared by melt processing, because of their superior
control of the final material’s properties with respect of solvent evaporation methods. The result of the
work by Lima et al. [214] specified that chitosan tunes the viscosity, loss modulus, storage and torque
modulus (i.e., melt viscosity), and the mixture chitosan/PE-g-MA compatibilizer has a comparable,
even if negligible, consequence. In the case of higher fillers amounts, (more than 15 wt %) the PE-g-MA
influenced the rheological behavior of the mixtures, maybe improving matrix–filler interactions and
working as an active compatibilizer [215].

The selection of the polymers to be blended with the chitosan depends on the property to be
conferred or boosted. For example, the affinity to water characteristic of chitosan is changed by
blending with polymeric matrices, such as PEG and PVA. Chitosan was similarly blended with a great
number of polymeric matrices, such as polyamides, pol (acrylic acid), gelatin, silk fibroin, and cellulose
to improve mechanical characteristics.

Chitosan/nylon 11 blends, at different ratios, were produced [216] and results revealed that the
physical properties of nylon 11 were greatly affected by the addition of chitosan in the blended films and
that good biodegradability of the resulting blends was observed. Smitha et al. [217] have considered
the characterization of crosslinked blends of chitosan/nylon 66 at different weight compositions.
The obtained results showed good indication for dehydration of dioxane and moderate water sorption
(50–90%) of the blends, with no significant effects on the mechanical stability of the blends.

High temperature melting PET was also tested in combination with chitosan [218].
The PET/Chitosan blends showed a noteworthy antibacterial characteristic towards Gram-positive
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and Gram-negative bacteria, which improved at higher content of chitosan films. In addition, tensile
strength and deformation at break of PET/chitosan films reduced with increasing chitosan amount.
Consequently, the investigations of PET/chitosan systems underlined the possibility to utilize the
proposed systems in the food industry as antimicrobial packages.

Mascarenhas et al. [219] blended chitosan with polystyrene to enhance mechanical and physical
characteristics of chitosan, and to improve its functionality towards some specific applications:
The versatility of the blends, such as film-forming ability, hydrophilicity, biodegradability, and
biocompatibility are comparable with the existing blends.

Carrasco-Guigón et al. [220] realized PP/chitosan-based composites, applying the extrusion
procedure and using chitosan at 9% (w/w) and PP-g-MA at 5% (w/w) as a compatibilizer. The presence
of chitosan increased the wettability of the films, thanks to its high affinity to the water, while
crystallinity and mechanical characteristics of PP reduced with the presence of chitosan (this behaviour
could be predictable, due to the limited mechanical performance of chitosan bio-based polymeric
matrix). In addition, due to the typical antimicrobial activity of chitosan, this material can be used to
develop food containers to increase the conservation of food for a longer time in respect to traditional
polymeric matrices.

Fernandez-Saiz et al. [221] reported, for the first time, about water barrier blends of chitosan
with EVOH copolymers by solution casting: Optimal properties in terms of microstructure, optical
characteristics, biocide, and water barrier activity could theoretically support the development of
new bio-coatings based on chitosan salts and EVOH. The chitosan/copolymer blend can preserve the
transparency and the dimensional stability, even in the presence of humidity, of the neat EVOH, but
showing improved water barrier and exceptional biocide characteristics when compared to chitosan.

Polyvinyl chloride (PVC)/chitosan packaging has been also investigated [146]:
Ouattara et al. [222] realized chitosan-based antibacterial packages. The diffusion of acetic or
propionic acid from thin films (44–54 mm) was analyzed after water immersion at various pH (5.7, 6.4,
or 7.0) and temperatures (4, 10, or 24 ◦C). Due to the antimicrobial characteristics of chitosan, these
polymeric blends can be used as antibacterial packages [223]. Nevertheless, chitosan-based films may
absorb water and swell on extended time contact. Therefore, the checking of geometric features, such
as porosity, is recommended.

5.3. Cellulose

Cellulose, which is crystalline and an insoluble material in water, becomes appropriate for
the realization of thin systems if it is transformed in cellophane [126]. Other than cellophane,
ethyl, hydroxyl-ethyl, cellulose acetate, and hydroxyl-ethyl cellulose are commercially-available
treated celluloses with good toughness, transparency, flexibility, and resistance to fats and oils [224].
Cellulose acetate can be used in combination with other bio-based polymers. Suvorova et al. [225,226]
reported about the use of cellulose diacetate (CDA) mixed with potato or corn starch: Enhancements
in barrier and mechanical properties were found when methyl cellulose was compounded with
starch-whey protein, other polysaccharides, or lipids [227,228]. A recent study aimed to identify
polycaprolactone as a candidate for blending with methyl cellulose, which can be synergistically
employed in a layered system. PCL significantly lowers the water vapor permeability and increases
the puncture resistance when compared to methyl cellulose (7.3 × 10−11 gm/m2s Pa) [229].

Examples of CA in combination with petroleum based polymers can be found in blends or
laminated PET, even if usage today is much reduced with the availability of the lower cost biaxially
oriented polypropylene (BOPP) [230], while the use of PVC combined with CA is strictly related to
ultrafiltration purposes [231], and few studies can be found where authors considered the blending as
a way of aiming to reduce the amount of (PVC) waste products in the environment and to increase
their biodegradability [232,233]. Its combination with polyamide is even restricted to membrane
applications [234].
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Because CA is expandable in a similar way to polystyrene, there are available studies in which
surface roughness and foam morphology of cellulose acetate sheets have been compared with PS [235],
and a few papers are present on their blending [236,237].

5.4. PHB

Neat PHB shows several drawbacks, such as a high degree of crystallinity and thermal instable
behavior. Consequently, its blending with petrochemical-based polymeric matrices showing low
degradation values, but superior mechanical characteristics can be an answer to gain environmental
and eco-sustainable advantages. The blending approach of PHB and PET might guarantee variations in
the performance of the produced disposals, such as the improved mechanical characteristics of the PET
or PHB biodegradability (Figure 6d) [191]. Dias et al. [238] noted that comparable temperatures during
the melting phenomenon were detected for PHB/PET blends without any important interactions
between them. Numerous works regarding the investigation of the main characteristics of LDPE/PHB
blends have been carried out and are reported in the literature [239,240]. There is confirmation that
LDPE/PHB blends are not miscible matrices with fine distribution of phase boundaries between
dispersed phase and matrix. In accordance to Pankova et al. [241], the morphology of these blends
showed that the minor constituent (PHB) forms band-like fibrils entrenched in the LDPE polymer. If the
content of PHB is higher than 16 wt %, the blend system undertakes microstructure modification from
oriented PHB structure to isotropic one, where the PHB fibrils convert into a network. The dissimilarity
between the two microstructures reveals the dissimilar values of water permeability of the produced
systems. Consequently, the amount of PHB in the blends adjusts the microstructure and, as a result,
determines the water barrier characteristics. The same effect was found in the case of PP/PHB
blends [242], characterized by a reduction of stiffness and crystallinity in the presence of a PHB
polymer, and at the same time the blend showed an increase of flexibility in relation to the content
of PP in the blend. Olkhov et al. [243] investigated the replacement of ether functional groups
belonging to PHB, having reduced affinity to water with more hydrophilic groups (amide) belonging
to polyamide, while Abdelwahab et al. studied how to advance the compatibility of PHB and PS,
which have analogous processing temperatures but are basically incompatible, by using commercial
compatibilizing ingredients based on PS random copolymers, containing methyl methacrylate or
maleic anhydride comonomers [192] (Figure 6e). PHB/ Polyvinyl acetate (PVAc) or PVA blends were
widely analyzed: PVAc and its modification, as the PVA, are miscible with PHB in the melting region.
In the case of PHB/PVAc (74/26) blend, a pronounced enhancement in the deformation at break,
related to the reduction of crystallinity values of the blend, was noted, determined by the presence
of PVAc. Other than this, PVAc addition inhibited the second crystallization phenomenon of PHB at
room temperature and; therefore, the blends demonstrated unchanging physical characteristics during
storage at room temperature [244].

5.5. PLA

Data provided by the literature include evaluation of properties of melt-blended PET containing
small amounts of PLA, or blends containing greater amounts of PLA obtained by solution casting:
These polymeric blends are characterized by reduced mechanical properties in relationship to the
high content of PLA in PET, making it unappealing for industrial use [245]. The main reasons for
these reductions can be found in: (a) PET processing temperature (∼260–300 ◦C), well over the
melting temperature of PLA (∼160 ◦C), causing the PLA degradation and chain scission during blend
compounding; and (b) no miscibility of the two polymeric matrices, which has been observed even for
blends containing only small contents of PLA (5 wt %) [246]. The different polarity is also in charge
of the limited compatibility of PLA with polyolefins; therefore, it is common to add a compatibilizer,
such as polyethylene-grafted maleic anhydride (PE-g-MAH), in order to increase the characteristics
of blends [247]. Alternatively, taking into account difficulties that need to be overcome in processing,
modification by selecting a less expensive polymer, like PVC, is quite limited, so PLA, and a few
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numbers of articles concerning PVC/PLA-based blends have been published. It was proved that PLA
stabilized the thermal degradation of PVC; however, a better compatibility was found only when
MAH was considered in the blend (phase separation disappeared in the presence of MAH and the
formation of MAH-g-PVC was confirmed by the increase of glass transition temperature of PVC) [248].

In the case of PS-containing blends, it is well recognized that polystyrene possessed limited
degradation and narrow affinity to the water, which made the disposal of PS difficult after use.
In order to modify the degradation process of PS, PS was blended with TPS, realized using several
plasticizers, and the results indicated that blending of PLA with PS might be one of the best ways
to find an equilibrium between cost effective PLA and also find reduced properties of PS [249,250].
Imre et al. [193] found a correlation between structure and interactions (Figure 6f), by determination of
dispersed particles size, calculation of the Flory–Huggins interaction solubility parameters, and by the
quantitative estimation of the composition dependence of tensile strength.

In addition to the identification of a possible process for refining of polylactide (PLA) toughness,
polyamide (PA) with elevated toughness and strength was utilized to realize PLA/PA blends [251].
There is a limited number of works proposed in the literature that considered a PLA blend with
polyamides, and the system result is still not totally understood [252]. Stoclet et al. [253] analyzed the
microstructure and mechanical characteristics of this system and assumed that PLA/PA11 is a low
interfacial tension blend with quite good compatibility, while Dong et al. [254] analyzed the result
of introducing ethylene glycidyl methacrylate-graft-styrene-co-acrylonitrile (EGMA-g-AS) rubber
particles in PLA or PA11 phases on the mechanical characteristics of PLA/PA11 blends. They detected
a 78- and 5.2-fold enlargement in deformation at break and impact strength, respectively, in ternary
blends, in which EGMA-g-AS is mainly dispersed in the PLA phase. They also concluded that
the presence of EGMA-g-AS did not modify the dispersion of polymeric phase microstructure of
PLA/PA11 blends. In the proposed works, several aspects of the microstructure, interfacial and
coalescence characteristics of PLA/PA11 continue to be uncertain or contradictory. The possibility of
having a bio-based PA has been also evaluated [255,256], where it was confirmed that low molecular
weight epoxy resin could have a substantial role as a reactive compatibilizer in PLA/PA 610 blends.

Notwithstanding its good thermal and mechanical properties, the highly hydrophobic nature
of PLA leads to low hydrolytic degradation rates. In general, hydrophobicity means the poor
ability for holding-up water. As water uptake is an essential step to degradation process, PLA is
often blended with synthetic biopolymers, such as PVA, in order to enhance its biodegradability.
Li et al. [257] recommended that the blending of PVA with PLA could lead to promising ecofriendly
materials for packaging applications with high performance, such as good mechanical properties
and thermoplasticity. Furthermore, Shuai et al. [258] stated that poly(L-lactide) was immiscible with
PVA with completely different Tg peaks being observed from differential scanning calorimetry (DSC)
results, which is ascribed to the absence of hydrogen bonding in amorphous regions.

5.6. PBS

PBS is a costly polymer with limited mechanical properties, consequently it is not good for final
use. Because polyethylene terephthalate is a material that is hardly degradable by microorganisms, the
possible blending of PET with PBS could enhance the disintegrability of a non-degradable matrix in the
blend. Threepopnatkul et al. [259] found that PET/PBS blends were totally immiscible. At the same
time, an overall decrease of tensile properties, such as strength, modulus, and elongation at break, in
the presence of PBS, in comparison with neat PET thin film, was measured. In the case of blending with
polyolefins, due to the fact that HDPE has comparable mechanical properties with PBS, the blending of
these two matrices not only modified the cost but also improved the overall mechanical performance
of the final blend. Aontee et al. [172] found that a HDPE and PBS blend was immiscible, showing
many different morphologies depending on HDPE content (from spherical domain to worm-like
and elongated structure, up to coalescence;, moreover, it was observed that yielding and breaking
strength gradually decreased with increasing HDPE content. The use of PVC was recently considered
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by Chuayjuljit et al. [260], who designed how to recover the stiffness and induce degradability of
poly(vinyl chloride) by inserting poly(butylene succinate) (PBS) in the blends: The obtained blends
(from 10 to 50 wt % of PBS phase) showed an increase in the impact strength, elongation at break,
and inclination to biodegrade when compared to the neat PVC, only with increasing content of the
biodegradable PBS phase.

5.7. PBAT

Polybutylene adipate-co-terephthalate (PBAT) has great deformation at break comparable to a
thermally processable elastomer, a characteristic that should be considered in case of blending with
PET, having interesting thermal and mechanical characteristics, low gas diffusion, chemical resistance,
and good transparency, but limited degradation in presence of water and microbials. As shown by
Thongsonget al. [261], with increasing content of PBAT, thermal resistance of PBAT/PET film was
decreased in comparison with neat PET film. In parallel, the increase of PBAT would result in lower
values for elastic modulus and tensile strength, while the deformation at break would considerably
improve, particularly when the PBAT amount is above 40 wt %. Nevertheless, the limited presence of
10 wt % of PBAT could even enhance deformation at break and tensile strength, to give values more
elevated than neat PET system.

5.8. Bio-PE-Based Blends

A limited number of papers discussed the blending of bio-based polyolefins, and only one
example was found with bio-based PLA. As reported in Brito et al. [262], the authors investigated the
effect of ethylene-glycidyl methacrylate (E-GMA) and ethylene-methyl acrylate-glycidyl methacrylate
(EMA-GMA) copolymers as compatibilizer agents in PLA/Bio-PE blend. The data underlined that
the use of the E-GMA and EMA-GMA copolymers significantly enhanced the impact strength of the
PLA/Bio-PE blend, thanks to the reaction between hydroxyl or carboxyl groups in PLA and the epoxy
groups in the copolymer matrices.

6. Nanocomposites of Hybrid Blends and Bio-Based Nanofillers

Generally, the functional characteristics of bio-based polymers in relation to their physical and
functional characteristics are required to be modified to accommodate foodstuff necessities, applying
diverse strategies and modifications, as chemical or physical changes (crosslinking) or blending with
different polymers and or fillers/components (compatibilizers or plasticizers). Consequently, several
works have been made to design polymeric-based materials, extracted from renewable sources, with
similar properties to those of traditional ones, with the final scope of reducing the environmental
problems induced by the use of plastics [263,264]. The properties to be considered are numerous and
may incorporate water vapor and gas diffusivity into polymeric chains, mechanical characteristics,
thermal processability, sealing capability, resistance (chemical attacks (acid), grease, water, UV light,
etc.), machinability (on the packaging line), antifogging ability, optical characteristics (transparency),
printability, and economic aspects. It is significant to understand that no single natural material will
assure all possible business areas and utilization. Consequently, an increasing attention is seen in
the development of packages involving multilayer systems, in analogy to the conservative approach
to create multilayer high-barrier films (e.g., a bio-based laminate implying plasticized chitosan or a
starch based system combined with PHA or PLA), the final substance offers the barrier characteristics
to gases and mechanical strength similar to a laminate with an external layer of polyamide (PA) or
ethylene-vinyl alcohol (EVOH) assembled with LDPE [265]. Therefore, the characteristics of any
biopolymer are analyzed focusing the attention on the main fundamental characteristics:

(a) Gas barrier properties: It was studied that biodegradable polymeric matrices show fine
resistance to the oxygen transmission and, presently, several strategies are achieved to adjust their
barrier characteristics. Nevertheless, the oxygen transmission rate (OTR) is superior in bio packaging
with respect to conventionally-utilized polymeric matrices, with the consequence that the shelf-life of
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foods decreased. Similarly, the CO2 barrier performance of polymeric matrices is also largely significant
in packages for fresh foodstuffs. Conventional high barrier systems contain the presence of numerous
layers to create a system with the necessary features; similarly, two or more bio-based polymeric
matrices can be arranged to design a polymeric system taking the essential requirements [266].

(b) Water vapor barrier characteristics: The main restrictions of bio-based packages are their
hydrophilic performance. Even if water vapor barrier performances of bio-polymeric matrices
are related with conventional matrices, a composite biopolymer can be designed and innovated
with transmittance rates rather similar to the conventional plastics. The biodegradable package is
a high-quality alternative for products that necessitate high water vapor diffusion. Deep study has
been performed to modulate the water diffusion characteristics of bio-systems also realizing numerous
layers or developing nanocomposite approach [267].

(c) Light barrier characteristics: The sunlight energy accelerates the corrosion and deterioration
processes that unfavorably influence photosensitive foods. Sunlight, in addition, operates as a
catalyst to enhance the rancidity of lipids. Additionally, light provokes the oxidative modification
in the polymeric, resulting in the deterioration of polymeric materials, counting both bio-based and
conventional packages. To prevent the photo degradation of polymeric matrices and foodstuffs, UV
stabilizer and absorber components can be included in the package systems [268].

(d) Compostability: It is one of the main significant conditions of bio polymeric matrices, as it
changes their attitude to the disintegration and modifies the degradation behavior of wastes into
advantageous soil products. The disintegration of polymeric materials in composting soil depends
essentially on characteristics of the polymeric sources. The first stage of disintegration in composting
soil is typically based on the hydrolytic process that damages the polymeric materials, and hydrolytic
level is related to the water vapor diffusion of the substance [269–271].

It has been recommended that intrinsic weaknesses of bio-based packages, such as reduced barrier
characteristics, hydrophilicity, low heat deflection temperatures, restricted processing gap, and low
mechanical performance, may be overcome by a nanocomposite approach [140,272]. The potential
of layered clay mineral nanoparticles has been established, thanks to their commercial accessibility,
relatively high barrier and mechanical performance enhancements, low price, and moderately simple
processability. Nevertheless, it may be underlined that although nanoclays are largely available natural
sources, they are not biodegradable or renewable. Several other nanoparticles, comprising nano-metal
oxide or metal have been utilized to enhance the matrix thermal performance and add some functions,
such as strong antibacterial action.

In this scenario, bio-based nanofillers, obtained from no totally crystalline bio-polymeric matrices,
such as cellulose, chitin, or starch, or from amorphous lignin, have recently obtained significant
attention owing to their elevated accessibility and low density. Nevertheless, while literature on fully
biodegradable nanocomposite blends containing nanofillers from plant and animal origin is quite
extensive, research on hybrid systems is relatively unexplored. According to this, a deep revision
of current results and overall performance of hybrid (bio-based plus synthetic matrices) polymeric
nanocomposites containing different nanofillers (mainly bio-based ones) will follow.

6.1. Starch Based Hybrid Nanocomposites

Naderizadeha et al. [273] realized starch-based films by blending with PVA, produced by solvent
casting. Two nanofillers (sodium montmorillonite (Na-MMT) and SNCs (starch nanocrystals)) were
used and their achievements on overall performance of nanocomposites were investigated. This study
unfolded the synergistic influence of SNC and Na-MMT to modulate mechanical characteristics, mostly
in 3 wt % of the total amount of nanofillers in 50:50 (w/w).

To enhance the mechanical and moisture diffusion characteristics of starch-based systems,
attention has been directed to produce nanocomposites by adding nanoscale particles [274].
For example, previous studies have revealed that whatever the clay type, the presence of nanoclays
into PVA/starch, PCL/starch [275,276], PE/starch [277], and PP/starch blends [278] determined
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an enhancement in the material stiffness, mechanical characteristics, water resistance, and thermal
stability. Tang and co-workers [279] developed several PVA–starch/nano-silicon dioxide (SiO2)
biodegradable blend films and discovered that the mechanism responsible for the improved tensile
strength and water resistance of the composites was the formation of a strong chemical bond between
nano-SiO2 and PVA–starch blend. They also analyzed the biodegradability of nano-SiO2 reinforced
starch/PVOH nanocomposites and the results underlined that nanoparticles had no important control
on biodegradability of films. Spiridon et al. [280], on the other hand, analyzed degradation of
clay/starch/PVOH nanocomposites and determined that films biodegradation is related to both
typology and number of nanoparticles, and the nanoparticles delayed the biodegradation degree.

The PVA/starch/clay nanocomposite as a food packaging material has been also developed [281]
and, in active packaging, some additives have been also included in the formulation to promote
an antimicrobial or bacterial adhesion inhibitory effect [282]. Quite recently, Tang and Alavi [283]
reviewed the use of starch in combination with PVOH and established that thermally-processable
starch/PVOH/montmorillonite micro and nanocomposites could demonstrate intercalated and
exfoliated structures throughout the extrusion process technique.

6.2. Cellulose-Based Hybrid Nanocomposites

Carboxymethyl cellulose (CMC) added to polyvinyl alcohol (PVA) biopolymers have been
extensively utilized for advanced biodegradable films in the packaging sector: CMC are compatible
and miscible bio-based matrices, due to the existence of multifunctional groups on polymeric chains;
as a result the blend strategy of these matrices can facilitate the production of bio-based matrices
with characteristics that consent their use in the promising field of bio-packages. PVA/CMC blend
can be utilized as a novel bio-blend matrix to develop and realize bio-based nanocomposite systems
with improved characteristics. El Achaby et al. [284] established that the presence of 5 wt % CNC
(cellulose nanocrystals) in PVA/CMC improved the tensile modulus and strength by 141% and 83%,
respectively, and the water vapor diffusivity was weakened by 87%. Moreover, the developed systems
reinforced with filler at thenanoscale level preserved similar transparency of the PVA/CMC system
(transparency level in the visible region was estimated at around ∼90%), highlighting that the CNC
were well distributed at the nanoscale. The proposed nanocomposites showed interesting adhesion
characteristics and the great number of functional groups present in the CNC’s surface and in the
macromolecular chains of the PVA/CMC system are useful to enhance the interfacial relationship
between the polymeric blend and CNC. As a result, these eco-friendly organized bio-nanocomposite
systems with higher characteristics are estimated to be of practical use in the food packaging sector.
By using MMT, Taghizadeh et al. [285] analyzed that MMT content drastically influenced the rate
of starch solubilization and explained the reduction of the degradation rate in MMT/PVA-/CMC.
Additionally, at 5% (w/w) of MMT, the systems are characterized by the lowest water absorption
capability (WAC) % levels.

6.3. Chitosan-Based Hybrid Nanocomposites

Cano and co-authors [45] designed and studied the combination of cellulose nanocrystals (CNC)
in polymeric blend of poly(vinyl alcohol) (PVA) and pea starch (2:1 content) blend films, to enhance the
physical and functional characteristics and the stability of produced formulations throughout storage,
reducing some negative aspects of starch-based films. Specific amounts (1, 3, and 5 wt %) of CNC were
selected to modulate the barrier properties of PVA/pea starch based film used as control. No changes
in water vapor permeability (WVP) were registered adding the different content of CNC; this behavior
can be related to the enhancement in the hydrophilic nature of the films, as also observed by the
overall migration levels in polar and non-polar food simulants. The nanocomposites are characterized
by lightly rigid and more stretchable behavior, crystallization phenomenon of PVA was moderately
reduced by CNC addition [45].

Multifunctional poly(vinyl alcohol) (PVA) and (10 wt %) chitosan (CH) films reinforced with
(3 wt %) CNC obtained from kiwi Actinidia deliciosa lignocellulosic wastes, obtained after the
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pruning were produced, and combined with (5 wt %) carvacrol, used as the active ingredient, for
prospective industrial application [286]. Luzi and co-author developed and studied novel PVA
and PVA/10CH systems with modulate characteristics of main significance in thefood packaging
sector [286]. The microstructure analysis highlighted that no changes in the PVA and PVA/CH
cross section areas were found due to the addition of nanocellulose (CNC) and/or carvacrol (Carv),
underlining the positive synergism among the ingredients. The authors studied the optical and
colorimetric characteristics, the data highlighted that no changes were detected on transmittance
level and colorimetric appearance of PVA and PVA/CH blend, which were kept also in the case
of four components-based formulations (Figure 7, Panel A). The different produced PVA-based
formulations combined with carvacrol showed an important antioxidant effect, whilst the presence
of carvacrol and chitosan induced an antimicrobial effect [286]. Yang and co-authors analyzed
the effect of introducing lignin nanofillers (LNP) at two different weight ratios (1 and 3 wt %) on
chitosan/polyvinyl alcohol (PVA) hybrid nanocomposite films, realized by using a solvent casting
technique [48]. Antibacterial studies (Figure 7, Panel B) revealed the capability to decrease the microbial
growth of Gram-negative bacteria, suggesting the possibility of using these films against the growth of
microbial plant/fruit pathogens in the food package sector. Additionally, the results from the presence
and combined effect of CH and LNP in the antioxidation property (Figure 7, Panel C) predicted their
use not only in the food packaging sector, but also in the biomedical sector (drug delivery, tissue
engineering, wound healing), where new antiseptic innovations are frequently necessary [48].

Figure 7. Panel A: Illustration of PVA/10CH/5Carv/3CNC formulation (a); and UV-Vis curves of
PVA formulations (b) [286]. Panel B: Antibacterial study of PVA, PVA/CH, and PVA/CH/LNP
nanocomposites, on the increase of plant pathogenic bacteria Pectobacterium carotovorum subsp.
odoriferum (Pco) (CFBP 1115) 1 × 106 CFU/mL (a); and Xanthomonas arboricola pv. pruni (Xap)
(CFBP 3894) 1 × 106 CFU/mL (b) [48]. Panel C: Antioxidant properties migrating substances of
PVA/CH/LNP nanocomposites immersed in methanol solution for 24 h, measuring the absorbance
level at 517 nm (a); and colorimetric deviation of the DPPH methanolic solution (b) [48].

105



Materials 2019, 12, 471

Another application of chitosan hybrid nanocomposites was analyzed by Sadeghi and
co-authors [287]. In that work, ethylene vinyl alcohol copolymer (EVOH) and chitosan were
combined with nano zinc oxide (nano-ZnO) and glycerol used as plasticizer, these systems were
deeply analyzed and developed for food packaging systems. The functional characteristics of
EVOH nanocomposites underlined improved barrier, mechanical, and transparency characteristics.
The antiseptic characteristics were enhanced by adding chitosan. The addition of plasticizer
determined a reduction of barrier properties and, at the same time, an increase of deformation at
break (εb) was detected. The addition of nano-ZnO improved barrier, mechanical, and antibacterial
characteristics [287].

6.4. Polyester-Based Hybrid Nanocomposites

Nuñez et al. [288] focused the investigation on the possible efficiency of sepiolite clay on the
final performance (tensile toughening) of matrices in ternary blending systems, having PLA as the
polymeric phase and low-density PE as the distributed phase. Results highlighted that the blends
realized without clay are characterized by high thermal stability and tensile durability, compared to
those realized with sepiolite. The nanocomposite blends showed comparable thermal profile, lower
tensile strength and Young’s modulus values, and enhanced deformation at break and tensile toughness
with respect of PLA nanocomposites. These data evidenced how clay dispersion, type of microstructure
of the various blends, localization of the sepiolite in several phases, thermomechanical degradation
of the PLA through melt blending, and grafting level of the utilized compatibilizer ingredients were
critical for the successful performance of the materials. As’habi et al. [289] considered the blending
of poly lactic acid (PLA)/linear low-density polyethylene (LLDPE) polymeric nanocomposites,
realized using two commercial-grade nanoclays: due to the selective localization of the nanoclays
in the PLA phase, the systems that were realized applying a two stages mixing procedure showed
interesting biodegradability, microstructure, and improved melt resistance in comparison to the one
step mixing process.

7. Production, Market, and Future Perspective of Hybrid Bio-Based Polymers

Every year, 125 million tons of plastic materials are utilized worldwide, of which 25% is utilized
for packaging aims. It is obvious that the possible business for packaging systems is massive if they
can be realized with good functionality, processability, and at an interesting and advantageous price.
This is the high request for the producers of biopolymers oriented to the packaging sector, that have
to deal with conventional plastics, which are available at low price, are easy to be realized, and with
modulated and improved packaging characteristics [290]. Table 4 summarizes a list of foodstuffs, their
barrier necessities, the classic packaging systems and green selections and, at the same time, with
their technology readiness levels; while in Figure 8, examples of commercial bio-based plastics and
polymers for packaging and disposals are provided.

The large amount of green food packaging systems are quite expensive in respect to fossil-based
systems [291]. The price for commodity plastics is largely centered in the range $1.32–$3.3/kg.
Unluckily, no exact evaluation of price for traditional and bio-based systems is accessible. It was
estimated that bio-based materials are three to five times more expensive in comparison to traditional
packaging systems [292]. The higher drivers of the cost to realize green materials include the
cost for mobilizing biomass wastes, cost for technical and scientific innovations, and the lack of
economies-of-scale (introduction of a eco-friendly bio-based creation chain, from natural wastes and
biomass wastes to final bio-based material is a difficult and expensive procedure, moreover novelties
are required to adjust present bioconversion procedures to new typologies of feedstock, or improve
new procedures).
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Table 4. Barrier properties of selected foodstuffs with classic and bio-based packaging systems [293].

Packed Product
Barrier

Requirements
Classic Packaging Solution

Bio-Based Packaging
Solution

Technology Readiness
Level

Meat/fish
High barrier against

oxygen and gas
(aroma);

Trays (PS, PP, PVC with
EVOH + LDPE or PVC as

coating) + foil (PVC) or lid,
bags, for short term storage;

waxed paper (wrapping),
paperboard external

packaging; transparent
films (PP, PE)

Multilayer packaging
materials, functional

bio-based coating (modified
starches) + antimicrobial and

anti-fogging systems

On the market (as pilot
packaging on selected

markets); still more
expensive than

conventional solutions

Fresh cheese

High barrier
properties; grease,

water, O2, CO2 and
N2, aroma and light.

MAP (80% N2,
20% CO2)

Transparent films/foils; bags
(e.g., LDPE/ EVA /PVdC
/EVA), trays, wrapping

films (PE, laminated), plastic
cups (HDPE, PP, PS) + high

barrier lid (PA/LDPE)

Eco-paper for short term
storage (wrapping);

PHA/modified PLA films

On the market, still more
expensive than

conventional plastics

Dairy products/
liq uids

High barrier
properties; water

vapor (scavenging
moisture), O2, light
high/moderate for
grease and aroma

Waxed paper, LDPE, PVC, or
aluminum-coated/laminated
paper or paperboard, plastic

films (BOPP), metal cans

Paper/paperboard coated
with bio-based materials Close to market

Salad (flexible
packaging)

High oxygen barrier,
water resistant

Transparent laminated PP
films

PLA films (perforated)
Coated paper with bio-based
films + transparent window

On the market, still more
expensive than

conventional plastics

Fruits/
vegetables

Medium barrier
properties

(water vapor)

Perforated PP, OPP, LDPE;
PVC films/bags, trays,
pouches, overwraps;

PS/PP trays

Molding pulp—trays PLA
films (perforated) Edible

coatings (polysaccharides:
xanthan gum, starch,

cellulose, HPC, MC, CMC,
proteins: chitosan, corn zein,
wheat gluten) + low barrier

packaging films

On the market (molded
pulp trays); on the

market (PLA as pilot
packaging in selected

markets, e.g., for
tomatoes); still more

expensive than
conventional solutions

Take-away food Grease, thermal
insulation Polystyrene foam trays Paperboard with grease

barrier coating on the inside On the market

BOPP—biaxially oriented polypropylene, CMC/carboxymethyl cellulose, EVA = ethylene vinyl
acetate, EVOH = ethylene vinyl alcohol, HDPE = high-density polyethylene, HIPS = high-impact
polystyrene, HPC = hydroxypropyl cellulose, LDPE = low-density polyethylene, MC = methyl cellulose,
OPP = oriented polypropylene, PA = polyamide, PE = polyethylene, PET = polyethylene terephthalate,
PHA = polyhydroxyalkanoate, PLA = poly lactic acid, PP = polypropylene, PS = polystyrene, PVC = polyvinyl
chloride, PVdC = polyvinylidene chloride.

The “Bio-Based Polymers Producer Database,“ which is incessantly updated by the Nova-Institute,
exhibits that Europe’s running situation in creating bio-based polymeric matrices is restricted to a few
number of polymeric matrices. The European community has so far determined a solid role, principally
in the area of starch blending materials (polymeric blending based on the combination of polymers
with starch or thermoplastic starch) and it is anticipated to continue to be solid in this specific sector
for the following few years. Commercial examples of starch-based blends with conventional polymers
(Linear low-density polyethylene (LLDPE), polypropylene (PP), High Impact Polystyrene (HIPS))
can be found, such as Cereplast and Teknor Apex products (Starch/LLDPE, Starch/PP, Starch/HIPS
from 30/70 up to 50/50 wt %, Starch/LLDPE and Starch/PP up to 50/50 wt %), TPS/synthetic
copolyesters/additives from BIOP and TPS/polyolefins hybrid from Biograde and Cardia Bioplastics.
Similarly, for polybutylene terephthalate (PBT), new progresses in the realization of bio-based 1,4
butanediol (BDO) have established that the ecofriendly course to the polymer is commercially operable
and its realization is deliberated to be introduced by 2020. The market size is quite differentiated, taking
into account that some sectors taken by conventional plastics (PS, PVC, PET) have been now targeted
by eco-friendly compostable plastic materials, such as poly lactic acid (PLA), polybutylene succinate
(PBS), and polyhydroxyalkanoates (PHA’s). Exact objective markets contain the catering-service
manufacturing in single uses, such as plates, disposable eating utensils, foamed cups, containers, and
bowls (Figure 9).
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Figure 8. Bio-based plastic products.

Figure 9. Bio-based polymers: Biomass content utilized in bio-based polymeric matrices (a); and
development of production capacities from 2011 to 2020 (b) [282].

Other markets are represented by green or moderately bio-based non-biodegradable
thermally-processable materials, such as eco-friendly PVC, PP, PE, or PET: In 2010, the inclusion
of a 100% bio-material comparable to HDPE by Braskem changed the bioplastics sector, requiring at the
same time a renewable resource component and a compostability behavior. Obtained from sugar cane
ethanol, this material is chemically comparable to petrochemical extracts, thus can be utilized in the
same sector. Similarly, bio-PVC can be realized totally from natural sources. Since 2007, Solvay Indupa,
the Brazilian arm of Belgium-based chemical colossal Solvay, established strategies to utilize Brazilian
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sugarcane ethanol as a PVC raw material. At the moment, Bio-PET contains bio-based glycol extracted
from sugar cane ethanol and the amount of renewable carbon was estimated at around 20%.

The main markets for this creation are ketchup bottles (Heinz), soda bottles (Coca Cola), and
Pantene shampoo packages (Proctor and Gamble). Nevertheless, the price of bio ethylene glycol is
yet significantly superior in respect to its traditional equivalent based one, and so market diffusion is
limited. Even if nylon 6 and nylon 6,6, based on renewable components, are not currently presented
on the market area, Rennovia has established its process to realize both hexamethylene diamine and
adipic acid monomers to facilitate bio nylon 6,6 and nylon 6 [294].

On the other hand, even though it is obvious that important development has been completed
in reducing numerous characteristic issues with aliphatic polyesters, there is still a requirement for
further advancements. Almost all the processes that are practicable nowadays utilize, also, traditional
petrochemical and non-compostable ingredients, or do not present the development economics needed
(the content of these ingredients that can be utilized are also restricted if compostability is yet a
condition). In detail, in some blanket positive assessment of bio-based and biodegradable plastics, it is
frequently forgotten that energy from petroleum fuels is also utilized in their fabrication—be it in the
sowing of crops, harvesting, fermentation, transport, etc. It is, consequently, necessary to evaluate a
product’s complete life cycle, because only after this evaluation is it feasible to carry out scientifically
sound life cycle assessment comparisons and reach a logical conclusion about a product’s sustainability.

Finally, sustainability of the polymeric matrix production will center on the successful presence of
novel polymeric matrices that are extracted/obtained from yearly renewable sources. These resources
must have reasonable end of life possibilities (e.g., they should be able to be reused by chemical
or physical means, biodegraded to inoffensive mixtures, or minimally destroyed to recuperate the
energy amount). Alternatively, “unsustainable polymers” may yet contribute as key roles in advancing
sustainability, as lately underlined in a research work in Chemical and Engineering News [283],
centered on food packaging systems with whole multilayered polymeric systems, where it has been
conclusively remarked how the cost of plastic packaging is certainly high, but the cost of not using it
may be higher.

8. Conclusions

Biopolymers, considered as green polymeric matrices or plastics realized from natural feedstock
by synthetic routes, frequently have poorer characteristics and performances in respect to traditional
polymeric matrices. One route to be monitored for achieving characteristic combinations necessary
for the packaging sector is their blending, in the presence or not of nanosized fillers. The present
review underlined how hybrid blends containing renewable polymers, in concurrence with synthetic
polymers and additives, have great potential in enhancing the moisture and gas barrier properties of
bio-based materials, and how they are not economically practicable to be utilized without polymeric
blends with low-priced plastics of comparable necessary characteristics. On the other hand, the
overall performance of polymeric blends is undoubtedly correlated to blend compositions and phase
morphologies that need to be optimized by using compatibilization methods or a nanocomposite
approach. In order to consider their potentials and enter new markets, other than the packaging
sector where a feeble interest has already risen, scientific research should strongly focus its efforts on
extending their use and improving general performance in other parallel or different sectors.
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Abstract: Alginate (ALG) cross-linking by CaCl2 is a promising strategy to obtain modified-release
drug delivery systems with mucoadhesive properties. However, current technologies to produce
CaCl2 cross-linked alginate microparticles possess major disadvantages, such as a poor encapsulation
efficiency of water-soluble drugs and a difficulty in controlling the process. Hence, this study presents
a novel method that streamlines microparticle production by spray drying; a rapid, continuous,
reproducible, and scalable technique enabling obtainment of a product with low moisture content,
high drug loading, and a high production yield. To model a freely water-soluble drug, metformin
hydrochloride (MF) was selected. It was observed that MF was successfully encapsulated in alginate
microparticles cross-linked by CaCl2 using a one-step drying process. Modification of ALG provided
drug release prolongation—particles obtained from 2% ALG cross-linked by 0.1% CaCl2 with a
prolonged MF rate of dissolution of up to 12 h. Cross-linking of the ALG microparticles structure by
CaCl2 decreased the swelling ratio and improved the mucoadhesive properties which were evaluated
using porcine stomach mucosa.

Keywords: polymer cross-linking; alginate modification; calcium chloride; microparticles; spray
drying; prolonged drug release

1. Introduction

Polysaccharides are polymeric carbohydrate molecules commonly exploited in the design
of pharmaceutical formulations with prolonged drug release. These polymers possess many
advantages such as non-toxicity, wide availability, simplicity to receive, and gelling ability using
different cross-linking agents [1]. Sustained release formulations enable a prolonged release profile,
which reduces the frequency of drug applications, minimizes side effects, and improves patient’s
compliance [2,3]. Dosage forms with mucoadhesive properties provide continuous contact with the
mucosal membrane and as a consequence, a prolonged drug residence time and improved drug
absorption and bioavailability can be achieved [4,5]. Mucoadhesive microparticles are an example
of multi-unit carriers, where the active substance is incorporated in a natural or synthetic polymer
matrix. Additionally, microparticles are characterized by a high surface area of drug release and short
diffusion pathway, which enables the improvement of the therapeutic efficacy and a reduction of the
drug toxicity [6,7].

Sodium alginate (ALG) is a non-toxic polymer which naturally occurs in seaweeds. It may also
be synthesized by Azotobacter and Pseudomonas bacteria [8,9]. ALG is a polysaccharide consisting
of β-D-mannuronic and α-L-guluronic acid residues linked by (1–4) glycosidic bonds. ALG is a
biocompatible, nonirritant polymer with favorable swelling, gelling, and mucoadhesive properties,
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thus, it has a wide range of applications in drug delivery technology. ALG hydrogels can be obtained by
various cross-linking methods, such as ionic modification (“egg-box” model) based on the binding of
cations by the guluronate. In ionic cross-linking, CaCl2 is commonly exploited [10,11]. The cross-linking
of water-soluble ALG enables an improvement in the polymer stability. Hence, CaCl2 cross-linked ALG
has been widely examined as a material for pharmaceutical formulations. Additionally, an important
feature of CaCl2 cross-linking is that the process can be conducted in an aqueous environment at a
low temperature, and that both macromolecular and low molecular weight therapeutic agents can be
encapsulated [12–15]. Cross-linked ALG is also utilized in biomedicine—in cell encapsulation or tissue
engineering [16–18]. The commonly used and well-described method to obtain ALG microparticles
cross-linked by CaCl2 is the internal gelation by emulsification method [19–22]. Major disadvantages
of microparticles obtained by this technique include poor encapsulation efficiency of water-soluble
drugs, low production yield, and organic solvent residues [8,23–25].

The spray-drying technique is a useful and valuable method to formulate spherical particles with
low moisture content, high drug loading, and high production yield [25–28]. Therefore, in the present
study, the opportunity of using a one-step drying process to formulate modified ALG microparticles
was evaluated. As the slow release of active substances with high water solubility is a great challenge in
pharmaceutical formulation designing, in the next step the influence of cross-linking on the metformin
hydrochloride (MF) release, swelling, and mucoadhesive properties of designed microparticles was
determined [2,3]. MF—a biguanide methyl derivative widely used as a first-line drug in non-insulin
dependent diabetes mellitus was used as a model of a freely soluble drug [29].

2. Materials and Methods

2.1. Materials

Metformin hydrochloride (MF) was a product of Debao Fine Chemical CO (Henan, China).
Sodium alginate (ALG) (with viscosity 132.6 mPa·s of 2% solution), mucin, and gelatin were purchased
from Sigma Aldrich (Steinheim, Germany). Potassium dihydrogen phosphate, sodium hydroxide,
hydrochloric acid, methanol, propan-1,2-diol, acetonitrile, and calcium chloride were from Chempur
(Piekary Śląskie, Poland). Water was purified by osmosis system, Milli-Q Reagent Water System
(Billerica, MA, USA). Porcine stomach mucosa was derived from the local veterinary service.

2.2. Formulation of CaCl2 Modified ALG Microparticles

After preliminary studies, to prepare the microparticles: 2% (w/w) ALG, and drug:polymer ratio
2:1 was selected, see Table 1 [30], in addition to 0.5%, 0.1% and 0.05% (w/w) CaCl2 were applied.
In the first step, ALG solutions were prepared and poured into the CaCl2 solution, after which their
viscosity was determined using a rotational viscometer (Viscotester E Plus—Thermo Haake, Karlsruhe,
Germany) [31]. The parameters of the spray-drying process (Mini Spray Dryer B-290, Büchi, Flawil,
Switzerland) were set as follows: Flow rate of 4.5 mL/min, spray rate of 37 m3/h, and spray flow
of 600 L/h. The inlet and outlet temperatures were 115 ◦C and 46 ◦C, respectively. As a control,
non-modified ALG microparticles (formulation C) were applied.

Table 1. Components of designed microparticles formulations.

Formulation ALG 1 (%) MF 2:ALG 1 Ratio CaCl2 (%)

C 2 2:1 –
PCA1 2 – 0.1
PCA2 2 – 0.05
CA1 2 2:1 0.1
CA2 2 2:1 0.05

1 Sodium alginate, 2 Metformin hydrochloride.
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2.3. Evaluation of Microparticles

2.3.1. Shape and Size

To characterize shape and morphology of the microparticles, a scanning electron microscope
(SEM) (Hitachi S4200, Tokyo, Japan) was utilized. The size distribution of microparticles suspended in
propane-1,2-diol was examined by a Zetasizer NanoZS90 (Malvern Instruments, Malvern, UK) using
at least three repetitions for each sample.

2.3.2. High Performance Liquid Chromatography (HPLC) Assay

MF concentration was studied by the HPLC method using an Agilent Technologies 1200 system
(Agilent, Waldbronn, Germany) and a Waters Spherisorb® 5.0 μM ODS 4.6 × 250 mm, 5 μm column
(Waters Corporation, Milford, MA, USA). As the mobile phase, an acetonitrile: methanol: phosphate
buffer pH 3.0 (20:20:60, v/v) with a flow rate of 1.0 mL/min was exploited [30].

2.3.3. Drug Encapsulation

To assess MF loading, 20 mg of microparticles was dissolved in 10 mL of phosphate buffer pH 6.8.
After 24 h of agitation in a water bath, solutions were filtrated, analyzed by the HPLC method [30],
and drug loading (L) was calculated from the expression:

L = Qm/Wm × 100 (1)

where Qm—drug encapsulated in the microparticles, and Wm—microparticles weight.
Drug encapsulation efficiency (EE) was computed from the formula:

EE = Qa/Qt × 100 (2)

where Qa—actual drug content, Qt—theoretical drug content.
Yield of production (Y) was determined based on the equation:

Y = Wm/Wt × 100 (3)

where Wm—microparticles weight, Wt—theoretical calculated drug and polymer weight.

2.3.4. Zeta Potential

Directly after microparticles were suspended in propane-1,2-diol, Zeta potential values were
determined by Zetasizer NanoZS90 (Malvern Instruments, Malvern, UK) using Zetasizer Software 6.20.

2.3.5. Swelling Characteristics

The swelling ratio (SR) was tested at 37 ± 1 ◦C in 0.1 M HCl (pH = 1.2) based on the expression [32]:

SR = WS − W0/W0 × 100 (4)

where W0—microparticles weight, WS—swollen microparticles weight.

2.3.6. Mucoadhesiveness

Mucoadhesive properties were evaluated at 37 ± 1 ◦C by a TA. XT. Plus Texture Analyzer
(Stable Micro Systems, Godalming, UK). Gelatin, mucin, and porcine stomach mucosa were used as
mucoadhesive layers [33]. Process parameters, chosen during preliminary tests, were as follows: Pretest
speed 0.5 mm/s, test speed 0.1 m/s, contact time 180 s, post-test speed 0.1 mm/s, applied force 1 N.
Mucoadhesiveness was expressed as the detachment force (Fmax) and the work of mucoadhesion (Wad).
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2.4. MF Dissolution

MF dissolution from microparticle formulations (in the amount equivalent to 500 mg of MF)
was performed at 37 ± 1 ◦C in a basket apparatus (Erweka Dissolution Tester Type DT 600HH,
Heusenstamm, Germany) in 500 mL of 0.1 M HCl (pH = 1.2) [34]. MF concentration in the release
medium was studied by the HPLC technique (as described in the point 2.3.2. HPLC analysis).

2.5. Mathematical Modeling of the MF Release Profile

To explain the drug release mechanism, data obtained from MF release tests were studied under
different mathematical models [35,36]. Zero order kinetic:

F = k × t (5)

first order kinetic:
lnF = k × t (6)

Higuchi model:
F = kt1/2 (7)

Korsmeyer-Peppas model:
F = ktn (8)

Hixson-Crowell model:
1 − (1 − F)1/3 = kt (9)

where F—the fraction of released drug, k—the constant connected with release, and t—the time.

2.6. Index of Similarity and Dissimilarity

To compare release profiles of designed microparticles, a model utilizing a difference factor f 1

and similarity factor f 2 was applied. The difference index f 1 was calculated by the formula:

f 1 = {(∑ = 1n|Rt − Tt|) (∑ = 1nRt)} × 100 (10)

where n—number of samples, Rt and Tt—data of drug dissolution of control and test sample at the
same time (t). The difference index f 1 expresses the percent variation between release from the studied
and control sample. The similarity index f 2 indicates the potential release similarity and it is calculated
by the following equation:

f 2 = 50 × Log {[1 + (1/n)∑ = 1n(Rt − Tt) × 2] − 0.5 × 100} (11)

f 2 between 50–100 indicates release profiles similarity between samples [37–39].

2.7. Differential Scanning Calorimetry (DSC)

Measurements were performed using an automatic thermal analyzer system (DSC TEQ2000,
TA Instruments, New Castle, DE, USA). Samples (in the amount of 5 mg) were placed in aluminum
pans and heated in the range 25–280 ◦C under a 20 mL/min nitrogen flow [40].

2.8. Statistics

Data were assessed by Statistica 10.0 (StatSoft, Tulsa, OK, USA) using one-way analysis of
variance (ANOVA) or a Kruskal-Wallis test. Obtained results were presented as the mean and
standard deviation.
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3. Results and Discussion

ALG is a polymeric material commonly utilized in the design of sustained drug delivery systems
via its in situ gelation when in contact with the acidic stomach environment. As a result of hydrogen
bonding, ALG alternates into insoluble alginic acid, which controls water penetration and prevents
matrix disintegration. Additionally, to improve the mechanical strength of ALG and to reduce the
solubility in water, a cross-linking process by ionic interactions with divalent cations such as Ca2+ can
be performed [41]. The gelation process is a result of the linkage by Ca2+ of guluronate regions in one
ALG backbone with a similar region in another ALG molecule, which creates a cross-linked structure.
Application of a cross-linking agent leads to a reduction in the solubility of the polymer matrix under
acidic conditions, which could be an effective approach to sustain the release of freely water-soluble
drugs [42–44]. A Schematic structure of the non-modified and CaCl2 cross-linked formulation with
MF is presented in Figure 1.

(a) (b) 

Figure 1. Structure of non-modified (a) and CaCl2 cross-linked (b) ALG microparticles containing MF.

3.1. Microparticles Characteristics

To receive CaCl2 modified ALG microparticles, 2% ALG and 0.05% or 0.1% CaCl2 solutions were
chosen for the one-step spray-drying process. A 2% ALG solution modified with 0.5% CaCl2 possessed
a high viscosity and its spray drying was limited, see Table 2.

Table 2. Viscosity of CaCl2 cross-linked ALG solutions.

Solution Viscosity (mPa·s) 1

2% ALG 132.6 ± 2.7
0.5% CaCl2 + 2% ALG 4700.4 ± 14.5
0.1% CaCl2 + 2% ALG 1600.6 ± 12.4

0.05% CaCl2 + 2% ALG 791.7 ± 5.3
1 n = 3.

The quality evaluation of obtained microparticles included analysis of particle size, MF percent
loading, drug encapsulation efficiency, production yield, and Zeta potential, see Table 3. The morphology
of microparticles formulation CA1 is presented in Figure 2.
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(a) (b) 

Figure 2. Images of microparticles CA1 (a) ×2000, (b) ×10000.

Obtained data revealed that the cross-linking agent induced only a slight increase in the mean
diameter of the microparticles (from 3.0 ± 1.6 μm in formulation C to 3.5 ± 1.2 μm in CA1) and ALG
modification by CaCl2 cross-linking resulted in a small decline in production yield. Interestingly,
ALG modification did not influence MF loading percentage in the microparticles, and all formulations
were characterized by a drug loading of above 70%, as shown in Table 3. Additionally, it was observed
that the cross-linking process resulted in a slight reduction in the encapsulation efficiency (from
113.4 ± 2.3% in formulation C to 91.5 ± 2.1% in CA1).

ALG is an anionic polymer with a negative charge, but positively charged MF and Ca2+ ions
changed the Zeta potential [45–47] and designed microparticles possessed a positive charge, as shown
in Table 3.

Table 3. Quality evaluation of non-modified microparticles C and cross-linked microparticles CA1 and
CA2 containing MF.

Microparticles
Zeta Potential

(mV)
Production
Yield (%)

Encapsulation
Efficiency (%)

Loading
Percentage (%)

Particle Size
(μm)

C −1.3 ± 0.7 61.7 ± 2.1 113.4 ± 2.3 75.6 ± 1.5 3.0 ± 1.6
CA1 2.6 ± 0.4 57.1 ± 1.6 91.5 ± 2.1 77.1 ± 1.7 3.5 ± 1.2
CA2 2.6 ± 0.9 56.1 ± 2.4 93.9 ± 2.7 73.9 ± 3.4 3.4 ± 1.4

3.2. Swelling and Mucoadhesive Properties

The ALG swelling ability is a peculiar parameter affecting mucoadhesiveness and drug release.
In contact with moisture, ALG begins to hydrate and swell, and as a consequence, forms a hydrogel
which regulates the influx of the aqueous medium and drug dissolution [44]. As a result of gelling,
the water influx is decreased; thus, the drug release is prolonged. Dissolution of freely water-soluble
drugs from hydrophilic carriers is generally regulated by the drug’s diffusive properties via the
hydrogel matrix. Therefore, the swelling properties might significantly affect the drug release
profiles [47].

The swelling behavior of designed microparticles was examined in an acidic environment and
presented as the swelling ratio (SR), see Figure 3. At an acidic pH, ALG carboxylate groups on the
surface of the microparticles are protonated, and water-insoluble alginic acid is formed, which impedes
the penetration of fluid into the deeper layers of the particle matrix [48,49]. After contact with this
medium, non-modified ALG microparticles take up the fluid, which penetrates into the matrix and
leads to an increase of SR to 180 min. Formation of insoluble alginic acid leads to a limitation of
swelling, and even shrinkage of particles, which was observed as a decreased SR of formulation
C at 240 min. CaCl2 cross-linked microparticles exhibited lower SR values than non-modified
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formulation C, and a linear increase up to 300 min was observed. The lower amount of swelling in
cross-linked microparticles is the result of insoluble calcium alginate formation upon contact with the
acidic medium, which leads to a lower water inflow into the matrix [48–50]. It was also found that
microparticles CA1 and CA2 possessed higher values of SR, compared to the placebo formulations
(PCA1 and PCA2), which is due to the occurrence of freely soluble molecules of MF and a faster influx
of the aqueous medium into the microparticle structure.

Figure 3. Swelling characteristics of non-modified C and cross-linked formulations PCA1, PCA2, CA1,
and CA2.

The swelling process extends the contact time of the drug carrier with the mucosa and improves
drug bioavailability. After contact with the hydrated mucus, ALG absorbs moisture and polymer
chains with groups containing hydrogen bonds are relaxed [51]. This process, initiating deep contact
of the polymer with the mucus layer enables the linkage of microparticles with mucosa and leads
to the phenomenon of mucoadhesion [51,52]. Mucoadhesive properties of designed microparticles
are presented in Table 4. All formulations adhered to tested materials, and mucoadhesiveness was
considerably (p < 0.05) influenced by the type of adhesive layer, and the presence and concentration
of CaCl2. When a gelatin disc and mucosa gel were used, similar values of Fmax and Wad were
noted, as shown in Table 4. In the case of porcine stomach mucosa, the highest Fmax values—median
from 0.6 N (C) to 1.1 N (CA1) and Wad values from 454.8 μJ (C) to 583.2 μJ (CA1)—were observed,
see Table 4 and Figure 4. Porcine stomach mucosa is a valuable model of the adhesive layer due
to its similarity to human mucosa in terms of histology, ultrastructure, and composition, and it can
be used to reflect the behavior of dosage forms in vivo [53]. It was demonstrated that in an acidic
environment CaCl2 cross-linking reduces ALG interaction with the mucous membrane as a result of
poor swelling ability [54–56]. However, in this study improvement of the mucoadhesieve properties
of CaCl2 cross-linked ALG microparticles was observed. This fact can be explained by the presence
of Ca2+ ions, which interact with the negatively charged mucin [57,58]. An increase in the positive
charge of the polymer leads to better interactions with sialic acid and other anionic groups present in
mucin and the formation of additional bonds with the negatively charged membrane [59,60]. With a
higher concentration of cross-linking agent, increased work of adhesion was observed. Interestingly,
freely water-soluble MF did not influence the mucoadhesive properties of the formulations.
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Table 4. Mucoadhesive properties of designed microparticles.

Formulation

Kind of Adhesive Material

Gelatine Disc Mucin Gel Porcine Stomach Mucosa

Fmax (N) 1 Wad (μJ) 2 Fmax (N) 1 Wad (μJ) 2 Fmax (N) 1 Wad (μJ) 2

Control 3 0.02 ± 0.01 15.2 ± 0.7 0.03 ± 0.01 18.1 ± 3.5 0.07 ± 0.01 29.4 ± 3.3
C 0.5 ± 0.2 283.3 ± 51.2 0.6 ± 0.3 342.3 ± 29.3 0.6 ± 0.2 467.5 ± 17.4

PCA1 0.7 ± 0.1 291.3 ± 14.4 0.5 ± 0.2 362.9 ± 18.8 1.3 ± 0.3 519.7 ± 16.9
PCA2 0.6 ± 0.2 272.3 ± 13.1 0.5 ± 0.1 353.4 ± 21.4 1.2 ± 0.1 504.6 ± 21.3
CA1 0.7 ± 0.2 269.4 ± 14.1 0.6 ± 0.2 359.2 ± 18.5 1.1 ± 0.7 583.4 ± 15.7
CA2 0.6 ± 0.1 254.6 ± 16.7 0.7 ± 0.3 347.1 ± 32.1 1.3 ± 0.2 500.5 ± 13.5

1 Maximum detachment force, 2 Work of adhesion, 3 Cellulose paper.

 
(a) (b) 

Figure 4. Mucoadhesive features: (a) Maximum detachment force (Fmax) and (b) work of adhesion
(Wad) of non-modified formulation C, cross-linked formulation CA1 and cellulose paper (Control)
(median; n = 6).

3.3. MF Dissolution

Dissolution of the active substance from microparticles depends on the drug’s water solubility,
influx of the medium into the structure of the dosage form, and polymer swelling [49,50]. In drug
dissolution from all microparticles, a burst effect, caused by rapid dissolution of freely soluble MF
bound at the microparticle surface, was noted and can be seen in Figure 5. Additionally, it was observed
that MF was released faster from non-modified microparticles C (82.5 ± 3.6% MF was released after 2
h). This fact is related to the higher SR properties of the unmodified polymer in an acidic environment,
which expedites the influx of the aqueous medium into the matrix. Modification of the ALG structure
by CaCl2 affected MF dissolution—the release behavior from formulation CA2 (obtained with 0.05% of
CaCl2) was comparable to non-modified microparticles C, but formulation CA1 (with 0.1% of CaCl2)
significantly prolonged MF release. It was shown that in formulation CA1 60.1 ± 3.8%, MF was
released in the first 2 h and sustained to 12 h, whereby it reached 97.5 ± 2.7%. Ca2+ cross-linking
leads to a more stable and more intact structure, improves the mechanical resistance of the polymeric
network, and reduces its swelling ability [61].
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Figure 5. MF dissolution from non-modified microparticles C, cross-linked CA1, CA2, and commercial
product used as a control (MF).

MF dissolution was also analyzed by different mathematical equations, see Table 5. It was shown
that from designed microparticles, MF was released according to first-order kinetics. In the model of
Highuchi, where the best-fit curve with a high R2 was observed, it was proved that MF release was
diffusion controlled. In the model of Korsmeyer-Peppas, values of index n were from 0.08 to 0.12 and
confirmed diffusion-dependent MF dissolution. In comparison to formulation C, the Hixson-Crowell
model exhibited a better linear relationship with a regression index from 0.94 to 0.96, indicating that
the dominant mechanism of MF release from modified microparticle formulations is diffusion coupled
with erosion determined by the presence of a cross-linking agent [62].

Table 5. Mathematical characteristics of MF dissolution.

Mathematical Model

Formulation
Zero Order First Order Highuchi Korsmeyer-Peppas Hixson-Crowell

R2 K R2 K R2 K R2 K n R2 K

C 0.52 4.62 0.73 0.21 0.66 18.76 0.59 0.28 0.12 0.65 0.19
CA1 0.86 1.68 0.96 0.55 0.95 29.37 0.88 0.34 0.08 0.94 0.58
CA2 0.92 1.67 0.98 0.17 0.97 22.98 0.94 0.31 0.08 0.96 0.18

R2: correlation coefficient, K: dissolution constant, n: the dissolution index

During the design of oral formulations, it is crucial to explain the drug release mechanism,
but also to evaluate if the development of a new technological process affects the modification of
the drug release profile compared to the conventional dosage form. Therefore, the similarity and
dissimilarity factors were determined to measure the similarity of MF dissolution profiles and to
express the potential product similarity [63]. The difference and similarity indices f 1 and f 2, following
the international (FDA, EMA) guidelines for the dissolution profile comparison were used [64,65].
According to these guidelines, release profiles are comparable if they possess a value of f 1 in the range
0–15 and f 2 in the range 50–100 [66].

MF release profiles of formulations CA1 and CA2 were compared with non-modified formulation
C and a commercial product with non-modified MF release was used as a reference sample.
When a non-modified tablet containing MF was used as a control, it was observed that all designed
formulations have a similarity factor of <50 and difference factor of >15. Therefore, it was concluded
that both non-modified microparticles and formulations modified by CaCl2 were characterized by
different drug release profiles. To assess the impact of a cross-linking agent on the MF dissolution
process, an independent model approach was applied. It was found that in formulation CA2, values of
difference and similarity factors were 4.05 and 72.27, respectively, which indicates a similar MF
dissolution profile to formulation C. On the other hand, the formulation CA1 was characterized by the
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difference factor 17.55 and similarity factor 42.88, which indicates that CaCl2 concentration affected
MF dissolution.

3.4. Differential Scanning Calorimetry (DSC)

To evaluate the thermal characteristics of the materials and excipients used, DSC technology was
utilized [67]. The MF thermogram exhibits a sharp endothermic peak at 233.02 ◦C, which corresponds
to the melting point of pure MF, see Figure 6. The DSC curves of ALG and PCA1 were similar, and broad
endothermal peaks between 100 ◦C and 150 ◦C were observed, which indicates the loss of water content
in the polymer. Additionally, a sharp exothermic peak related to ALG decomposition at 248 ◦C was
observed. The thermogram of PCA1 shows an exothermic peak registered at 252.6 ◦C, which might
suggest an interaction between CaCl2 and ALG. On the other hand, the MF peak demonstrated a
slight decrease in the melting temperature in the CA1 formulation (218.13 ◦C) in comparison to MF
(226.57 ◦C), which is probably as a result of interactions between MF and the polymer, and formation
of prim polymer matrix [68].

Figure 6. Differential scanning calorimetry (DSC) curves of pure sodium alginate (ALG), metformin
(MF), CaCl2, non-modified microparticles C, microparticles PCA1, and CA1.

4. Conclusions

Drug solubility exerts an evident impact on the mechanism and release kinetics. The rapid
dissolution of active compounds characterized by being freely soluble in water is one of the main
drawbacks when designing pharmaceutical formulations. To prolong the release of MF used as a
model freely water-soluble drug, physical modification of ALG microparticles by CaCl2 cross-linking
using a novel one-step drying process was applied. The developed method involves considerably
fewer unit operations than traditional emulsification techniques. The in vitro drug release data
showed a significant difference among cross-linked and non-cross-linked formulations. This study
demonstrates that CaCl2 cross-linked ALG microparticles can be successfully used to prolong MF
release. Additionally, it was observed that ALG cross-linking using CaCl2 decreased the swelling ratio
and improved the mucoadhesive properties of microparticles evaluated using porcine stomach mucosa.
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Abstract: Wood auto-hydrolysates (WAH) are obtained in the pulping process by the hydrothermal
extraction, which contains lots of hemicelluloses and slight lignin. WAH and chitosan (CS) were
introduced into this study to construct WAH-based films by the casting method. The FT-IR
results revealed the crosslinking interaction between WAH and CS due to the Millard reaction.
The morphology, transmittance, thermal properties and mechanical properties of composite WAH/CS
films were investigated. As the results showed, the tensile strength, light transmittances and thermal
stability of the WAH-based composite films increased with the increment of WAH/CS content ratio.
In addition, the results of oxygen transfer rate (OTR) and water vapor permeability (WVP) suggested
that the OTR and WVP values of the films decreased due to the addition of CS. The maximum value
of tensile strengths of the composite films achieved 71.2 MPa and the OTR of the films was low
as 0.16 cm3·μm·m−2·24 h−1·kPa−1, these properties are better than those of other hemicelluloses
composite films. These results suggested that the barrier composite films based on WAH and CS
will become attractive in the food packaging application for great mechanical properties, good
transmittance and low oxygen transfer rate.

Keywords: hemicelluloses; chitosan; composite films; oxygen barrier property; food packaging

1. Introduction

The utilization of potentially renewable materials is becoming an increasingly acknowledged
and promising alternative for future materials products in the sustainable and green society.
Over the past decades, the dominating materials of the food packaging are derived from the
non-degradable fossil fuels. However, the films produced from fossil fuels have brought much
intricate threats to our environment. Meanwhile, the storage volume of fossil fuels was sharply
decreased. Therefore, optimized utilization of renewable biomass has attracted more attention in
food packaging application [1,2]. Among the biomass polymers, lignocellulosic biomass is a valuable
and uniquely sustainable resource because it could be converted into chemicals, polymeric materials
and bioproducts.

The lignocellulosic biomass has complex structure consisting of three main components including
cellulose, hemicelluloses and lignin. Hemicelluloses are the second abundant polysaccharides in
nature. Hemicelluloses demonstrate many valuable properties, such as excellent biodegradability,
biodegradability and remarkable film-forming properties [3–5]. Recently, the hemicelluloses based
composite films have received increasing concern, especially the application of the films in the
food packaging [6]. However, isolated and highly purified hemicelluloses are usually obtained
from being extracted by alkaline from the lignocellulosic resources. The alkaline extraction is to
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add alkaline solution into the lignocellulosic resources and then followed by a series of filtration
steps to remove hemicelluloses and some lignin from lignocellulosic resources [7]. In addition, the
purification process of hemicelluloses is complex and economically infeasible. Therefore, the forming
of hemicelluloses-based films would cost much more energy and time. Wood auto-hydrolysate (WAH)
is often removed as the wastewater in the pulping process, which is obtained after hydrothermal
treatment the wood chips. In the terms of implementation and commercialization, hemicelluloses-rich
wood auto-hydrolysate would be the better alternation to form the films, which could be used in the
field of food packaging.

Recently, hemicelluloses-rich WAH is shown to be a feasible resource for the design of films.
The dominating polymers of WAH are hemicelluloses, lignin, oligosaccharide and monosaccharide.
In the previous work, the films based on the macromolecular hemicelluloses with high purity
separated from WAH have some great properties, such as good barriers to oxygen, low cost and
easy availability [8]. However, the hemicelluloses based composite films exhibit poor mechanical
strength, hygroscopic, poor transparency. These drawbacks of the hemicelluloses based composite
films limit the practical applications. To improve the performance of these composite films, plasticizers
(such as chitosan [9], carboxymethyl cellulose, [10] and xylitol [11]) are often introduced to improve the
mechanical strength of the WAH based composite films. In general, macromolecular hemicelluloses
were isolated from the WAH by fractional purification methods such as ethanol precipitation,
membrane separation and so forth. This study was to prepare composite films using WAH directly
instead of using macromolecular hemicelluloses from the WAH. Therefore, this study aimed at
the preparation of the composite films based on WAH and CS with the different ratios in volume.
In this work, the components and molecular weight of WAH were determined, the morphology,
mechanical properties, thermal stability and water vapor permeability of the composite films were
also characterized for the further application.

2. Materials and Methods

2.1. Materials

WAH used in this study, obtained from Eucalyptus wood chips, was provided by Shandong
Sun Paper Industry Joint Stock Co., Ltd., Jining, China. Chitosan (CS) was supplied by Sinopharm
Chemical Reagent Co. (Shanghai, China), with a medium viscosity of 50–800 mPa·s (CAS 9012-76-4).

2.2. Characterization of WAH

The main hemicelluloses were extracted from WAH by ethanol precipitation. Molecular weight of
WAH and the extracted hemicelluloses were measured by Gel permeation chromatography (GPC). [12]
The high performance anion exchange chromatography (HPAEC) was applied to determine the sugar
components of WAH and the extracted hemicelluloses [12]. The acid insoluble lignin of WAH was
analyzed by determining gravimetrically and the acid soluble lignin of WAH was determined by the
National Renewable Energy Laboratory (NREL) method [13].

2.3. Preparation of WAH/CS Composite Films

The composite films were prepared from the blended solutions, which consisted of WAH and CS.
The forming mechanism of composite films was the result of the Millard reaction, which existed in the
carbonyl of WAH and the amino of CS [14,15]. The WAH (2 wt %) was firstly prepared under stirring
for 2 h. The CS solution (2 wt %) was prepared under stirring after adding 1% (v/v) acetic acid and the
obtained CS solution was centrifuged to remove microbubbles. Then the prepared WAH solution and
CS solution were mixed and stirred vigorously for 6 h at room temperature. After absolutely dissolved,
each aliquot of 10 mL blended solutions was cast into the 60 mm diameter plastic Petri dish and then
all the blended solutions were left to be dried at 50 ◦C in a vacuum drying chamber. The composite
films were obtained after being dried about 5 h and easily peeled from the Petri dishes. As shown in
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Table 1, WAH (2 wt %) and were blended with 2 wt % CS in different volume ratios and the forming
pathway of the composite films WAH/CS is illustrated in Figure 1.

Table 1. Composite films with different ratios in volume of WAH and chitosan (CS).

Sample Name WH (2 wt % v/v) Chitosan (2 wt % v/v)

F4-1 80 20
F3-2 60 40
F1-1 50 50
F2-3 40 60
F1-4 20 80

Figure 1. The forming pathway of composite films based wood auto-hydrolysates (WAH) and chitosan (CS).

2.4. Characterization of WAH/CS Composite Films

The surface and cross-section morphology of the composite films based on WAH and CS
were analyzed by SEM with the instrument of Hitachi S-3400N II (Hitachi, Tokyo, Japan). Firstly,
the composite films were sprayed with gold and sent into the instrument. Then, the SEM images at
different magnifications (from 200× to 5000×) were obtained. The atomic force microscopy (AFM;
Bruker, Germany) images of composite films were used to evaluate the morphology of the surface
structure of composite films based on WAH and CS. After gluing the composite films onto metal disks,
attaching it to the magnetic sample holder and placing it on the top of scanner tube, the AFM images of
composite films were gathered by using a monolithic silicon tip at room temperature. The FT-IR spectra
were recorded on a FT-IR Microscope (Thermo Scientific Nicolet In 10, Thermo Electron Scientific
Instruments LLC, Madison, WI, USA). The FT-IR spectra of WAH/CS composite films were recorded
ranging from 4000 to 650 cm−1 at a distinguish ability of wavenumber 4 and 128 cm−1 scans.

2.5. Measurement of Thickness

The thickness values of films were measured on a paper thickness gauge (ZH-4, Changchun paper
testing machine CO. Ltd., Changchun, China). The indication of the paper thickness gauge furnishes
a pinpoint scale with 0.001 mm resolution. The results of all composite films were based on at least
5 sets of data.
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2.6. Light Transmittance

The transparency of composite films based on WAH and CS was performed on the UV-Vis
spectrophotometer. The cuvettes, the accessory instrument of UV-Vis, were used as the loading
gear to load the films WAH-CS. The composite films were cut into be rectangular specimens and
then put into the cuvettes for the analysis of the transparencies of the films WAH-CS. The values of
transmittance were recorded based on at least 3 sets of data and the corresponding transparencies
curves were obtained.

2.7. Tensile Strength Testing

The tensile strength of composite films was measured on an Instron 5566 with Bluehill 2 software.
The test was carried out at 50% relative humidity (RH), a stabilized extension rate at 5 mm·min−1

and a measure length of 40 mm with a load cell of 100 N volume [16] The composite films were cut
into rectangular specimens with the width of 10 mm, afterwards kept in store at room temperature in
cabinet containing Mg(NO3)2 solution for at least 3 days. The results of tensile strength were recorded
at least 4 specimens.

2.8. Thermal Behavior Analysis

The TGA was carried out on a Mettler Toledo TGA/DSC 851 instrument (Mettler Toledo,
Columbus, OH, USA) under a nitrogen atmosphere. The 10 ± 0.5 mg Samples were decomposed
on aceramic cup. The weight loss was recorded at the temperature ranging from 40 to 700 ◦C at
a 10 ◦C·min−1 ramp. The samples of 5 ± 0.5 mg were loaded into the sealed aluminum cups with
matched punctured lids and heated from 35 to 700 ◦C at a heating ramp of 10 ◦C·min−1.

2.9. Oxygen Transfer Rate

According to GB/T1038-2000, the oxygen transfer rate of the WAH/CS composite films were
performed on a VAC-V1 differential pressure method of gas permeation apparatus, controlled by the
OX2/230 OTR test system. The superficial area of each composite films was 5.0 cm2 and the OTR tests
were carried out at 23 ◦C for 24 h under the oxygen atmosphere and the relative humidity (RH) was
50%. The thicknesses of WAH/CS composite films were tested by the paper thickness gauge and the
display value of the instrument offered a pinpoint scale of 0.001 mm. The results are based on at least
3 specimens.

2.10. Water Vapor Permeability

Water Vapor Permeability of the WAH/CS composite films was determined in accordance with
the standard ASTM E 96/E 96M [16]. Each aluminum cup, the loading tools of wet-cup tests, contained
25 g of anhydrous calcium chloride as the desiccant, while the desiccant was dried at 150 ◦C for 5
h. Then, composite films based on WAH and CS were covered the cups at 23 ◦C and the cups were
put into a cabinet containing water and weighed by a scale of 0.001 g every 1 h. The results are
based on at least 3 specimens. The WVP of the composite films were calculated according to the
following equation:

WVP =
film thickness (mm)× weight augmenter (g)

effective area (cm2)× time(s)× ΔP
(1)

ΔP is the difference value in water vapor pressure across the composite films (23.76 mmHg).
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3. Results and Discussion

3.1. Components of Wood Auto-Hydrolysate

In this work, the components of wood auto-hydrolysate (WAH) were mainly 61.3% hemicelluloses,
10.5% lignin, 12.8% monosaccharide, 13.7% oligosaccharide and 1.65% other insoluble materials of dry
WAH. WAH exhibited the molecular weight as follows: Mw of 2300 g·mol−1, Mn of 260 g·mol−1 and a
polydispersity of 8.8. The hemicelluloses were precipitated by adding three volume of ethanol from
WAH. The sugar component of the extracted hemicelluloses is mainly 71.8% xylose, 10.5% glucuronic
acid, 7.6% glucose, 7.6% galactose, 1.9% rhamnose and 0.6% arabinose. Based on the sugar composition
of the hemicelluloses, the hemicelluloses are mainly composed of glucuronoxylans.

3.2. Structural Analysis of WAH/CS Composite Films

The structural analysis of WAH/CS composite films was characterized by using FT-IR
measurement. Figure 2a shows the FT-IR spectra of WAH and CS. The characteristic absorption
bands of chitosan observed at 1650 cm−1 is assigned to –NH2 [17]. The signals at 1620 cm−1 is
related to the 4-O-methyl-glucuronic acid or glucuronic acid carboxylate of WAH [18,19]. The signal
at 1731 cm−1 is attributed to C=O stretching of acetyl groups in the WAH. The prominent band
at 1035 cm−1 is attributed to the C–O–C stretching vibration of glycosidic linkages, which is the
representative peak of xylans [20]. The absorption at around 890 cm−1 is due to the carbohydrate C–H
deformation, which is characteristic β-glycosidic linkage between the sugar units [21]. As shown in
Figure 2b, the spectral profiles and peaks of all the bands are extremely similar, indicating that the films
prepared from the mixture of WAH and CS in different volume ratios had similar structure. Compared
with the Figure 2a,b, the absorption peaks at 1650 cm−1 of CS and 1620 cm−1 of WAH disappeared
and the new bands generated at 1559 cm−1 and 1716 cm−1, which suggest that the Millard reaction
(C=N double band) occurred between the reducing end of WAH and the amino groups of CS [22].

 

Figure 2. (a) Fourier transform-infrared (FT-IR) spectra of WAH and CS, (b) FT-IR spectra of represent
composite films (F4-1, F3-2, F1-1, F1-4).

3.3. Morphology of WAH/CS Composite Films

The homogeneity and topography of WAH/CS composite films were observed by SEM and AFM.
The SEM images of the composite films based on WAH and CS are presented in Figure 3. As can be seen
from Figure 3a,c,e, the surface of composite films based on WAH and CS are smooth and homogeneous
with some irregularities, which are due to the man-made destruction to the films based on WAH and
CS. It suggested that WAH and CS were diffused evenly in the composite films. The cross-section
images of the films are shown in the Figure 3b,d,e. As can be seen, the cross-sections of composite
films based on WAH and CS became rougher when the WAH/CS content ratio changed from 3:2 (F3-2)
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to 1:1 (F1-1) and to 2:3 (F2-3). It might be due to the increment of the reaction intensities of the Millard
reaction between WAH and CS in the composite films F1-1, the network structure of film F1-1 were
more compact and tighter, thus leading to the rougher cross-section. When the CS content continues to
increase, excess CS probably increase the viscosity of the film F2-3, making the cross-section of film F2-3

much rougher and obtaining the higher tensile strain and stress strength (Figure 6).

 

Figure 3. Scanning electron microscope (SEM) images of representative composite films prepared from
WAH and CS. (a,c,e) Surface of F3-2, F1-1, F2-3; (b,d,f) cross-section of F3-2, F1-1, F2-3.

The surface structural analyses of WAH/CS composite films were performed by the AFM, as
shown in Figure 4. As can be seen, the surfaces of films were smooth. The root-mean-square (RMS)
roughness of the film F1-1 was 8.2 nm, which suggested that WAH/CS composite films had smooth
surfaces. This is consistent with the SEM results and the smooth surfaces of the films were beneficial to
the application of composite films in food packaging materials.

 

Figure 4. Atomic force microscopy (AFM) images of film, phase image and 3D images of the film F1-1

(The scanning scale is 2 × 2 μm).
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3.4. UV-Vis Transmittance of WAH/CS Composite Films

In general, the optical transparencies of composite films reflect the homogeneity of the structure
and the miscibility of composite films. The transmittances at wavelength of 200–800 nm and the
photograph of composite films are shown in Figure 5a,b respectively. The transmittances of all the
composite films under the 800 nm wavelength were above 70%, as shown in Figure 5a, which proved
the excellent transparency of WAH/CS composite films. The carboxymethylxylan film were prepared
by Alekhina et al. [23], which were highly transparent with a transmittance of 92%. The reason for
difference is that the WAH contained some lignin content. In addition, the light transparencies of
WAH/CS composite films increased with the increment of wavelength. As can be seen from Figure 5b,
composite films based on WAH and CS were at semitransparent and the transparency of the films
increased with the increment of WAH/CS content in the films, that is, the relatively high content of
WAH is conducive to the transparency of the WAH/CS composite films.

Figure 5. (a) UV-Vis transmittance of composite films (F4-1, F3-2, F1-1, F1-4); (b) Photograph of composite
films (F4-1, F1-1, F1-4).

3.5. Mechanical Properties of WAH/CS Composite Films

In order to ensure the obtained composite films have adequate mechanical properties, the tensile
testing is essential to the composite films. The tensile stress, tensile strain at break and thickness of the
composite films were summarized in Table 2. The stress-strain curves of composite films are shown
in Figure 6. As can be seen, the tensile strengths of F3-2, F1-1, F2-3 and F1-4 were 28.2, 51.5, 67.5 and
71.2 MPa, respectively. The tensile strength and the tensile strain at break of composite films were
improved with the increasing of the CS content. It might be due to the increment of the reaction
intensities of WAH and CS with the increment of WAH/CS content ratio from 1:4 to 2:3 to 1:1 and to
3:2. The 100% WH films are very brittle, and so fragile that it cannot be tested; this result is consistent
with the xylan-based film reported by Gröndahl et al. [24]. However, the composite film F1-4 had an
astonishingly higher tensile strength, which is indicated by the tensile strain of 6.1% and stress strength
of 71.2 MPa. It might be due to the high viscosity of the unreacted CS which improved the tensile
strength of the films. In addition, as can be seen from Table 2, compared with the films reported in
literatures [15,25,26], the tensile strength of the WAH/CS films were higher than that of the films based
on pure xylan or chitosan. Therefore, the films based on WAH and CS are suitable for the application
of food packaging with great mechanical properties.
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Table 2. Tensile testing results of the composite films.

Sample Tensile Strength (MPa) Tensile Strain at Break (%) Thickness (μm)

F3-2 28.2 ± 1.3 2.3 ± 0.1 43.1 ± 3.0
F1-1 49.5 ± 1.8 2.5 ± 0.2 42.9 ± 2.0
F2-3 67.5 ± 2.0 3.2 ± 0.2 45.5 ± 3.0
F1-4 71.2 ± 1.5 6.1 ± 0.1 50.5 ± 2.0

Films Reported in Literature

Major Component
(Reference)

Additional
Components % (w/w)

Thickness (μm)
Tensile Strength

(MPa)
Tensile Strain

(%)

Xylan [15] 290–380 1.1–1.4 45.6–56.8
Arabinoxylan [25] 2.7–20 glycerol 22–28 9.7–46.5 5.6–12.1

Chitosan [26] 50–70D-mannan – 50–60 –

Figure 6. Tensile-strain curves of the composite films.

3.6. Thermal Behavior of WAH/CS Composite Films

The thermal behavior of composite films based on WAH and CS were investigated by
thermogravimetric analysis (TGA). In Figure 7a, the initial weight losses of about 6% are ascribed
to the evaporation and release of water. All the composite films started to decompose at around
200 ◦C. And the weight losses of WAH/CS composite films mainly occurred at the temperature
range of 200–700 ◦C, which was due to the degradation of polymers (WAH and CS), such as the
glycosidic bonds and C–O band. Additionally, the Tonset (the initial degradation temperature), Tmax

(the maximum weight loss temperatures) and the residual values of WAH/CS composite films were
determined by the DTG curves and all values are shown in Table 3. In Figure 7b, slight differences in
Tonset and Tmax were obviously observed in the DTG curves of the films. As can be seen, the Tonset

of F1-1 and F1-4 were 204.2 and 237.6 ◦C and that of F4-1 was 183.4 ◦C. Therefore, the enhancement of
thermal stability may be due to the reaction intensities of WAH and CS increased with the increment
of WAH/CS content ratio from 1:4 to 1:1 and to 4:1. It was found that there was a slight shift in Tmax

during the thermal analysis of composite films. The Tmax of F4-1 and F1-4 were found at 284.7 and
276.4 ◦C and that of F1-1 was 270.4 ◦C. In addition, more solid residues were remained in film F1-1 than
other films at 700 ◦C (Table 3), which was due to the much stronger interaction between WAH and CS.
However, the DTG curve of F4-1 had two Tmax values, which might be due to the excess content of
WAH. This result is consistent with the FT-IR results.
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Figure 7. (a) The thermogravimetric analysis (TGA) curves of WAH, CS and composite films (F4-1, F1-1,
F1-4), (b) the DTG curves of WAH, CS and composite films (F4-1, F1-1, F1-4).

Table 3. Thermal characteristics of TGA curves in Figure 7.

Curve WAH CS F4-1 F1-1 F1-4

Tonset (◦C) 158.1 243.2 183.4 204.2 237.6
Tmax (◦C) 204.3 302.7 284.7 270.4 276.4

Residual (wt %) at 700 ◦C 20.6 27.9 33.2 35.3 34.8

3.7. Permeability Analysis of WAH/CS Composite Films

Oxygen transfer rate (OTR) and water vapor permeability (WVP) should be as low as possible
in order to optimize the applications of composite films in food packaging. The results of OTR
and WVP of the films based on WAH and CS are summarized in Table 4. As can be seen, the OTR
values of composite films F3-2, F1-1, F2-3 and F1-4 were 0.34, 0.16, 0.30 and 0.37 cm3·m−2·24 h−1·kPa−1,
respectively. The OTR value of F1-1 was the lowest among the composite films, which was due
to the stronger interactions between WAH and CS. The stronger interactions introduced a barrier
of the oxygen molecules. The composite films based on WAH and CS were relatively lower than
those of the films in the literatures [27–29]. As reported in literatures, the OTR values of acetylated
galactoglucomannans (AcGGM) film and polylactic acid film are 1.28 and 18.65 cm3·m−2·24h−1·kPa−1,
respectively. In addition, the standard maximum OTR value of food packaging materials is below
10 cm3·m−2·24 h−1·kPa−1 [29]. As shown in Table 4, the WVP values of the composite films F3-2, F1-1,
F2-3 and F1-4 were 2.42, 2.17, 2.28 and 3.82 (× 10−10g·cm·cm−2·s−1·mmHg−1), respectively. The WVP
value of the films F1-1 was much lower than those of the film F3-2, F2-3 and F1-4, which might be due to
the increment of the stronger reaction between WAH and CS. The low WVP value of the composite
films is an essential property for the food packaging materials. Therefore, the excellent OTR and WAH
made the WAH/CS films more suitable for the application in the food packaging.

Table 4. Oxygen transfer rate (OTR) and water vapor transmission rate (WVP) of the composite films
and the films reported in literatures.

Sample OTR (cm3·m−2·24 h−1·kPa−1)
WVP (×10−10

g·cm·cm−2·s−1·mmHg−1)
Test Area (cm2)

F3-2 0.34 ± 0.05 2.42 ± 0.33 5.0
F1-1 0.16 ± 0.01 2.17 ± 0.24 5.0
F2-3 0.30 ± 0.06 2.28 ± 0.19 5.0
F1-4 0.29 ± 0.05 3.82 ± 0.36 5.0

Films Reported in Literatures

Major Component (References) Additional Components % (w/w) Average Thickness (μm)
OTR (cm3·m−2·24

h−1·kPa−1)

Arabinoxylan [27] 40 sorbitol 20-50 4.7
Polylactic acid Figurefilm [28] – 25 18.65

AcGGM [29] 35 CMC 30–60 1.28
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4. Conclusions

An easy and rapid way was adopted for preparation the barrier films based on WAH and CS was
studied in this works. FT-IR analysis suggested that the obtained composite films was the result of
the crosslinking interaction between WAH and CS, which is arose from the Millard reaction of the
carbonyl of WAH and the amino of CS. The SEM and AFM images suggested the composite films
showed a smooth surface and a dense structure. The physical properties of the composite films with
different ratio of WAH and CS were also studied. As the analysis revealed, the tensile strength and
oxygen barrier ability of the composite films were improved due to the addition of CS. The films based
on WAH and CS showed high tensile strength (71.2 MPa), good thermal stability, high transmittances,
low water vapor permeability and excellent oxygen barrier properties (<1 cm3·m−2·24 h−1·kPa−1),
these properties are beneficial to constructing packaging materials. Therefore, composite films based on
WAH and CS would become attractive in the application of packaging materials in the food packaging.
In summary, converting wood auto-hydrolysate into value-added films could lower the production
cost, benefit environment and increase revenue for paper making industry.
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Abstract: This paper addressed the potential use of fibers from waste corn stalk as reinforcing
materials in friction composites. The friction composites with different contents of corn stalk fibers
were prepared, and their tribological and physio-mechanical behaviors were characterized. It was
found that the incorporation of corn stalk fibers had a positive effect on the friction coefficients
and wear rates of friction composites. Based on comparisons of the overall performance, FC-6
(containing 6 wt % corn stalk fibers) was selected as the best performing specimen. The fade ratio of
specimen FC-6 was 7.8% and its recovery ratio was 106.5%, indicating excellent fade resistance and
recovery behaviors. The wear rate of specimen FC-6 was the lowest (0.427 × 10−7 mm3 (N·mm)−1

at 350 ◦C) among all tested composites. Furthermore, worn surface morphology was characterized
by scanning electron microscopy and confocal laser scanning microscopy. The results revealed that
the satisfactory wear resistance performances were associated with the secondary plateaus formed
on the worn surfaces. This research was contributive to the environmentally-friendly application of
waste corn stalk.

Keywords: corn stalk fiber; friction composite; friction and wear; worn surface morphology

1. Introduction

Friction composites are commonly used in transmission and brake systems for safe rapid
deceleration and immobilization of various vehicles and instruments [1–3]. Friction composites
should possess a certain set of outstanding properties, including a moderate friction coefficient, high
heat fading resistance and recovery, no or less noise and vibration, and low wear rate under different
operating environments [4–7]. For this reason, friction composites normally contain more than ten
ingredients, which are separated into four prime classes of reinforcing fibers, friction modifiers, binder
resins, and space fillers [8–10]. Among them, reinforcing fibers have a pivotal role to play in deciding
the tribological and mechanical properties of friction materials. Ceramic, organic, and metallic fibers
are mainly used as substitutes for traditional asbestos fibers in friction composites [11,12].

Among the diverse fibers available for friction composites, natural fibers have drawn much
attention as reinforcing materials because of their environmental friendliness, renewability, low
density, low costs, excellent acoustic insulating properties as well as their satisfactory mechanical
performances [13,14]. In recent years, many studies investigated the influences of natural fibers on the
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tribological characteristics of friction composites [15]. Chand et al. [16] developed polyester composites
reinforced by jute fibers and evaluated the effects of applied load and fiber orientation on friction
and sliding wear properties. The results showed that the friction coefficients declined with the rise of
applied load and the wear resistance maximized under normal orientation, indicating these reinforced
polyester composites may have potential application as friction materials in environmentally-friendly
brake pads. Bajpai et al. [17] reported the influence of nettle, grewia optiva and sisal fibers on the wear
and frictional behaviors of poly lactic acid (PLA) composites. This study revealed that the addition of
these natural fibers remarkably enhanced the wear performance of PLA composites, as the specific
wear rate and friction coefficients of the composites were reduced by 10–44% and more than 70%,
respectively, in comparison with neat PLA. Nirmal et al. [18] prepared polyester composites reinforced
by treated betelnut fibers and studied their mechanical and tribological behaviors under dry/wet
sliding conditions. The study suggested that the friction coefficients and average wear rates under
the wet sliding condition dropped significantly by about 95% and 54% respectively compared with
under dry conditions, and the wear resistance was improved under an anti-parallel orientation to
the sliding surface. Fu et al. [19] evaluated the tribological characteristics of phenolic resin-based
friction composites containing treated flax fibers under dry contact conditions. The study found that
the introduction of flax fibers into resin substrate stabilized the friction coefficients and improved wear
resistance, indicating that flax fibers were an ideal substitute for asbestos in brake pads. Given the
above advantages and chances of natural fibers, further research is needed to explore and evaluate the
tribological behaviors of other types of natural fibers.

Corn is one of the most productive cereals in China, especially in the northeast area. It is
estimated that approximately 0.23 billion tons of corn stalks are generated annually as agricultural
by-products [20–22]. However, after the harvest, most corn stalks are left on the field or burned, which
leads to a waste of resources and environmental degradation [23,24]. Hence, it is essential to seek an
effective and environmentally friendly way to improve the utilization value of corn stalks.

This work was aimed to study the feasibility of applying fibers obtained from corn stalks
as reinforcement fibers to the manufacture of friction composites. For this purpose, five types of
friction composites were fabricated with corn stalk fiber content of 0 wt %, 2 wt %, 4 wt %, 6 wt %,
8 wt % respectively. Then their physio-mechanical and tribological behaviors were characterized and
evaluated systematically. Furthermore, the wear mechanisms of the corn stalk fiber-reinforced friction
composites were explored and analyzed based on worn surface morphologies.

2. Materials and Methods

2.1. Preparation of Corn Stalk Fibers

The degree of interface adhesion between fibers and matrix affects both the physio-mechanical
behaviors of natural fibers-reinforced friction composites and the reinforcing efficiency of the
fibers [25,26]. Thus, in the preparation of friction composites reinforced by natural fibers,
the indispensable step to improve the fiber-matrix interface bonding is surface modification (e.g.,
alkali treatment, benzoylation treatment, acetylation treatment, silane treatment and electric discharge
treatment) [27–29]. In this study, alkali treatment was used as fiber modification to increase the
compatibility with the matrix.

Corn stalks obtained from a local farm in Changchun, China, were naturally air-dried for a few
days and then separated into rinds and piths. The rinds were ground into 3–4 mm long fibers, which
were surface-treated as described below. In the alkalization, the fibers were immersed in 1% aqueous
NaOH solution at 30 ◦C for about 20 min and rinsed with distilled water until turning pH 7. Finally,
excessive solvent and moisture were removed from the corn stalk fibers after treatment in a ZK350S
vacuum drying oven (Sanshui, Tianjin, China) at 90 ◦C for 4 h [30].
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2.2. Fabrication of Friction Composites

The detailed compositions of the friction materials (in wt %) are presented in Table 1. The five
types of friction composites were numbered as FC-0, FC-2, FC-4, FC-6, FC-8, respectively, according
to the content of corn stalk fibers. The friction composites were prepared via compression molding.
Firstly, the raw materials were mixed thoroughly in a JF805R electrical blender (Wangda, Changchun,
China) for 8 min. The uniform mixture was then molded for 30 min at 160 ◦C under 45 MPa by using a
JFY50 hot compression machine (Wangda, Changchun, China). Three intermittent ‘breathings’ were
required in the process of hot pressing to release volatiles. The prepared friction composites were
subsequently heat-treated in an oven to remove the remaining stress, which involved three phases
(Figure 1): 140 ◦C × 1 h, 160 ◦C × 3 h, and 180 ◦C × 6 h. Finally, the friction composites were air-cooled
to room temperature and machined into specimens of 25 × 25 × 6 mm3.

Table 1. Ingredient ratios of friction composites.

Raw Materials (by wt %)
Specimens

FC-0 FC-2 FC-4 FC-6 FC-8

Corn stalk fibers 0 2 4 6 8
Compound mineral fibers 25 24.42 23.84 23.26 22.68

Vermiculite powder 5 4.88 4.76 4.64 4.52
Calcium carbonate 10 9.77 9.54 9.31 9.08

Coke 5 4.88 4.76 4.64 4.52
Graphite 8 7.81 7.62 7.43 7.24

Friction powder 1 0.98 0.96 0.94 0.92
Zirconium silicate 4 3.91 3.82 3.73 3.64

Alumina 6 5.86 5.72 5.58 5.44
Barium sulfate 20 19.54 19.08 18.62 18.16
Zinc stearate 2 1.95 1.90 1.85 1.80

Phenolic resin 14 14 14 14 14

 

Figure 1. Heat-treatment process of the composites.

2.3. Testing Methods and Equipment

The density of each friction composite was measured on an MP-5002 electronic balance (Junda,
Shenzhen, China) following the Archimedes drainage approach. The hardness was tested using an
HRSS-150 Rockwell hardness tester (Sannuo, Shenzhen, China) as per the Test method of Rockwell
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hardness for friction materials (GB/T 5766-2007). The impact strength was detected on an XJ-40A
impact testing machine (Jianyi, Shanghai, China) based on the Test Method for Tensile-Impact of Plastics
(GB/T 13525-92). Each specimen was tested in quintuplicate to minimize the error.

Tribological performances of the friction composites were evaluated on a JF150D-II constant-speed
friction instrument (Wangda, Changchun, China) as per Brake Linings for Automobiles (GB/T 5763-2008),
with a schematic diagram showed in Figure 2. The specimens were pressed against the surface of
the rotating disk by pressurizing device under a certain load condition. The frictional force and
temperature during the test were detected by the tension-compression sensor and temperature sensor
respectively. The temperature was controlled and stabilized at the set value through the heating system
and cooling system. An HT250 cast iron disk with hardness of 180–220 HB was used as the mating
plate. The friction and wear tests consisted of two parts of fade tests and recovery tests. Five parallel
tests were carried out to reduce the data scattering.

Figure 2. Schematic diagram of friction testing machine.

In the fade tests and recovery tests, the temperature was changed from 100 ◦C to 350 ◦C and from
300 ◦C to 100 ◦C, respectively, and the disk was rotated 5000 and 7500 revolutions, respectively, before
measurement of thickness change and weight loss. Moreover, the rotating speed and contact pressure
were set at 480 rpm and 0.98 MPa, respectively in all tests.

The friction coefficient was automatically recorded through the computer attached to the friction
tester. The wear rate ΔW was determined by the following equation [31,32]:

ΔW =
1

2πR
× A

N
× h1 − h2

f
(1)

where R (=150 mm) is the horizontal distance from a friction specimen to the counterpart disk center;
A (=625 mm2) is the area of the friction specimen; N (=5000) is the revolutions of the disk; h1 and h2 are
the average thicknesses of the friction specimen before and after tests, respectively (mm); f is the mean
friction force during tests (N).

The fade ratio F and recovery ratio R were defined by the following equations [33,34]:

F =
μF100◦C − μF350◦C

μF100◦C
× 100% (2)

R =
μR100◦C

μF100◦C
× 100% (3)

where μF100◦C and μF350◦C are the friction coefficients with the temperature rise to 100 ◦C and 350 ◦C
during fade tests, respectively; μR100◦C is the friction coefficient with the temperature declined to
100 ◦C during recovery tests.

After the friction and wear tests, the worn surface morphology of each specimen was observed
by an EVO-18 scanning electron microscope (SEM, ZEISS, Jena, Germany) at 20 kV, and 3D profiles
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and surface roughness were detected on a LEXT OLS3000 confocal laser scanning microscope (CLSM,
OLYMPUS, Beijing, China) as per Geometrical Product Specifications(GPS)—Surface texture—Profile
method—Surface roughness—Terminology—Measurement of surface roughness parameters (GB/T 7220-2004).

3. Results and Discussion

3.1. Surface Morphology of Corn Stalk Fibers

Surface morphology of the raw and treated corn stalk fibers is shown in Figure 3. Clearly,
the raw fibers presented smooth outer surfaces with some impurity particles (Figure 3a). After alkali
treatment, the surfaces became cleaner and contained a large number of node structures and micropores
(Figure 3b), indicating the corn stalk fibers were significantly modified. These changes may be ascribed
to the removal of natural and artificial impurities (e.g., lignin, wax, pectin and oils) and the increased
amount of exposed cellulose on the fiber surfaces, which could improve the fiber-matrix interfacial
adhesion [25,35].

  

Figure 3. Micrographs of (a) raw and (b) treated corn stalk fibers.

3.2. Physio-Mechanical Performances

The physio-mechanical performances of friction composites are modestly associated with the
reliability and security of vehicle operation. The density, hardness, and impact strength of the
composites are summarized in Table 2. The densities of these composites decreased with the increasing
content of corn stalk fibers. The density of specimen FC-0 was the largest and that of specimen FC-8
was the smallest among all composites. The hardness of the composites showed a similar tendency
with increase in content of corn stalk fibers, as it was maximized in specimen F-0 and minimized in
specimen FC-8. However, no obvious variation trend was observed in impact strength. The impact
strength of specimen FC-4 was the highest, while specimens FC-2 and FC-8 had the lowest impact
strength in all tested composites. This may be because excellent interface adhesion between the
reinforcing fibers and the matrix could enhance the impact resistance of friction composites to some
degree. It was indicated that the addition of corn stalk fibers can enhance the physio-mechanical
properties of the friction composites. This is in agreement with the results of the previous report [36].

Table 2. Physio-mechanical properties of the friction specimens.

Specimens Density (g·cm−3) Hardness (HRR) Impact Strength (MPa)

FC-0 2.33 103.6 0.461 ± 0.009
FC-2 2.23 101.4 0.424 ± 0.012
FC-4 2.20 98.9 0.486 ± 0.007
FC-6 2.18 97.2 0.473 ± 0.013
FC-8 2.11 95.8 0.422 ± 0.015
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3.3. Friction and Wear Behaviors

Variations in the friction coefficients of the five composites during the fade and recovery tests are
presented in Figure 4. The friction coefficient of specimen FC-0 decreased with the temperature
rise, while the variant trends of the other four composites were slightly different (Figure 4a).
The friction coefficients of the composites incorporated with corn stalk fibers initially increased
with the temperature rise from 100 ◦C to 150 ◦C and then decreased from 150 ◦C to 350 ◦C These
changes can be explained by the fact that during the initial phase of the test (100–150 ◦C), the fibers
and some hard particles were exposed to the worn surface due to the removal of the matrix and soft
materials, then the wear debris gathered around the nucleation sites formed from protruding fibers,
followed by the generation of the third body wear under the action of frictional force and normal
pressure, which resulted in the increase of the friction coefficients [2]. When the temperature was
higher than 160 ◦C, the lignin in the fibers began to decompose and the fibers gradually carbonized [37],
then some carbon powder appeared on the friction surface, which had a certain lubrication effect,
thus leading to the decline of the friction coefficients [36]. Moreover, the sheer strength of friction
composites declined with the rise of surface temperature, which also resulted in the decrease of the
friction coefficient. Anyway, the friction coefficients at each test temperature were in conformity with
Chinese national standards. The friction coefficients of the five friction composites decreased slowly at
250 ◦C or above, which can be ascribed to the thermal relaxing and degradation of phenolic resins at
elevated temperatures during the tests [32].

  

Figure 4. Variation in friction coefficient of the friction specimens: (a) fade test and (b) recovery test.

In general, the addition of corn stalk fibers improved the friction behaviors at tested conditions
barring the 100 ◦C case. The reason for this phenomenon could be that when the resin matrix was
worn off, the reinforcing fibers were exposed to the friction surfaces of the composites and scraped
the mating plate, which was transformed to frictional output. This is consistent with the previous
report [38]. Among these tested specimens, the specimen FC-6 showed the highest friction coefficient
except for the case at 100 ◦C where the specimen FC-8 showed a little higher friction coefficient.

During the recovery tests (Figure 4b), the friction coefficients of the composites decreased first
with the temperature ranging from 300 ◦C to 200 ◦C, and then increased from 200 ◦C to 150 ◦C, and
finally declined with the temperature varying from 150 ◦C to 100 ◦C. On the whole, the variation
of friction coefficients was relatively stable, and it fluctuated between 0.402 and 0.489. The recovery
fluctuation was one of the major affection factors for the performance of automotive braking.

The variations in wear rates of the friction composites with test temperatures are illustrated in
Figure 5. It can be seen clearly that the wear rates were dramatically affected by temperature and
increased with the temperature rise for all composites. The reason for this behavior may be that the
phenolic resin gradually began to soften and decompose as test temperatures rise, causing a decrease in
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interface binding force between the composite matrix and fillers. As a result, the fillers were loosened
and debonded from the matrix, which increased the wear rates of the composites. This is in accordance
with the previous study results [39,40].

 

Figure 5. Wear rates of the friction specimens.

Generally, the incorporation of corn stalk fibers enhanced the wear behaviors of the composites,
as the wear rates decreased first and then increased with increasing fiber content. It was indicated
that there was an optimum fiber content in the formula of friction composites [6]. Among all tested
specimens, the wear rate maximized to 0.632 × 10−7 mm3 (N·mm)−1 at 350 ◦C in specimen FC-0,
whereas it minimized to 0.427 × 10−7 mm3 (N·mm)−1 at 350 ◦C in specimen FC-6 except for the case
between 100 ◦C and 150 ◦C where the wear rate of specimen FC-4 was a bit lower. This observation
suggested that 6 wt % of corn stalk fibers was the optimum dosage for the wear performance of friction
composites. A dosage beyond 6 wt % might induce fiber accumulation and uneven distribution in the
composite matrix, which would lead to a decline in wear resistance.

3.4. Fade Resistance and Recovery Properties

The fade resistance and recovery behaviors are of critical importance in the performance
assessment of friction composites, and they can influence braking reliability and effectiveness during
the braking process [33]. The friction coefficients decreased gradually with a temperature rise and
recovered after a temperature reduction, which were referred to as fade and recovery phenomena,
respectively [34]. Fade ratios and recovery ratios were the main parameters for evaluating the
friction stability of friction composites and quantitatively characterizing the fluctuations of the friction
coefficients. The fade and recovery behaviors of the five friction composites are illustrated in Figure 6.
It can be seen clearly that the composites added with corn stalk fibers showed improved fade and
recovery behaviors during the tests. The fade ratios of the friction specimens ranked in the order
of FC-0 > FC-8 > FC-2 > FC-4 > FC-6, while the order of recovery ratios was FC-6 > FC-4 > FC-8 >
FC-2 > FC-0. In particular, the specimen FC-6 had the fade ratio of 7.8% and recovery ratio of 106.5%,
indicating it behaved well in fade resistance and recovery. However, the fade ratio of specimen FC-0
was 14.3% and the recovery ratio was 93.6%, indicating its fade and recovery properties were the worst
of the five composites.
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Figure 6. Fade ratios and recovery ratios of the friction composites.

3.5. Analysis of Worn Surface

The tribological performances of friction materials are closely associated with their worn
surface morphological properties (e.g., wear debris, primary and secondary plateaus, microcracks
and cavities) [31,41,42]. Surface morphology research of friction composites have been reported
as an effective tool to interpret the results of tribological behavior analysis and explain the wear
mechanisms [43].

In the present study, the worn surface morphology analysis of friction composites was performed
by SEM. The typical worn surfaces of the five friction composites at 350 ◦C are presented in Figure 7a–e.
Specifically, the worn surface of the specimen FC-0 was very rough with severe damage and massive
destruction (Figure 7a). A number of fine wear debris and hard particles along with large spalling pits
presented on the surface, and loose matrix, microcracks, and a lot of grooves were also evident, which
corresponded to high wear rate of specimen FC-0. In general, the thermal relaxation and degradation
of resin caused matrix loosening and then generated a lot of wear debris and abrasive particles under
the action of friction force. Some of these debris and particles were embedded and removed on the
worn surface, and then shallow grooves parallel to the sliding direction appeared on the surface of
the specimen, which were all typical of abrasive wear. Meanwhile, large flake debris detached from
the surface under the sheer force, and spalling pits presented on the matrix surface, which might be
the main cause of adhesive wear. Moreover, owing to varying thermal expansion rates in different
regions on the friction surface layer, microcracks appeared on the worn surface of the composite under
unstable pressure and temperature field, which could be responsible for the fatigue wear [44]. Hence,
the main wear mechanisms of the specimen FC-0 were abrasive wear, adhesive wear and fatigue wear.

As illustrated in Figure 7b–e, the worn surfaces of specimens FC-2, FC-4, FC-6 and FC-8 were
relatively smooth in comparison with specimen FC-0, indicating that the incorporation of corn stalk
fibers prevented the materials from peeling off in large flakes. The micrograph in Figure 7b proved
the formation of some wear debris, particles, microcracks and shallow grooves, and meanwhile, some
local detached regions also presented on the worn surface, which could account for the high wear rate
of specimen FC-2. The surface of specimen FC-8 was covered with fine wear debris, parallel shallow
grooves and bare fibers (Figure 7e). This observation could be explained by the fact that the resin
adhesiveness to corn stalk fibers decreased with the increasing fiber content, which depressed the
fiber-matrix interface bonding strength, and some fibers easily fell off from the matrix under the sheer
force and normal pressure. And the broken fibers and hard particles were embedded in the matrix,
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then scratched and damaged the surface during wear process, leading to the increase of the wear
rate [45].

  

  

 

Figure 7. Worn surface morphology of (a) FC-0; (b) FC-2; (c) FC-4; (d) FC-6; (e) FC-8.

Moreover, as evident from Figure 7c,d, the specimens FC-4 and FC-6 exhibited relatively smooth
worn surfaces compared with other composites. Small spalling pits, some fine wear debris and few
shallow grooves as well as some apparent voids and secondary plateaus existed on the worn surface
of specimen FC-4 (Figure 7c). In general, the formation of voids facilitated the absorption of braking
noise to some extent, and meanwhile, some debris and particles were found in the voids, which could
contribute to the reduction of the surface damage of specimen FC-4. As shown in Figure 7d, no obvious
separation was found at the interface between the resin matrix and fillers, and abundant secondary
plateaus presented on the surface of specimen FC-6, which were responsible for its higher wear
resistance. During the wear process, the formation and development of secondary contact plateaus
were attributed to the compression of wear debris at normal pressure, shear force and friction heat [46].
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And the generation of secondary plateaus could induce the formation of friction film on the composite
surface, which was correlated with the stable friction coefficient and small wear rate [47,48].

3.6. Analysis of Worn Surface Roughness

The surface roughness of friction composites is significantly related to both friction behavior
and wear resistance in a certain manner. An exact analysis of worn surface roughness of the friction
composites was carried out by using CLSM, which enabled the three-dimensional reconstruction of
surface geometry.

The main surface roughness parameters of the five friction composites, including average
roughness (Ra), root-mean-square roughness (Rq), maximum valley depth (Rv) and maximum peak
height (Rp), are summarized in Table 3. It can be seen that the values of Ra and Rq were in the order
FC-0 > FC-2 > FC-8 > FC-4 > FC-6, which was consistent with the results of the tribological behaviors.
As for the Rv and Rp values, no clear trends were observed. The Rv of the specimen FC-4 was the
highest, which was attributed to the pull-out of the fibers and the formation of the cavities. The value
of Rp was maximized in specimen FC-8. This may be because some wear debris piled up around the
fiber ends and were compressed under the normal pressure, then the contact plateaus formed on the
worn surface, which resulted in the increase of Rp. This indicated that the specimen FC-6 exhibited
the lowest roughness (Ra = 1.746 μm), whereas the specimen FC-0 showed the highest roughness
(Ra = 2.786 μm) among all the specimens. These results were consistent with the aforementioned
tribological behavior and surface morphology analysis, as well as the reconstructed surface geometry
in Figure 8. Under the condition of dry sliding, the larger roughness was mainly ascribed to the serious
damage of worn surface which could cause an increase in average roughness. It suggested that the
worn surface of specimen FC-6 was much smoother than other friction composites, and the specimen
FC-6 possessed higher wear resistance.

  

  

Figure 8. Cont.
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Figure 8. Three-dimensional reconstructions of surface geometry of (a) FC-0; (b) FC-2; (c) FC-4; (d) FC-6;
(e) FC-8.

Table 3. Surface roughness parameters of the friction composites.

Specimens

Average
Roughness

Root-Mean-Square
Roughness

Maximum Valley
Depth

Maximum Peak
Height

Ra (μm) Rq (μm) Rv (μm) Rp (μm)

FC-0 2.786 3.883 71.305 34.012
FC-2 2.506 3.429 38.974 26.658
FC-4 1.838 2.661 75.024 30.059
FC-6 1.746 2.574 42.031 25.824
FC-8 2.407 3.401 48.576 35.839

4. Conclusions

The physio-mechanical and tribological behaviors of friction composites with different relative
contents of corn stalk fibers were systematically investigated in the present study. Based on the results,
the main conclusions can be summarized as follows:

1. The density and hardness of friction composites decreased with the increasing content of corn
stalk fibers. At the same time, the impact strength of specimen FC-4 was the highest in comparison
with that of other composites.

2. The friction coefficients of the composites generally increased first and then decreased with the
temperature increase. Compared with specimen FC-0, the corn stalk fiber-reinforced friction
composites showed higher friction coefficients except for the case at 100 ◦C.

3. The specimen FC-6 showed a fade ratio of 7.8% and recovery ratio of 106.5%, suggesting superior
fade resistance and recovery performances.

4. The wear rates of all composites were significantly influenced by the test temperature and
increased with temperature rise. The specimen FC-6 exhibited the lowest wear rate, except for
that when the temperatures were about 100–150 ◦C.

5. The micrographs of worn surface morphology showed that the tribological performances of
friction composites were closely associated with the formation of secondary contact plateaus
on the surfaces. The specimen FC-6 had a smoother worn surface (Ra = 1.746 μm) than other
friction composites and was covered with a great number of secondary plateaus and few shallow
grooves, which explained the higher wear resistance.

The physio-mechanical and tribological tests confirmed that corn stalk fibers could be used as
reinforcement for friction composites, which is an environmentally-friendly form of utilization of
waste corn stalks.
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37. Matějka, V.; Fu, Z.; Kukutschová, J.; Qi, S.; Jiang, S.; Zhang, X.; Yun, R.; Vaculík, M.; Heliová, M.; Lu, Y.
Jute fibers and powderized hazelnut shells as natural fillers in non-asbestos organic non-metallic friction
composites. Mater. Des. 2013, 51, 847–853. [CrossRef]

38. Fei, J.; Luo, W.; Huang, J.F.; Ouyang, H.B.; Xu, Z.W.; Yao, C.Y. Effect of carbon fiber content on the friction
and wear performance of paper-based friction materials. Tribol. Int. 2015, 87, 91–97. [CrossRef]

39. Ji, Z.; Jin, H.; Luo, W.; Cheng, F.; Chen, Y.; Ren, Y.; Wu, Y.; Hou, S. The effect of crystallinity of potassium
titanate whisker on the tribological behavior of NAO friction materials. Tribol. Int. 2017, 107, 213–220.
[CrossRef]

40. Cai, P.; Wang, Y.; Wang, T.; Wang, Q. Effect of resins on thermal, mechanical and tribological properties of
friction materials. Tribol. Int. 2015, 87, 1–10. [CrossRef]

41. Silvestre, N. State-of-the-art review on carbon nanotube reinforced metal matrix composites. Int. J.
Compos. Mater. 2013, 3, 28–44.

161



Materials 2018, 11, 901

42. Patnaik, A.; Kumar, M.; Satapathy, B.K.; Tomar, B.S. Performance sensitivity of hybrid phenolic composites
in friction braking: effect of ceramic and aramid fibre combination. Wear 2010, 269, 891–899. [CrossRef]

43. Satapathy, B.K.; Bijwe, J. Fade and recovery behavior of non-asbestos organic (NAO) composite friction
materials based on combinations of rock fibers and organic fibers. J. Reinf. Plast. Compos. 2005, 24, 563–577.
[CrossRef]

44. Einset, E.O. Analysis of reactive melt infiltration in the processing of ceramics and ceramic composites.
Chem. Eng. Sci. 1998, 53, 1027–1039. [CrossRef]

45. Straffelini, G.; Maines, L. The relationship between wear of semimetallic friction materials and pearlitic cast
iron in dry sliding. Wear 2013, 307, 75–80. [CrossRef]

46. Kumar, M.; Satapathy, B.K.; Patnaik, A.; Kolluri, D.K.; Tomar, B.S. Hybrid composite friction materials
reinforced with combination of potassium titanate whiskers and aramid fibre: assessment of fade and
recovery performance. Tribol. Int. 2011, 44, 359–367. [CrossRef]

47. Kim, S.H.; Jang, H. Friction and vibration of brake friction materials reinforced with chopped glass fibers.
Tribol. Lett. 2013, 52, 341–349. [CrossRef]

48. Prabhu, T.R.; Varma, V.K.; Vedantam, S. Tribological and mechanical behavior of multilayer Cu/SiC+ Gr
hybrid composites for brake friction material applications. Wear 2014, 317, 201–212. [CrossRef]

© 2018 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 (http://creativecommons.org/licenses/by/4.0/).

162



materials

Article

Graphene Oxide Oxygen Content Affects Physical
and Biological Properties of Scaffolds Based on
Chitosan/Graphene Oxide Conjugates

Iolanda Francolini 1, Elena Perugini 1, Ilaria Silvestro 1, Mariangela Lopreiato 2 ,

Anna Scotto d’Abusco 2 , Federica Valentini 3 , Ernesto Placidi 4,5 , Fabrizio Arciprete 4,

Andrea Martinelli 1 and Antonella Piozzi 1,*

1 Department of Chemistry, Sapienza University of Rome, P.le A. Moro, 5, 00185 Rome, Italy;
iolanda.francolini@uniroma1.it (I.F.); peruginielena80@gmail.com (E.P.); ilaria.silvestro@uniroma1.it (I.S.);
andrea.martinelli@uniroma1.it (A.M.)

2 Department of Biochemical Sciences, Sapienza University of Rome, P.le A. Moro, 5, 00185 Rome, Italy;
mariangela.lopreiato@uniroma1.it (M.L.); anna.scottodabusco@uniroma1.it (A.S.d.)

3 Department of Chemical Science and Technologies, University of Rome Tor Vergata, Via della Ricerca
Scientifica, 00133 Rome, Italy; federica.valentini@uniroma2.it

4 Department of Physics, University of Rome Tor Vergata, Via della Ricerca Scientifica, 00133 Rome, Italy;
ernesto.placidi@roma2.infn.it (E.P.); fabrizio.arciprete@roma2.infn.it (F.A.)

5 CNR-ISM, Via Fosso del Cavaliere 100, I-00133 Rome, Italy
* Correspondence: antonella.piozzi@uniroma1.it; Tel.: +39-06-4991-3692

Received: 13 March 2019; Accepted: 2 April 2019; Published: 8 April 2019

Abstract: Tissue engineering is a highly interdisciplinary field of medicine aiming at regenerating
damaged tissues by combining cells with porous scaffolds materials. Scaffolds are templates for
tissue regeneration and should ensure suitable cell adhesion and mechanical stability throughout
the application period. Chitosan (CS) is a biocompatible polymer highly investigated for scaffold
preparation but suffers from poor mechanical strength. In this study, graphene oxide (GO) was
conjugated to chitosan at two weight ratios 0.3% and 1%, and the resulting conjugates were used to
prepare composite scaffolds with improved mechanical strength. To study the effect of GO oxidation
degree on scaffold mechanical and biological properties, GO samples at two different oxygen contents
were employed. The obtained GO/CS scaffolds were highly porous and showed good swelling in
water, though to a lesser extent than pure CS scaffold. In contrast, GO increased scaffold thermal
stability and mechanical strength with respect to pure CS, especially when the GO at low oxygen
content was used. The scaffold in vitro cytocompatibility using human primary dermal fibroblasts
was also affected by the type of used GO. Specifically, the GO with less content of oxygen provided
the scaffold with the best biocompatibility.

Keywords: graphene oxide; chitosan; composites; scaffolds; tissue engineering

1. Introduction

Chitosan is a cationic polysaccharide, deriving from chitin deacetylation, which has gained a
prominent place in biomedicine for a wide range of applications including drug delivery, wound
dressings, bacterial contamination control, fat binding, and tissue engineering [1–5]. The peculiarity
of chitosan, compared to other polysaccharides, is that it has been shown to provoke minimal or
no foreign-body reaction, including inflammatory response and fibrotic encapsulation when used
in hydrogel systems [6,7], polyelectrolyte multilayers [8], biomembranes [9] and as a porous 3-D
scaffold [10]. Besides, chitosan has been shown to promote cell adhesion and proliferation in tissue
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engineering applications, especially when applied for bone tissue regeneration where it showed
osteoconductivity and ability to promote osteogenic differentiation [11–16].

The major limitation of chitosan for the repair of bone defects is its low mechanical strength,
which precludes pure chitosan scaffolds for load-bearing applications. For such reason, many chitosan
composite scaffolds have been lately developed to improve mechanical scaffold properties and
bioactivity [16,17]. Main substances used in combination with chitosan to produce scaffolds for
bone tissue regeneration are tricalcium phosphate [18], hydroxyapatite [19], silica nanoparticles [20],
and, more recently, graphene oxide [21–25]. Particularly, graphene oxide (GO) is obtained by oxidation
and exfoliation of graphite [26,27] and consists of a monolayer of sp2-hybridized carbon atoms
arranged in a honeycomb structure decorated with oxygen-containing groups, including hydroxyl,
epoxy and carboxylic groups [28]. Such material is considered highly promising for bone tissue
engineering because not only it presents high mechanical stiffness and flexibility, but it was also shown
to improve osteogenesis and cellular differentiation when combined with other biomaterials [23,29–32].
GO also showed significant antibacterial activity [33] like other 2D-nanomaterials [34]. Therefore,
its incorporation into the chitosan matrix opens perspectives for antimicrobial applications of
GO-chitosan scaffolds.

A series of different types of GO can be produced, which may vary in terms of layer surface area,
structural defects, sp2/sp3 ratio and oxygen content. Specifically, the oxygen content, which strongly
depends on the GO preparation method and post-oxidation treatments [35,36], can significantly affect
GO mechanical properties, conductivity, ability to disperse in water and biocompatibility. Indeed,
oxygen groups present on the basal plane and edges of GO enable it to interact with cellular components
like proteins, mainly through electrostatic interaction and hydrogen bonds [37–39].

In this study, in order to investigate the effects of GO oxygen content on scaffold mechanical and
biological properties, 3D porous scaffolds based on chitosan/graphene oxide conjugates were prepared
by employing two types of GO, a GO sample at low oxygen content (commercially available) and a GO
sample at high oxygen content obtained by electrochemical exfoliation of graphite. GO was conjugated
to chitosan by a carbodiimide-mediated amidation in two concentrations (0.3% and 1%). Then,
scaffolds, prepared by either the salt leaching method or freeze-drying, were characterized in terms of
water swelling, water retention ability, thermal properties, mechanical response in compression and
in vitro cytocompatibility against primary human dermal fibroblasts.

2. Results and Discussion

2.1. GO Characterization

Figure 1a shows the Atomic Force Microscopy (AFM) topography of GO_LiClO4, named
GOexfoliated. This sample exhibits small surface area (ranging from 0.03 to 0.15 μm2) and the average
height in the range of 3–4 ML (Mono Layer), although also single layer sheets (ca. 0.6 nm in thickness,
as shown in Figure 1a) are often observed. Indeed, a single layer of GO on mica typically exhibits a
0.6–1.0 nm height, greater than the graphene thickness.

Figure 1b exhibits the AFM topography of commercial GO product, named GOsigma. The latter
is characterized by a graphene sheet with well homogeneous in thickness but heterogeneous in area
distribution (0.006–0.010 μm2). In 90% of cases, the sheets are 1–2 layer thick (Figure 1b). Thicker
sheets are less frequent but generally wider.

Figure 2 shows the Raman spectrum of GOsigma, while Table 1 reports the Raman parameters for
both samples. The Raman spectrum of GOexfoliated was already published [40].
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(a) (b) 

Figure 1. Atomic Force Microscopy (AFM) topographies of: (a) GO_LiClO4 sample (GOexfoliated);
(b) commercial GO product (GOsigma) and related height profiles.

Figure 2. Raman spectrum of GOsigma.
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Table 1. Raman parameters for GOsigma and GOexfoliated.

Sample Frequency (cm−1) Assigned Bands ID/IG

GOsigma 2706 2D

0.061565 G

1350 D

GOexfoliated 2713 2D

0.271582 G

1357 D

In the spectrum, the typical fingerprint of graphene is observable, with G-band at around
1580 cm−1, corresponding to the first-order scattering of the E2g vibration mode, and a 2D band
at 2700 cm−1, corresponding to the second-order two phonon mode. Moreover, a D-band is present at
1350 cm−1, reflecting the presence of structural defects (vacancies, edge defects, heteroatoms, etc.) [41].
The intensity ratio of D and G bands (ID/IG), reported in Table 1, provides information about structural
defects on graphene surface and edges. Between the two samples, GOsigma has the lowest ID/IG ratio
indicating that this sample has the lowest content of defects.

In agreement with such data, XPS analysis revealed a lower content of oxygenated groups in the
GOsigma than the electrochemical synthesized GOexfoliated (Table 2). In Figure 3, the XPS spectrum of
commercial GO is reported, while the XPS spectrum of GOexfoliated has already been published [40].

Table 2. Atomic (At) percentages from C1s fit for GOsigma and GOexfoliated.

Peak BE (eV) Species GOsigma At (%) GOexfoliated At (%)

283.8 C–C 60.7 50.0

284.7 C–OH 21.7 18.0

285.9 C–O 9.4 16.0

287.0 C=O 8.2 9.0

289.0 C(=O)O 4.3 7.0

Figure 3. X-ray Photoelectron Spectroscopy (XPS) C1s spectrum of GOsigma.
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In Table 2, the deconvolution results of the relative C1s peaks are reported for both samples.
The presence of aromatic C=C and aliphatic C–C is demonstrated by the main peak at binding
energy 283.8 eV and the π–π* peak at ca. 291 eV attributed π-electrons delocalized in the aromatic
network. The C–C peak was fitted with a weighted Voigtian profile instead of a Doniach-Sunjic
one to take into account the contribution of C–H group too close to the C–C to be deconvolved
singularly. All samples also showed a significant oxidation degree (i.e. functionalization degree), as
indicated by the presence of hydroxyl, epoxide, carbonyl, and carboxyl functional groups. Between
the two samples, the non-oxidized carbon component was more intense for GOsigma; while GOexfoliated
exhibited the highest content of oxygen-containing functional groups, and therefore the highest degree
of oxidation/functionalization. This difference in oxidation degree could affect the physico-chemical
properties of the resulting chitosan/GO composite materials and, thus their application.

2.2. Preparation and Characterization of GO/CS Composite Scaffolds

In this study, the two characterized GO samples were used in combination with chitosan to
prepare composite scaffolds for application in tissue engineering. To achieve intimate contact between
the polymeric matrix and the filler, GO was covalently linked to chitosan by an amidation reaction
(Figure 4).

Figure 4. Scheme of Chitosan-GO amidation reaction.

Two GO/CS weight ratios (0.3% and 1%) were used during CS functionalization reaction. These
concentrations were chosen as a compromise to obtain scaffolds combining good mechanical and
biological properties. Indeed, in the literature, it was found that GO contents higher than 1% in
chitosan based-scaffolds could only slightly improve mechanical properties [42] or even worsen them
in terms of compressive strength [24]. Also, cell viability could be altered for too high GO content [42].

FTIR IR-ATR analysis confirmed qualitatively the success of amidation reaction in all of the used
experimental conditions and for both types of GO. In Figure 5, as an example, the IR-ATR spectra of CS
and of the GO-functionalized chitosan obtained with the GOsigma—at a 0.3% GO/CS weight ratio—are
reported. The spectra of GOsigma and GOexfoliated were also reported for comparison. In both spectra,
the absorption peaks of oxygenated groups are present (3427 cm−1 stretching O–H; 1738 stretching
C=O; 1050–1280 cm−1 stretching C–O–C). As for the amidation reaction, the peaks at 1644 cm−1 and
at 1560 cm−1, attributed to stretching of C=O amide of CS and bending N–H of CS primary amine
respectively, are present in the spectrum of the GO-functionalized chitosan but in a different ratio with
respect to pure chitosan. Specifically, in all of the chitosan derivatives, an increase in the intensity
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ratio A1644/A1560 was observed (Table 3), which is presumably related to a decrease in the number
of NH2 (decrease in the intensity of the peak at 1560 cm−1) as a consequence of amidation with GO.
However, physical interactions between chitosan and GO cannot be excluded, and they can occur to
some extent [43].

80012001600200024002800320036004000
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Figure 5. FTIR spectra of GOsigma, GOexfoliated, chitosan and of the GO-functionalized chitosan obtained
with GOsigma, and a GO/CS weight ratio of 0.3%.

Table 3. Intensity ratio of peaks at 1644 cm−1 and 1560 cm−1 (A1644/A1560) for the GO/CS samples.

Sample
CS Conc.
(%, w/v)

A1644/A1560

CS – 0.82

GOsigma/CS 0.3% 1 0.93
GOsigma/CS 1% 1 1.02

GOexfoliated/CS 0.3% 1 0.88
GOexfoliated/CS 1% 1 0.91

The GO-functionalized chitosan derivatives were then used to prepare porous scaffolds by the
freeze-drying method or the salt leaching method. In Table 4, the types of prepared scaffolds and
corresponding acronyms were reported.

Table 4. Types of prepared scaffolds and corresponding acronyms.

Acronym Method for Scaffold Preparation
GO/CS

% (w/w)

CSSL SL * –

GOsigma/CSSL 0.3% SL 0.3
GOsigma/CSSL 1% SL 1
GOsigma/CSFD 1% FD * 1

GOexfoliated/CSSL 0.3% SL 0.3
GOexfoliated/CSSL 1% SL 1
GOexfoliated/CSFD 1% FD 1

* SL = salt leaching method; FD = Freeze-drying method.
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In Figure 6, the porosity determined with either the gravimetric method or the liquid displacement
method for all the prepared scaffolds is reported.

 

Figure 6. Porosity (%) of all the prepared scaffolds. The symbol (*) indicates samples with the best
interconnected porosity.

As it can be observed, the porosity values determined by the gravimetric method were quite
high (an average of 95% for all of the systems) and always greater than those determined by the
liquid displacement method. That is because the gravimetric method provides information about the
total scaffold porosity while the second method only about the pore fraction accessible to the liquid
(ethanol), that is the fraction of interconnected pores. Some differences were observed in terms of such
fraction among the various scaffolds.

Specifically, for both types of GO, the salt leaching permitted to obtain scaffold with a greater
fraction of interconnected pores compared to freeze-drying. The GO content (0.3% or 1%) only slightly
affected pore interconnection in the case of GOexfoliated.

Field Emission Scanning Electron Microscope (FESEM) observations confirmed the higher level
of porosity of the scaffolds prepared with the salt leaching method compared to the freeze-drying
(Figure 7).

 

Figure 7. Field Emission Scanning Electron Microscope (FESEM) micrographs of scaffolds obtained
with 1% CS solution: (A) CS; (B) GOsigma/CSSL 1%; (C) GOexfoliated/CSSL 1%; (D) GOsigma/CSFD 1%.
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Water swelling and water retention efficiencies are important properties for a scaffold since a low
swelling degree may hamper nutrient diffusion through the scaffold while a high swelling degree may
compromise scaffold integrity over usage [44]. As shown in Figure 8A, all of the scaffolds absorbed
water very quickly, reaching the equilibrium in approximately 20 minutes. Composite scaffolds
showed a lower swelling degree than pure CS scaffold, with the only exception of GOexfoliated/CSSL

0.3%. For a fixed GO concentration (0.3% or 1%), the GOexfoliated make the scaffolds more hydrophilic
than the GOsigma, due to its high content of oxygenated groups. For a fixed type of GO (GOexfoliated
or GOsigma), instead, an increase in GO concentration decreased scaffold hydrophilicity because of
the hydrophobicity of the aromatic C=C of the graphene plane. As reported in Table 5, the highest
equilibrium swelling ratio was shown by the GOexfoliated/CSSL 0.3% sample. A reduced degree of
swelling of the composite scaffolds compared to CS could contribute to improving scaffold mechanical
stability while the high initial rate of swelling could ensure a suitable supply of nutrients to cells
seeded in the scaffold [45].
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Figure 8. Swelling ratio (A) and mechanical behavior in compression tests (B) of the scaffolds.

Table 5. Equilibrium swelling ratio (SW), water retention (WR), degradation temperature (Td) and
glass transition temperature (Tg) of chitosan and GO/CS composite scaffolds.

Sample
Equilibrium

Swelling Ratio
(SR)

Water
Retention

(WR)
Td (◦C) Tg (◦C)

Compressive
Modulus

(KPa)

CSSL 19 ± 2 10.1 ± 0.5 280 72 12 ± 3

GOsigma/CSSL 0.3% 14 ± 1 7.1 ± 0.5 296 84 22 ± 2
GOsigma/CSSL 1% 9 ± 2 5.9 ± 0.5 304 82 108 ± 5
GOsigma/CSFD 1% 8 ± 1 4.2 ± 0.5 ND * ND ND

GOexfoliated/CSSL 0.3% 28 ± 4 7.6 ± 0.5 283 86 10 ± 3
GOexfoliated/CSSL 1% 16 ± 3 5.5 ± 0.5 286 84 31 ± 4
GOexfoliated/CSFD 1% 10 ± 2 4.0 ± 0.5 ND ND ND

* ND = Not determined.

As far as the water retention efficiency is concerned, the composite GO/CS scaffolds had
sufficiently high water retention (WR) values ranging from 4 of the scaffolds obtained by freeze
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drying to 8 of GOexfoliated/CSSL 0.3%, this latter being the sample also showing the highest swelling
in water (Table 5). WR decreased with increasing GO content presumably because a higher CS
functionalization resulted in a decreased number of CS amino groups available for interaction with
water. In agreement with such a hypothesis, the scaffold made of pure CS showed the highest WR
value (Table 5).

Thermal properties of the GO/CS composite scaffolds were studied by thermogravimetric analysis
and differential scanning calorimetry. In Table 5, the degradation temperature (Td) and glass transition
temperature (Tg) of chitosan and GO/CS composite scaffolds are reported. As it can be observed, the
composite scaffolds showed Td values higher than that of CS, suggesting the formation of a crosslinked
structure where presumably GO forms bridges among the polymer chains. Such network seemed
to be stronger with increasing the GO content. The values of the glass transition temperature of the
GO/CS composite scaffolds (Table 5) are also coherent with the formation of a cross-linked structure
induced by CS amidation with GO. Indeed, all of the composite scaffolds showed a Tg higher than CS
indicating a reduced polymer chain mobility.

Finally, the mechanical behavior in compression of the scaffolds was studied. In Figure 8B the
stress versus the compression ratio is reported for CS and composite scaffolds while in Table 5 the
Compressive Modulus for all of the scaffolds is reported.

The composite scaffolds showed Compressive Modulus values greater than CSSL scaffold,
especially at 1% GO content. The only exception was GOexfoliated/CSSL 0.3% that had a Compressive
Modulus similar to CSSL. At a fixed GO content, either 0.3% or 1%, the scaffolds obtained with the
GOsigma were stiffer than those obtained with GOexfoliated, suggesting a better dispersion of GOsigma in
the CS structure. Presumably, the average size of GOsigma sheets smaller than GOexfoliated, as resulted
from AFM observations, contributed to the observed better dispersion and enhanced mechanical
properties of the GOsigma/CS scaffolds [46,47]. Aggregation phenomenon in GOexfoliated could also
be related to the formation of hydrogen bonds among oxygenated functional groups present in the
sheet basal planes, mediated by water molecules entrapped within the interlayer cavities. Indeed,
it is known that a hydrogen bond network is present among GO sheets and water molecules even
after prolonged drying [48–50]. The scaffold’s mechanical properties could also be affected by the
extent of the amidation reaction. In our case, even if the amidation degree was not quantified, it can be
hypothesized that GOexfoliated reacted more efficiently with CS leading to a higher GO incorporation
for a fixed GO/CS weight ratio. That could contribute to increasing GO aggregation phenomena in
GOexfoliated/CS scaffolds with a consequent decrease in the scaffold’s mechanical properties, as found
by Sivashankari et al. in scaffolds of hydroxypropyl chitosan-graft-graphene oxide [24].

2.3. Assessment of Cell Viability in the Scaffolds

The biocompatibility of the scaffolds was evaluated on human dermal fibroblasts by a
mitochondrial activity-based assay that uses the tetrazolium dye [3-(4,5-dimethylthiazol-2-yl)-5-
(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium] MTS. Figure 9 exhibits the viability
of the cells in the presence of scaffolds after 48 h of culture. As can be seen, pure chitosan showed good
biocompatibility with cell viability of ca 75% compared to control. In contrast, pristine GOexfoliated
and GOsigma samples were found to be toxic for the cells, especially GOexfoliated having the highest
oxygen content.
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Figure 9. Cell viability on CS and composite scaffolds.

Literature data on GO cytotoxicity are controversial since several factors can affect the
cytocompatibility of such material including concentration, size, shape and oxygen content [51].
A greater hemolytic activity was shown by GO at high oxygen content compared to graphene
sheets [51]. Similarly, GO was shown to generate more reactive oxygen species (ROS) than reduced
GO materials (lower oxygen content) when tested against murine lung epithelial cells [52]. However,
the toxicity of GO can be drastically reduced by coating it with biocompatible polymers like
polyvinylpyrrolidone [53], collagen [54] and chitosan [25,51].

Also in our case, biocompatibility of composite scaffolds was affected by the type of used GO.
Specifically, the GO at low oxygen content (GOsigma) increased biocompatibility of CS scaffold; cell
viability being ca. 80% compared to 75% of pure CS (Figure 9). That was not true for GOexfoliated, for
which a reduction of scaffold biocompatibility was observed following GO incorporation. Presumably,
in the case of GOexfoliated, GO aggregates present within the composite structure were not adequately
shielded by CS to avoid interaction with cells. That would be in agreement with the observed lower
mechanical strength of the GOexfoliated/CS scaffolds compared with the GOsigma/CS series.

In order to study possible cell morphology changes induced by contact with GO/CS scaffold,
in Figure 10, as an example, the optical images of cells cultured on 96 well plates compared to those
remaining in the plate after contact with the scaffold GOsigma/CSSL 1% are reported.

 

Figure 10. Optical images of fibroblast cells grown in the absence (A) or in the presence (B) of the
scaffold GOsigma/CSSL 1%.

As it can be observed, cells grown in contact with the scaffold did not present signs of damage
(Figure 10B). Only a slight morphology change was observed with a less elongated and more enlarged
cell shape (Figure 10B) with respect to control (Figure 10A). That finding is doubtless related to the low
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number of cells remained in the culture plate due to penetration of seeded cells in the scaffold. Indeed,
such a low number of cells could distribute in a larger area compared to control.

3. Materials and Methods

3.1. Graphene Oxide

Two types of graphene oxide (GO) were used in this study: a) Graphene oxide from Sigma-Aldrich
(Merck KGaA, Darmstadt, Germany; 4–10% edge-oxidized, with 15–20 number of layers, 1.8 g/cm3

bulk density), named GOsigma; b) Graphene oxide prepared by electrochemical exfoliation of graphite
using the salt KClO4 in the electrolytic solution, as previously described [40]. This sample was named
GOexfoliated.

3.2. Characterization of Graphene Oxide Samples

The morphology of the GO sheets was evaluated by Atomic Force Microscopy (AFM) using a
Veeco AFM Multimode™ (Veeco, Plainview, NY, USA) equipped with a Nanoscope IIIa controller.
For the analysis, a drop (10 μl) of a GO dispersed in deionized water (0.01 mg·mL−1) was layered
onto a clean silicon wafer with negligible roughness. All images were obtained in tapping mode
acquiring topography, amplitude and phase data, by using a Rectangular Tip Etched Silicon Probe
(RTESP, Bruker, Billerica, MA, USA; nominal parameters r = 8 mm, f = 300 kHz, k = 40 N/m) and with
a 512 × 512 pixels resolution. The software Gwyddion 2.31 (Version 2.31, Gwyddion, Brno, Czech
Republic, http://gwyddion.net/) was used to correct images by polynomial background filters and to
calculate average thickness and dimensions of GO sheets.

The presence of functional groups on GO edges and basal planes was investigated by Fourier
transform infrared spectroscopy (FTIR) and X-ray Photoelectron Spectroscopy (XPS). FTIR spectra
were acquired in transmission by a Nicolet 6700 FTIR (Thermo Fisher Scientific, Waltham, MA, USA),
by co-adding 100 scans at a resolution of 2 cm−1. GO powder (ca. 1 mg) was pelleted in 150 mg of KBr
using a Specac manual hydraulic press, by applying a pressure of 2 tons for 5 min. XPS was performed
by an Omicron DAR 400 Al/Mg Kα non-monochromatized X-ray source (Scienta Omicron GmbH,
Taunusstein, Germany), and a VG-CLAM2 electron spectrometer (Thermo Fisher Scientific, Waltham,
MA, USA). For the analysis, GO was dispersed in ethanol to a 1 mg·mL−1 content and deposited onto
a silicon wafer.

The carbon structure of GO sheets was analyzed by Raman Spectroscopy. Raman spectrometer
XY Dilor (HORIBA Jobin Yvon GmbH, Bensheim, Germany), recording the spectrum from 1200 to
2900 cm−1, with a resolution of 2 cm−1, using an excitation wavelength of 514.5 nm. The power of
the laser beam was 3.5 mW, focused on the sample by using a 100× objective and performing 10
repetitions of 60 s, for each measurement.

3.3. Functionalization of Chitosan with GO

GO was covalently linked to chitosan (CS, Sigma Aldrich, Merck KGaA, Darmstadt, Germany;
medium molecular weight, 75–85% deacetylated) by amidation between GO carboxylic groups and CS
amino groups (Figure 4). First, chitosan was dissolved in 1% acetic acid aqueous solution at 1% (w/v)
concentration. CS solution was then dialyzed in water (membrane cutoff = 3.5 KDa) to remove acetic
acid and low molecular weight by-products.

The determined amount of GO was suspended in water and exfoliated by sonication for 4 h at
40◦C. Then, GO carboxylic groups were activated by 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide
(EDC, Sigma Aldrich, Merck KGaA, Darmstadt, Germany) and N-Hydroxysuccinimide (NHS, Sigma
Aldrich, Merck KGaA, Darmstadt, Germany), added in amounts such to achieve a 0.1 M concentration
of each. After 2 h of activation at room temperature, chitosan solution at 1% (w/v) concentration was
added to the GO suspension such to have a GO/CS weight ratio of either 0.3% or 1%. The amidation
was carried out under stirring at room temperature for 24 h.
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Following reaction, CS/GO suspensions were centrifuged at 3500 RPM for 10 min to eliminate the
unreacted GO; then the supernatant was recovered and dried under vacuum. The obtained polymer
samples were named GOX/CS Y% where X was the type of employed GO (sigma or exfoliated), and Y
was the GO/CS weight ratio used for CS amidation (0.3% or 1%).

The amidation reaction was followed by FTIR analysis. Spectra were acquired in attenuated
total reflection (ATR) by a Nicolet 6700 (Thermo Fisher Scientific, Waltham, MA, USA) equipped
with a Golden Gate single reflection diamond ATR accessory at a resolution of 2 cm−1 and co-adding
100 scans.

3.4. Preparation of GO/CS Composite Scaffolds

Porous GO/CS composite scaffolds were prepared by employing two methods, the freeze-drying
(FD) and the salt leaching (SL). In the first method, after the reaction, the solution of GO-functionalized
chitosan was poured into a steel mold with a square base and frozen in liquid nitrogen. Then, the frozen
polymer was removed from the mold and lyophilized for 1 day. In the second method, a porogen,
sodium acetate (100–200 μm), was added in the solution of GO-functionalized chitosan. After stirring
for 1 h, the solution of the GO-functionalized chitosan containing the porogen was poured into a steel
mold, frozen and lyophilized. Then, the lyophilized polymer was immersed first in ethanol/water
solutions (96%, 80%, 60%, 40% v/v), 2 h for each concentration, and then in water for 48 h to remove
the salt and form a porous structure. Finally, the wet porous scaffold was dried by lyophilization. A
scaffold of pure chitosan was also prepared by the salt leaching method employing a 1% CS solution.

The obtained scaffolds were named as follow: GOX/CSM Y% where X was the type of employed
GO (sigma or exfoliated), M was the method used to prepare the scaffold (FD or SL), and Y was the
GO/CS weight ratio used for CS amidation (0.3% or 1%). In Table 4, all the prepared samples with the
corresponding acronyms are reported.

3.5. Characterization of GO/CS Composite Scaffolds

The porosity of GO/CS composite scaffolds was measured by the gravimetric method [55] and
the liquid displacement method [56].

The gravimetric method permits to evaluate the scaffold porosity (P) by determining the bulk
and true density of the scaffold as shown in the equations below:

ρs =
m
V

(1)

P(%) =

(
1 − ρs

ρc

)
·100 (2)

where ρs is the apparent density of the scaffold, m is the weight of the scaffold, V is the volume of
the scaffold, and ρm is the density of the material used to prepare the scaffold, in our case chitosan.
Chitosan was considered to have a density of 1.41 g/cm3.

As for the liquid displacement method, ethanol was used as the displacement liquid because
it penetrated easily into the pores and, being a non-solvent of chitosan, did not induce shrinkage
or swelling of the scaffold. A scaffold sample with the initial weight W0 and initial volume V0 was
immersed for 30 min in a cylinder containing a known volume of ethanol (V1). Then, the scaffold was
removed and weighed (W1). Sample porosity (P) was calculated as follow:

P(%) =

(
W1 − W0

ρEtOH ·V0

)
·100 (3)

where ρEtOH is the density of ethanol (0.806 g/cm3 a 20 ◦C).
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The microstructure of the scaffolds were observed by field emission scanning electron microscope
(FESEM, AURIGA Carl Zeiss AG, Oberkochen, Germany). For the analysis, the scaffolds were fractured
in liquid nitrogen, then fixed on stubs and gold sputter before observation.

Water uptake of scaffolds was determined at room temperature by immersing the scaffolds in
water for increasing times. At determined intervals, scaffolds were removed from water and weighed,
after removal of the excess of solvent using filter paper. The analysis was repeated until constant
weight (equilibrium swelling weight, W′) was reached. The swelling ratio, SR, was calculated by
applying the following equation:

SR =

(
Wt − W0

W0

)
(4)

where Wt was the weight of the sample after swelling at the time t and W0 was the initial weight of the
film. Five parallel swelling experiments were performed for each sample and data were reported as
average value ± standard deviation.

The water retention efficiency was determined by transferring the swollen scaffold, with the
maximum swelling (W′), into a centrifuge tube having a filter paper at the bottom. Then the sample
was centrifuged at 500 rpm for 3 min and immediately weighed (Wf). Water retention (WR) of the
scaffold was calculated as follows:

WR =
W ′ − Wf

W ′ (5)

Differential scanning calorimetry (DSC) was performed from −100 to +150 ◦C under N2 flux by
using a Mettler TA-3000 DSC apparatus (Mettler Toledo, Columbus, OH, USA). The scan rate used
for the experiments was 10 ◦C·min−1 and the sample weight of 6–7 mg. Thermo-gravimetric analysis
(TGA) was carried out employing a Mettler TG 50 thermobalance (Mettler Toledo, Columbus, Ohio,
Stati Uniti) at a heating rate of 10◦C·min−1 under N2 flow in the temperature range 25–600◦C.

The compressive strength of scaffolds was determined by an ISTRON 4502 instrument (INSTRON,
Norwood, MA, USA). Measurements were performed on parallelepipeds 10 mm height with a
square base (5 mm × 5 mm), obtained by using a proper steel mold. Particularly, solutions of
GO-functionalized chitosan were poured into the mold and frozen in liquid nitrogen. Then, the frozen
samples were removed from the mold and lyophilized for 1 day. When a porogen was used, the
lyophilized samples were immersed in water/ethanol solutions to remove the porogen (see Section 3.4)
and lyophilized again. The crosshead speed of the Instron tester was set at 1 mm/min, and load was
applied until 40% reduction in specimen height. Five parallel samples were tested for every scaffold,
and mechanical properties were reported as average value ± standard deviation.

3.6. Assessment of Cell Viability in Scaffolds by MTS Assay

Cell compatibility and cytotoxicity were analyzed by culturing human primary dermal
fibroblasts in the presence of the scaffolds. Cells were obtained from young adult male patients
complaining of phimosis, full ethical consent was obtained from all donors and the Research
Ethics Committee, Sapienza University of Roma, approved the study. Scaffolds were set
down in 96 well tissue culture plate and conditioned in Dulbecco’s Modified Eagle’s Medium
DMEM without red phenol supplemented with L-glutamine, penicillin/streptomycin, Na-pyruvate,
non-essential amino acids, plus 10% Fetal Bovine Serum (FBS) for 2 hours at 37◦C, in 95%
humidity and 5% CO2 atmosphere. Equal numbers (8 × 103) of cells were seeded in each
well containing the scaffolds and allowed to proliferate for 48h. Cellular viability/proliferation
was quantified by measuring the mitochondrial dehydrogenase activity using tetrazolium dye
MTS [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium]
(Promega Corporation, Madison, WI, USA) based colorimetric assay, according to the manufacturer’s
instructions. Briefly, after 48 h, 20% (v/v) of MTS dye was added in the culture media and cells were
cultured for 4 h to allow the formation of soluble formazan crystals by viable cells. Spectrophotometric
absorbance was measured at 490 nm using a multi-plate reader Appliskan (Thermo Fisher, Waltham,
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MA, USA). Cells cultured in the absence of the scaffolds were taken as a control. In order to analyze
the cytotoxicity of pristine GO, human primary fibroblasts (8 × 103) were cultured in the presence
of 0.1 μg/μl (final concentration) powder of both GOexfoliated and GOsigma and then the cells were
analyzed as described above with MTS dye.

4. Conclusions

This study confirms the ability of graphene oxide to act as reinforcing filler for chitosan scaffolds.
Findings suggest that the oxygen content of GO affects the final properties of GO/CS composite
scaffolds. Specifically, high oxygen content in GO can promote aggregation of GO sheets in the
chitosan matrix and, hence, reduce its reinforcement effect. Additionally, high content of functional
groups in GO have a negative effect on material biocompatibility, presumably because they could
promote the generation of reactive oxygen species as reported in the literature. In contrast, the
conjugation of chitosan with a GO sample at low oxygen content resulted in scaffolds with improved
compression modulus and biocompatibility compared to pristine CS. Overall, GOsigma/CS scaffold at
1% GO content showed good potentiality for application in tissue engineering.

Author Contributions: Conceptualization, I.F. and A.P.; Methodology I.F., A.S.d, A.M. and A.P.; Formal Analysis,
E.P. (Elena Perugini) I.S., M.L., E.P. (Ernesto Placidi), F.A. and F.V., Investigation, E.P. (Elena Perugini), I.S. and
M.P.; Data Curation, A.M. and I.F.; Writing—Original Draft Preparation, I.F.; Writing—Review & Editing, A.P., F.V.
and A.S.d.; Funding Acquisition, A.P.

Funding: The work was funded by Sapienza University of Rome, through a grant to A.P.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Ramya, R.; Venkatesan, J.; Kim, S.K.; Sudha, P.N. Biomedical applications of chitosan: An overview. J. Biomim.
Biomater. Tissue Eng. 2012, 2, 100–111. [CrossRef]

2. Al-Jbour, N.D.; Beg, M.D.; Gimbun, J.; Alam, A.K.M.M. An overview of chitosan nanofibers and their
applications in drug delivery process. Curr. Drug Deliv. 2019. [CrossRef] [PubMed]

3. Cuzzucoli Crucitti, V.; Migneco, L.M.; Piozzi, A.; Taresco, V.; Garnett, M.; Argent, R.H.; Francolini, I.
Intermolecular interaction and solid state characterization of abietic acid/chitosan solid dispersions
possessing antimicrobial and antioxidant properties. Eur. J. Pharm. Biopharm. 2018, 125, 114–123. [CrossRef]
[PubMed]

4. Amato, A.; Migneco, L.M.; Martinelli, A.; Pietrelli, L.; Piozzi, A.; Francolini, I. Antimicrobial activity of
catechol functionalized-chitosan versus Staphylococcus epidermidis. Carbohydr. Polym. 2018, 179, 273–281.
[CrossRef]

5. Singh, R.; Shitiz, K.; Singh, A. Chitin and chitosan: Biopolymers for wound management. Int. Wound J. 2017,
14, 1276–1289. [CrossRef]

6. Moura, M.J.; Brochado, J.; Gil, M.H.; Figueiredo, M.M. In situ forming chitosan hydrogels: Preliminary
evaluation of the in vivo inflammatory response. Mater. Sci. Eng. C Mater. Biol. Appl. 2017, 75, 279–285.
[CrossRef] [PubMed]

7. Iglesias, D.; Bosi, S.; Melchionna, M.; Da Ros, T.; Marchesan, S. The Glitter of carbon nanostructures in
hybrid/composite hydrogels for medicinal use. Curr. Top. Med. Chem. 2016, 16, 1976–1989. [CrossRef]

8. Zhou, G.; Niepel, M.S.; Saretia, S.; Groth, T. Reducing the inflammatory responses of biomaterials by surface
modification with glycosaminoglycan multilayers. J. Biomed. Mater. Res. A 2016, 104, 493–502. [CrossRef]

9. Moraes, P.C.; Marques, I.C.S.; Basso, F.G.; Rossetto, H.L.; Pires-de-Souza, F.C.P.; Costa, C.A.S.; Garcia, L.D.F.R.
Repair of bone defects with chitosan-collagen biomembrane and scaffold containing calcium aluminate
cement. Braz. Dent. J. 2017, 28, 287–295. [CrossRef] [PubMed]

10. Haifei, S.; Xingang, W.; Shoucheng, W.; Zhengwei, M.; Chuangang, Y.; Chunmao, H. The effect of
collagen-chitosan porous scaffold thickness on dermal regeneration in a one-stage grafting procedure.
J. Mech. Behav. Biomed. Mater. 2014, 29, 114–125. [CrossRef]

11. Chen, C.K.; Chang, N.J.; Wu, Y.T.; Fu, E.; Shen, E.C.; Feng, C.W.; Wen, Z.H. Bone formation using cross-linked
chitosan scaffolds in rat calvarial defects. Implant Dent. 2018, 27, 15–21. [CrossRef]

176



Materials 2019, 12, 1142

12. Balagangadharan, K.; Dhivya, S.; Selvamurugan, N. Chitosan based nanofibers in bone tissue engineering.
Int. J. Biol. Macromol. 2017, 104, 1372–1382. [CrossRef]

13. LogithKumar, R.; KeshavNarayan, A.; Dhivya, S.; Chawla, A.; Saravanan, S.; Selvamurugan, N. A review of
chitosan and its derivatives in bone tissue engineering. Carbohydr. Polym. 2016, 151, 172–188. [CrossRef]

14. Yang, X.; Chen, X.; Wang, H. Acceleration of osteogenic differentiation of preosteoblastic cells by chitosan
containing nanofibrous scaffolds. Biomacromolecules 2009, 10, 2772–2778. [CrossRef]

15. Di Martino, A.; Sittinger, M.; Risbud, M.V. Chitosan: A versatile biopolymer for orthopaedic
tissue-engineering. Biomaterials 2005, 26, 5983–5990. [CrossRef]

16. Palma, P.J.; Ramos, J.C.; Martins, J.B.; Diogenes, A.; Figueiredo, M.H.; Ferreira, P.; Viegas, C.; Santos, J.M.
Histologic evaluation of regenerative endodontic procedures with the use of chitosan scaffolds in immature
dog teeth with apical periodontitis. J. Endod. 2017, 43, 1279–1287. [CrossRef]
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Cataldi, A.; Fontana, A. Graphene oxide improves the biocompatibility of collagen membranes in an in vitro
model of human primary gingival fibroblasts. Biomed. Mater. 2017, 12, 055005. [CrossRef]

55. Loh, Q.L.; Choong, C. Three-dimensional scaffolds for tissue engineering applications: Role of porosity and
pore size. Tissue Eng. Part B Rev. 2013, 19, 485–502. [CrossRef]

56. Han, J.; Zhou, Z.; Yin, R.; Yang, D.; Nie, J. Alginate-chitosan/hydroxyapatite polyelectrolyte complex porous
scaffolds: Preparation and characterization. Int. J. Biol. Macromol. 2010, 46, 199–205. [CrossRef]

© 2019 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 (http://creativecommons.org/licenses/by/4.0/).

179



materials

Review

Materials for the Spine: Anatomy, Problems,
and Solutions

Brody A. Frost 1, Sandra Camarero-Espinosa 2,* and E. Johan Foster 1,*

1 Department of Materials Science and Engineering, Macromolecules Innovation Institute, Virginia Tech,
Blacksburg, VA 24061, USA; bfrost12@vt.edu

2 Complex Tissue Regeneration Department, MERLN Institute for Technology-inspired Regenerative
Medicine, Maastricht University, P.O. Box 616, 6200MD Maastricht, The Netherlands

* Correspondence: s.camarero-espinosa@maastrichtuniversity.nl (S.C.-E.); johanf@vt.edu (E.J.F.)

Received: 29 November 2018; Accepted: 5 January 2019; Published: 14 January 2019

Abstract: Disc degeneration affects 12% to 35% of a given population, based on genetics, age, gender,
and other environmental factors, and usually occurs in the lumbar spine due to heavier loads and
more strenuous motions. Degeneration of the extracellular matrix (ECM) within reduces mechanical
integrity, shock absorption, and swelling capabilities of the intervertebral disc. When severe enough,
the disc can bulge and eventually herniate, leading to pressure build up on the spinal cord. This can
cause immense lower back pain in individuals, leading to total medical costs exceeding $100 billion.
Current treatment options include both invasive and noninvasive methods, with spinal fusion
surgery and total disc replacement (TDR) being the most common invasive procedures. Although
these treatments cause pain relief for the majority of patients, multiple challenges arise for each.
Therefore, newer tissue engineering methods are being researched to solve the ever-growing problem.
This review spans the anatomy of the spine, with an emphasis on the functions and biological aspects
of the intervertebral discs, as well as the problems, associated solutions, and future research in
the field.

Keywords: spinal anatomy; intervertebral disc; degenerative disc disease; herniated disc; spinal
fusion; total disc replacement; tissue engineering

1. Human Spinal Anatomy

The spine, or vertebral column, is a bony structure that houses the spinal cord and extends the
length of the back, connecting the head to the pelvis [1].

The most important function of the spine is to protect the spinal cord, which is the nerve supply for
the entire body originating in the brain [1]. Along with this major function, others include supporting
the mass of the body, withstanding external forces, and allowing for mobility and flexibility while
dissipating energy and protecting against impact. The spine is connected to the muscles and ligaments
of the trunk for postural control and spinal stability [2]. It can be separated into five distinct sections,
the cervical spine, the thoracic spine, the lumbar spine, the sacrum, and the coccyx, all of which
are comprised of independent bony vertebrae and intervertebral discs [3], Figure 1. To describe the
differences between the spinal column sections, each one has been further discussed.
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Figure 1. Overview of the vertebral column with each specific section labeled for clarification (a).
The green highlighted section refers to the part of the spine that contain individual vertebrae, as well
as intervertebral discs (IVD). The structure of the vertebrae and IVD (green highlighted) have been
added for better visualization (b) [4].

1.1. Cervical Spine

The cervical section of the spine consists of seven vertebrae (C1–C7) and six intervertebral discs,
and extends from the base of the skull to the top of the trunk, where the thoracic vertebrae and rib cage
start [3] Figure 1. The cervical spine’s major functions include supporting and cushioning loads to the
head/neck while allowing for rotation, and protecting the spinal cord extending from the brain [5].

Of these seven vertebrae, the atlas (C1) and the axis (C2) are among the most important for
rotation and movement of the head [6]. The atlas is the only cervical vertebra that does not contain a
vertebral body, but instead has a more ring-like structure for cradling the skull at the occipital bone,
creating the atlanto-occipital joint. This joint in particular makes up for about 50% of the head’s
flexion and extension range of motion [5–7]. The axis contains a large bony protrusion (the odontoid
process) that extends from the body, superiorly, into a facet on the ring-shaped atlas, forming the
atlanto-axial joint [5,6]. This connection allows the head and atlas to rotate from side to side as one
unit, and accounts for about 50% of the neck’s rotation, as well as having the function of transferring
the weight of the head through the rest of the cervical spine [5–7]. The rest of the vertebrae (C3–C7),
have significantly reduced mobility, however are mainly used as support for the weight bearing of the
head and other loads applied onto the neck.

The cervical spine protects both the efferent and afferent nerves that stem from the spinal cord
and, if damaged, can lead to dramatic effects on the nervous system eventually affecting the patient’s
daily activity, and even causing a potential paralysis [8]. The cushioning and support of loads by the
intervertebral discs are crucial to the longevity of vertebrae, and therefore, the nerves, since they run
through the same joint separation [9]. However, because of the extensive movement that occurs in
the cervical spine, the intervertebral discs go through drastic changes in stresses and strains causing
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them to be much more susceptible to injury, which can cause damage to or impingements on these
nerves [9]. This can lead to feelings of weakness, numbness, tingling, and potentially loss of feeling.

1.2. Thoracic Spine

The thoracic section of the spine consists of twelve vertebrae (T1–T12) and twelve intervertebral
discs, and extends from the bottom of the cervical spine to the beginning of the lumbar spine [3],
Figure 1. The thoracic spine’s major functions include heavy load bearing and protection of the spinal
cord, supporting posture and stability throughout the trunk, and connection of the rib cage that houses
and protects vital organs, such as the heart and lungs [10].

This connection poses a significant decrease in mobility, as compared to the cervical spine
section, and a greater stability and support of the entire trunk, usually leading to fewer cases of
disc degeneration [10,11]. The vertebrae that make up the thoracic spine have body sizes (thickness,
width, and depth) that drastically increases descending from T1 to T12, corresponding to an increased
load bearing that is transferred from the vertebra above [12]. All other features stay relatively the same
throughout, except for the T11 and T12 vertebrae, in which no ribs are connected. Along with this
change towards the end of the thoracic spine, the T12 plays an interfacial role and has distinct thoracic
characteristics superiorly and lumbar characteristics inferiorly for articulation with the L1 vertebra,
allowing rotational movements with T11 while disallowing movements with L1 [12].

The thoracic spine contains nerves that are much less specialized per vertebrae like that of the
cervical and lumbar spine, however they are no less important. The afferent and efferent nerves
that stem from the spinal cord in this section power the muscles that lie around (major back, chest,
and abdominal muscles) and between (intercostal muscles) the ribs [13]. The sympathetic nervous
system, which stems from the entire thoracic spine and top two lumbar vertebrae and help power
the intercostal muscles, is necessary for vital involuntary functions such as increasing heart rate,
increasing blood pressure, controlling breathing rate, regulating body temperature, air passage dilation,
decreasing gastric secretions, bladder function (bladder muscle relaxation, and storage of urine),
and sexual function [13]. The thoracic spine and sacrum are the only sections of the spinal cord
that these involuntary nervous systems stem from, and if impinged, can cause similar problems as
discussed for the cervical spine. As mentioned previously, with these nerves passing through the same
proximity as the intervertebral discs, cushioning of loads and proper weight dissipation is crucial for
disc health and nerve protection, although the structural support of the ribcage makes damage to these
discs much less prevalent [11].

1.3. Lumbar Spine

The lumbar section of the spine consists of five vertebrae (L1–L5) and five intervertebral discs,
and extends from the bottom of the thoracic spine to the beginning of the sacrum, which attaches
the spine to the pelvis [3], Figure 1. The lumbar spine’s major functions include heavy load bearing
and protection of the spinal cord during locomotion and bending/torsion of the trunk, providing
maximum stability while maintain crucial mobility of the trunk about the hips/pelvis [14].

This particular section of the spine needs to be the most resilient due to the vital functions it
provides. Not only does it need to support all of the transferred weight from the previous spinal
sections (virtually the entire human body), but it also needs to be able to retain its mobility under
these strenuous conditions. The lumbar spine, from bending over to standing straight, can go through
more than a 50◦ range for the average person (± 28.0◦ from 0◦ bend) [15]. As well as bending motion,
rotation becomes a big factor, with each normal lumbar segment having the ability to undergo up to
7◦–7.5◦ of rotation [16]. When weight is added to these conditions, such as bending over to pick up a
backpack or a weight from the floor, an immense amount of stress and strain is induced into the lumbar
spine [17]. Because of this, the vertebrae and intervertebral discs in the lumbar spine are the greatest
in thickness, width, and depth [18]. The L1 vertebra starts out with a thickness, width, and depth
greater than any of the cervical or thoracic vertebrae, and the trend only continues as the lumbar spine
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continues to descend to the L5 vertebra [18]. Although the vertebrae increase in size as the lumbar
spine descends, none of the vertebrae themselves are specialized in any way like the aforementioned
atlas and axis of the cervical spine. The L5 vertebra is not much different to the others other than in
size, but since it is the most inferior vertebra in the spine, it takes more load bearing responsibility
than any other vertebra in the spine making it a necessity to be the biggest and strongest [19,20].

The lumbar spine contains afferent and efferent nerves that are much more similar to those of the
cervical spine, in that each one that comes out of the different levels have very specialized functions,
which if damaged, can hinder an individual’s daily life and potentially leave them paralyzed from
the waist down [21,22]. These nerves control mainly the front of the lower extremities, and when
impinged can lead to loss of feeling, mobility, weakness, isolated lower back pain, and extending
leg pain [23]. With all of the load bearing, torsion, and bending, these nerves tend to have the most
significant chance to be impinged or damaged (roughly 95% in individuals aged 25–55 years, further
discussed in Section 3.4), compared to any other spinal section [22,24].

1.4. Sacrum

The sacrum consists of five fused vertebrae (S1–S5) that connect to the pelvis at the sacro-iliac
joint, and acts as the only skeletal connection between the trunk and the lower body [3]. While in
adolescence, the sacrum remains unfused, as an individual grows into adulthood, the sacrum begins to
fuse together. The fusion of the sacrum tends to begin with the lateral elements fusing around puberty,
and the vertebral bodies fusing at about 17 or 18 years of age, becoming fully fused by 23 years of
age [3], Figure 1. The sacrum has few active roles in the body, however one of those roles are incredibly
vital, being the bridge between the hips with the rest of the spine [25].

Although the sacrum has no intervertebral discs, it does have very important afferent and efferent
nerves that stem from the spinal cord, going through the entire lower extremity. The most important
and commonly injured of these nerves travels through the L5/S1 space, which is more commonly
known as the sciatic nerve. When this nerve is damaged or impinged it leads to pain and numbness
down the legs hindering much of an individual’s way of life [26].

1.5. Coccyx

The coccyx consists of three to five fused vertebrae depending on the individual (four is most
common) that are connected to the bottom of the sacrum, and is usually referred to as the tail bone [3],
Figure 1. The coccyx’s major functions include acting as an attachment site for pelvic tendons, ligaments,
and muscles, mainly those of which make up the pelvic floor, and supporting and stabilizing the body
while in a sitting position [27].

The coccyx has no intervertebral discs nor do any nerves pass through it, therefore it is insignificant
with regards to disc degeneration and disc damage.

2. Intervertebral Discs

Every vertebra in the cervical (excluding the C1 and C2 vertebrae), thoracic, and lumbar spines
is separated by intervertebral discs, each named for the two vertebrae they sit between (e.g., C6–C7,
T7–T8, and L4–L5, also sometimes denoted as L4/L5). These discs make up about 20–30% of the total
length of the spine, and have incredibly important functions including load cushioning, reducing stress
caused by impact (shock absorber), weight dispersion, allowing for movement of individual vertebrae,
and allowing for the passage of nutrients and fluid to the spine and spinal cord [28]. Although
each disc grants almost identical functions to the spine, based on their location, their structure and
mechanical properties change to adapt to the different loads, stresses, and strains produced [29].
For example, as the expected weight-bearing role of each disc increases, descending from the base of
the skull along the length of the spine, the transverse cross-sectional area of the discs also increases.
The pressure exerted on the discs however, does not increase to the same extent due to the fact that the
cross-sectional area increases in the inferior direction [29].
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Along with the changes in the cross-sectional areas of the discs, the height (thickness) of each disc
changes throughout the spine as well. The cervical and lumbar spines have been shown to have much
thicker discs than that of the thoracic spine, most likely being adapted to the higher range of motion
expected from these sections, for both flexion-extension and torsion [29]. All cross-sectional areas and
thicknesses for the continuation of this review will be associated with the transverse plane and disc
height, respectively.

On a smaller scale, the three components that form the disc, the annulus fibrosus, the nucleus
pulposus, and the vertebral endplates, (further discussed in Section 2.2), change throughout the spinal
sections as well [28]. For example, as the discs increase in thickness, the length of reinforcing fibers
of the annulus fibrosus increase as well. This change allows for a decrease in fiber strain caused by a
given movement for thicker discs compared to thinner discs [29]. Although there is a general trend
between the structural and mechanical properties of the intervertebral discs and the spinal sections
they belong to, each individual disc of the same section have their differences as well.

2.1. Classification of Intervertebral Discs

2.1.1. Cervical Discs

The cervical spine consists of six intervertebral discs (C2/C3–C7/T1), with the absence of a disc
between the atlas (C1) and the axis (C2) [3]. These discs are smaller in cross-sectional area than any
of the other discs in the spine, due to the load bearing role of the cervical spine being much less
than that in any other section, therefore decreasing the need for load distribution [29]. The average
cross-sectional areas and thicknesses taken from 70 cervical discs range from 190–440 mm2 and 3.5 to
4.5 mm, respectively, shown in Table 1 [29,30].

Table 1. Average dimensions of the intervertebral discs in the cervical, thoracic, and lumbar spine [29–33].

Cervical IVD
Dimensions

C2/C3 C3/C4 C4/C5 C5/C6 C6/C7 C7/T1

Area (mm2) 190 ± 10 280 ± 40 240 ± 20 300 ± 30 460 ± 5 440 ± 5
Thickness (mm) 3.51 ± 0.71 3.74 ± 0.36 4.07 ± 0.36 4.45 ± 0.21 4.11 ± 0.28 4.50 ± 0.53

Thoracic IVD
Dimensions

T1/T2 T2/T3 T3/T4 T4/T5 T5/T6 T6/T7

Area (mm2) 510 ± 50 490 ± 5 485 ± 5 450 ± 40 605 ± 20 750 ± 10
Thickness (mm) 4.40 ± 0.65 3.50 ± 0.69 3.30 ± 0.50 3.20 ± 0.47 3.50 ± 0.47 4.10 ± 0.47

Thoracic IVD
Dimensions

T7/T8 T8/T9 T9/T10 T10/T11 T11/T12 T12/L1

Area (mm2) 710 ± 30 900 ± 10 840 ± 30 1080 ± 20 1170 ± 30 1190 ± 40
Thickness (mm) 3.90 ± 0.72 5.30 ± 0.80 4.80 ± 1.07 6.50 ± 0.97 5.40 ± 0.95 6.8 ± 0.21

Lumbar IVD
Dimensions

L1/L2 L2/L3 L3/L4 L4/L5 L5/S1

Area (mm2) 1400 ± 20 1640 ± 50 1690 ± 40 1660 ± 30 1680 ± 30
Thickness (mm) 7.65 ± 0.57 8.90 ± 0.25 9.25 ± 0.29 9.90 ± 0.49 9.35 ± 1.06

(From References [29–33]). Cervical disc thicknesses were taken from 19 Chinese cadaveric humans of no specified
age or gender. Standard deviations were estimated from graphical error bars. Thoracic disc thicknesses were taken
from 15 healthy female and male cadaveric humans with average ages of 58.67 ± 10.74 years and 56.20 ± 11.65 years,
respectively. Lumbar disc thicknesses were taken from 607 female and 633 male human spines with age ranges from
20–92 years and 20–87 years, respectively. Standard deviations were estimated from graphical error bars. All of the
cross-sectional areas were taken from 4 full human cadaver spines of the following demographics: Male of 73 years,
female of 86 years, female of 85 years, and female of 80 years.

In adults, the maximum flexion and extension of the cervical spine occurs around the C5/C6
disc, therefore its thickness is representative of such and will be, on average, thicker than the others.
The cervical discs also show a maximum thickness in the anterior section and a minimum height in
the posterior section, giving it a natural convex curvature [30]. Because of the mobility of the cervical
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spine, its discs have a significantly higher risk of damage from bending and torsion, making it the
second most common spinal section for disc injury [34].

2.1.2. Thoracic Discs

The thoracic spine consists of twelve intervertebral discs (T1/T2–T12/L1) [3]. These discs are
greater in cross-sectional area than the cervical discs, however are still less than that of the lumbar
discs. This is due to the amount of extra load transferred to the thoracic spine from the vertebrae above,
therefore increasing the need for greater load distribution [29]. The average cross-sectional areas and
thicknesses taken from 72 thoracic discs range from 500–1200 mm2 and 4.4 to 6.8 mm, respectively,
shown in Table 1 [31,32].

Although the thoracic discs are greater in cross-sectional area than the cervical discs, they are still
thinner in comparison. This is because the thoracic spine does not go through as much flexion/extension
and rotation as the other sections of the spine, mainly due to the attachment of the rib cage [29].
The majority of the thoracic discs also show a greater height in the anterior section as opposed to the
posterior section (exception of T4/T5, T5/T6, and T10/T11), like that of the cervical discs, however,
the difference is not to the same extent as the other sections of the spine [31,32].

Because of the lack of mobility throughout the thoracic spine, its discs tend to have very little
torsional stress, giving them a very low chance to become injured from degradation. However, if a
high impact is sustained in the thoracic spine, there is a possibility of disc damage, although it is much
more common for one of the vertebra to fracture before damage to the disc occurs [35].

2.1.3. Lumbar Discs

The lumbar spine consists of five intervertebral discs (L1/L2–L5/S1) [3]. These discs have the
greatest cross-sectional area out of all of the spinal sections, with L2/L3–L5/S1 being virtually equal.
This is because the lumbar discs need to withstand the greatest amount of load without building up
too much pressure and failing [29]. The average cross-sectional areas taken from roughly 1200 lumbar
discs range from 1400–1700 mm2 and 7.6 to 9.4 mm, respectively, shown in Table 1 [32,33].

Like the cervical spine, the lumbar spine goes through a large amount of flexion/extension and
torsion causing a high stress and strain on the discs. Due to these factors, they are the thickest discs
and they have the largest surface area [32]. The lumbar discs also have a high ratio of anterior disc
thickness to posterior disc thickness, the greatest being the L5/S1 disc, causing the lumbar spine’s
natural convex curvature similar to the cervical spine [32,33]. Because of the mobility of the lumbar
spine and the high loads applied to it, sometimes being in the order of thousands of newtons, its discs
have a significantly higher chance of becoming damaged from bending and torsion, making it the
most common spinal section for disc injury [36].

2.2. Intervertebral Disc Physiology

Each intervertebral disc is a complex structure comprised of three main components, a thick outer
ring of fibrous cartilage called the annulus fibrosus, a more gelatinous core called the nucleus pulposus,
and the cartilage vertebral endplates. All together, they bring structural and mechanical integrity to
the organ. These components combine to give the necessary structural and mechanical properties to
the intervertebral discs as a whole (further discussed in Sections 2.2.1–2.2.3) [37], Figure 2.

The intervertebral discs are the among the largest avascular tissues within the body, due to the
lack of vessel penetration throughout the internal sections. Therefore, a flow of nutrients occurs via
diffusion from the pre-disc vessels that reach into the outer most layers of the disc [37]. The increase in
vascularization into the inner parts of the discs are contributed to their degeneration (further discussed
in Sections 2.2.4 and 3). To better understand the functions and properties of each component, they will
be further described in detail.
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Figure 2. Pictured (a) is a cut out portion of a normal disc depicting the nucleus pulposus, vertebral
endplates, and annulus fibrosus. The chosen intervertebral disc is 4 cm wide and 7–10 mm thick [37].
Depicted in the lower image (b) is a diagram showing the detailed structure of the annulus fibrosus,
with its 15–25 lamellae comprised of 20–60 collagen fiber bundles. Also shown, is the angle α,
which correlates to the directionality of the fibers’ bundles in relation to the vertebrae [38].

2.2.1. Annulus Fibrosus

The annulus fibrosus is a fibrocartilaginous tissue that is structured as concentric rings, or lamellae,
surrounding the nucleus pulposus (Figure 2), and is referred to as having two main sections, the inner
and outer annulus fibrosus. Both of these sections are composed of mostly water (70–78% inner and
55–65% outer wet weight), collagens (type I and type II collagen, 25–40% inner and 60–70% outer
dry weight), proteoglycans (11–20% inner and 5–8% outer dry weight), and other minor proteins
building-up the extracellular matrix (ECM). The composition of the ECM varies gradually with
increasing radial distance from the nucleus, mainly the type of collagen (having more collagen type I
as the distance increases) and decrease of proteoglycans [37,39,40]. These ECM components help create
the more rigid structure of the annulus fibrosus necessary to withstand the loads and strains applied.

The annulus fibrosus accounts for a multi-layered structure with alternating collagen fiber angles
(varying in degrees throughout the lamella) that help creating a structurally stable material, housing
the nucleus pulposus, keeping it under pressure and from impinging on the spine, and enabling
the disc to withstand complex loads with its inhomogeneous, anisotropic, and nonlinear mechanical
behaviors [41].
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(1) Composition

The annulus fibrosus is a unicellular tissue comprising of annulus fibrosus cells embedded in
an ECM composed mainly of collagen types I and II, and proteoglycans, which are responsible for
the high load-bearing properties of the tissue [41]. Collagens play structural roles, contributing to the
mechanical properties, tissue organization, and shape of the annulus fibrosus. Many different isoforms
of collagen exist, more than 28 of which have already been identified. It is one of the most abundant
ECM proteins in the body, and can take varying structures such as fibrils, short-helix or globular
structures [42]. The annulus fibrosus contains only fibril forming collagen, collagen type I and type II,
which form the fibrocartilage of the lamellae, Table 2. The collagen types I and II replace one another
in a smooth gradient, transitioning from 100% type I in the furthest outer lamella, to 100% type II in
the furthest inner lamella [40]. However, based on discs of different individuals, some might include
minute amounts of the opposing collagen in the inner and outer lamellae. Not only does the type of
collagen change as radial distance increases, but the concentration of collagen as well, increasing from
inner annulus to outer annulus [40]. This creates a smooth transition zone between the softer nucleus
pulposus and the stronger outer annulus fibrosus [43].

Table 2. Types of collagen found in lamellae of the annulus fibrosus [42–44].

Collagen Type Structure Genes Alpha Chains % Collagen Distribution

Collagen I
Large diameter, 67-nm

banded fibrils
COL1A1
COL1A2

α1(I)
α2(I)

Increases from 0→100 from inner
to outer regions

Collagen II 67-nm banded fibrils COL2A1 α1(II) Decreases from 100→0 from inner
to outer regions

All collagen consists of a triple helix structure comprised of three polypeptide chains [45].
These polypeptide chains, called alpha (α) chains (procollagens), further diversify the collagen family
by creating several molecular isoforms for the same collagen, as well as hybrid isoforms comprised
of two different collagen types. The size of these α chains can vary from 662 to 3152 amino acids
for humans, and can either be identical to form homotrimers or different to form heterotrimers [42].
Collagen type I is considered a heterotrimer consisting of α1(I) and α2(I), while collagen type II is
considered a homotrimer consisting of only α1(II), both of which are found in the annulus fibrosus.

After the transcription and translation of the procollagen α chains, four distinct stages occur
for the assembly of collagen fibrils. The first stage is transportation of the α chains into the rough
endoplasmic reticulum, where they are modified to form the triple-helical procollagen. The second
stage is the modification of the procollagen in the Golgi apparatus and its packaging into secretory
vesicles. The third stage is the formation of the collagen molecule in the extracellular space by cleavage
of the procollagen. The final stage is the crosslinking between the collagen molecules to stabilize
the supramolecular collagen structure [45], Figure 3. These collagen fibrils are vital to the structure,
strength, and flexibility of the fibrocartilage in the annulus fibrosus lamellae.

Proteoglycans are glycosylated proteins which have covalently attached highly anionic
glycosaminoglycans (GAGs). Major GAGs include heparin sulphate, chondroitin sulphate, dermatan
sulphate, hyaluronan, and keratin sulphate [45]. They are less abundant glycoproteins found in
the annulus fibrosus ECM, and instead of being predominantly fibrillar in structure, like collagen,
they form higher ordered brush-like ECM structures around cells. The main proteoglycans present in
the annulus fibrosus are aggrecan and versican, which promote hydration and mechanical strength
within the tissue. The keratin sulphate and chondroitin sulphate attached to their protein cores provide
the ability to aggregate to hyaluronic acid, resulting in substantial osmotic swelling pressure crucial
for the biomechanical properties of the tissue [45,46]. To clarify, their major biological function is to
bind water to provide hydration and swelling pressure to the tissue, giving it compressive resistance.
More specifically, the negative charges of the sulfated and carboxylated GAGs help trap water within
the brushes, generating large drag forces when a load is applied to the tissue, as well as creating osmotic
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pressure for added resistance [46]. Inverse of the collagen, the proteoglycan concentration has an
increasing gradient from outer annulus to inner annulus, or transition zone [40]. Other proteoglycans
present in smaller amount on the ECM are the small leucine-rich repeat proteoglycans (SLRPs), such as
decorin and byglycan, which are implicated in fibrillary collagen assembly.

Figure 3. Construction of fibrillary collagen as described above [45].

(2) Structure

The annulus fibrosus has a unique structure consisting of anywhere from 15 to 25 distinct layers
(lamellae), depending on the circumferential location, the spine level, and the individual’s age, with the
thickness of these individual lamellae varying both circumferentially and radially, increasing as age
increases [47]. Each adjacent lamella is held together by discrete collagenous bridging structures
comprised of type VI collagen, and aggrecan and versican, which are orientated radially to wrap
around individual collagen fibers and prevent severe delamination [48,49]. Based on the location of
the disc, the amount of collagen fibril bundles in each lamella can vary from 20 to 60 bundles over
the total height of the disc, with an average inter-bundle spacing of 0.22 mm and bundle thickness of
roughly 10 microns [47], Figure 2. These bundles sit at different angles ranging anywhere from 55◦ to
20◦, alternating direction every other layer, and have a planar zig-zag (crimped) structure. This allows
them to be stretched and extend more as the crimps straighten out, resulting in the rotational and
flexion/extension mobility of the spine [48,50]. Although the components within the annulus fibrosus
are relatively the same, as previously stated, the organization of components such as microfibrils,
collagen fibers, and elastin fibers differ with respect to the outer and inner annulus fibrosus [51].
This gives rise to different mechanical properties throughout the structure, detailed in Table 3 and
Figure 4 [50,52,53].

The annulus fibrosus’ unique structure helps give it its mechanical functions of containing the
radial bulge of the nucleus, enabling a uniform distribution and transfer of compressive loads between
vertebral bodies, and to distend and rotate, allowing and facilitating joint mobility [40].

(3) Mechanical Properties

Like the collagen and proteoglycan concentration, the mechanical properties of the annulus
fibrosus differ with an increase in radial distance, usually becoming stronger and stiffer towards
the outer annulus. These mechanical properties are highly anisotropic and nonlinear in uniaxial
tension, compression, and shear, and have a high tensile modulus in the circumferential direction [52].
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In particular, the tensile properties of the lamella show drastic differences depending on the tested
samples and the orientation at which they are tested. When testing parallel to the alignment of the
collagen fiber bundles as opposed to perpendicular, the strength and modulus increases due to the
strength and reinforcement given by the fibers, and the same correlation can be found when testing
the outer lamellae as opposed to the inner lamellae, Table 3 [50,52–55].

Table 3. Mechanical properties of the annulus fibrosus and nucleus pulposus [50,52–55].

Tensile Properties of the Annulus Fibrosus

Sample
Sample

Specification
Ultimate Stress,

MPa
Elastic

Modulus, MPa
Yield

Strain, %
Ultimate
Strain, %

Stiffness,
N/m

Bulk Annulus

Outer, A 3.9 ± 1.8 16.4 ± 7.0 20–30 * 65 ± 16 5.7 ± 3.4

Outer, P 8.6 ± 4.3 61.8 ± 23.2 20–30 * 34 ± 11 5.7 ± 3.4

Inner 0.9 – 20–30 * 33 1.2 ± 1.1

Single
Lamella

Parallel – 80–120 – – –

Perpendicular – 0.22 – – –

Compressive Properties of the Annulus Fibrosus

Section
Swell Pressure, (Psw),

MPa
Modulus, (HA), MPa

Permeability, (k),
(×10−15 m4/N-s)

Anterior 0.11 ± 0.05 0.36 ± 0.15 0.26 ± 0.12

Posterior 0.14 ± 0.06 0.40 ± 0.18 0.23 ± 0.09

Outer 0.11 ± 0.07 0.44 ± 0.21 0.25 ± 0.11

Middle 0.14 ± 0.04 0.42 ± 0.10 0.22 ± 0.06

Inner 0.12 ± 0.04 0.27 ± 0.11 0.27 ± 0.13

Compressive Properties of the Nucleus Pulposus

Sample
Swell Pressure, (Psw),

MPa
Modulus, (HA), MPa

Permeability, (k),
(×10−16 m4/N-s)

Nucleus
Pulposus

0.138 1.0 9.0

A/P, anterior/posterior section of the annulus. Parallel/Perpendicular, alignment of testing in relation to the fiber
orientation. * Only one value was ascertained for entirety of the annulus fibrosus. Tensile properties for the bulk
annulus fibrosus were taken from 7 cadaveric human lumbar spines. Tensile properties for the single lamella
were taken from 8 male and 3 female cadaveric human lumbar spines with an average age of 57.9 ± 15.4 years.
The spines were harvested within 24 h of death. Compressive properties of the annulus fibrosus were taken from
cadaveric humans of no specified age or gender. Compressive properties of the nucleus pulposus were taken from
10 IRB-approved cadaveric human lumbar spines with ages between 19–80 years (average of 57.5 years) and of no
specified gender.

Although the elastic modulus of the lamella differs by a factor of roughly 500, with respect
to fiber orientation, when tested as a whole, the tensile elastic modulus instead hovers around
18–45 MPa [52,53]. As the stress induced on the annulus fibrosus increases, the rigidity of the system
increases. This mechanical behavior is the result of the un-crimping of the collagen fibers that leads to
the stiffening of the intervertebral disc tissue for larger strains. Not only does the stiffness relate to
amount of strain on the annulus fibrosus, but also the load rate of the induced stress [54].

The annulus fibrosus is the only section of the disc that undergoes tensile stress, and it is usually
due to these stresses that the collagen fibrils breakdown and deteriorate, making its unique tensile
properties a focus when studying disc degeneration. However, while tensile properties are important
for the understanding of how much stress and strain the annulus fibrosus can withstand, the injuries
sustained are rarely due to a single impact, but more often the cyclic loading or wear and tear of
the spine that causes deterioration of the collagen fibrils [50,53]. Therefore, cyclic loading tests are
crucial for the understanding of the annulus fibrosus’ mechanical integrity and resiliency of the tissue.
For example, both the anterior and posterior sections of a healthy annulus fibrosus have been shown
to withstand more than 10,000 applied cycles with a stress magnitude of 45% or less of its ultimate
tensile strength [50].
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Although not as important for the annulus fibrosus as it is for the nucleus pulposus, compressive
stresses and strains still occur on the lamellae, Table 3. However, they have very little effect on
the degradation of the annulus fibrosus. Most often only the swell pressure (Psw), modulus (HA),
and permeability (k) are characterized [55].

2.2.2. Nucleus Pulposus

The nucleus pulposus resides in the middle of the disc surrounded by the annulus fibrosus, which
keeps it from leaking into the spinal canal. It consists of randomly organized collagen type II fibers
(15–20% dry weight) and radially arranged elastin fibers, housed in a proteoglycan hydrogel (50% dry
weight), with chondrocyte-like cells interspersed at a low density of approximately 5000/mm3 [37,56].
The nucleus is an incompressible structure that it is made up of about 80–90% water, which helps it
carry out its vital roles in the intervertebral disc of compressive load dispersion, compressive shock
absorption, and keeping the inside of the disc swollen for necessary internal pressure [57].

(1) Composition

There are four main components found in the nucleus pulposus; collagen type II fibrils and elastin
fibers (roughly 150 micrometers in length), proteoglycans, and chondrocyte-like cells. Each play a vital
role in the performance and health of the nucleus pulposus, providing it with the necessary mechanical
properties to serve its functions [58]. For a description of collagen and proteoglycan formation and
structure, the reader is referred to Section 2.2.1, (1).

Unlike the annulus fibrosus, the collagen in the nucleus forms a loose network, which is joined by
the network of elastin fibers. The elastin fibers are necessary for maintaining collagen organization and
recovery of the disc size and shape after the disc deforms under various loads. It accomplishes this
with its unique structure of microfibrils forming a meshwork around a central elastin core, Figure 4.
These microfibrils are structural elements of the nucleus’ ECM, and have been found distributed in
connective and elastic tissues such as blood vessels, ligament, and lung [51].

The microfibrils play vital roles in the properties of the elastic fibers, such as conferring mechanical
stability and limited elasticity to tissues, contributing to growth factor regulation, and playing a role
in tissue development and homeostasis. Microfibrils are made up of a multicomponent system,
consisting of a glycoprotein fibrillin core (three known types), microfibril associated proteins (MFAPs),
and microfibril associated glycoproteins (MAGPs). The MFAPs and MAGPs, as well as a few other
peripheral molecules, contribute to link microfibrils to elastin, to other ECM components, and to
cells [59].

In the nucleus pulposus, the chondrocyte-like cells act as metabolically active cells that
synthesize and turnover a large volume of ECM components, mainly collagen and proteoglycans [60].
They produce and maintain the ECM with the presence of Golgi cisternae and well-developed
endoplasmic reticulum, and are able to withstand very high compressive loads and help with the
movement of water and ions within the matrix [61]. They also maintain tissue homeostasis, play a
role in the physio-chemical properties of cartilage-specific macromolecules, and prevent degenerative
diseases like degenerative disc disease and osteoarthritis. However, with age these cells start to become
necrotic, increasing from about 2% at birth to 50% in most adults. This can lead to cartilage/collagen
degradation, abnormal bone growth formation on the vertebrae (osteophyte) where bone on bone
friction occurs, and stiffening of joints [58,60].
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Figure 4. Fluorescence microscopic images of stained components in the outer annulus fibrosus (a),
inner annulus fibrosus (b), and nucleus pulposus (c). The microfibrils in relation to cell distribution
(blue) and collagen fiber organization (red) indicates the organization of the microfibrils within the
ECM of the outer annulus fibrosus. Opposite however, the microfibrils (red) and elastin fibers (green) in
the inner annulus fibrosus do not demonstrate any organization or co-localization to any great degree
within the ECM. These two distinct characteristics of organization give rise to the varying mechanical
properties of each, Section 2.2.1, (3). The microfibrils (red) show a tendency to hover/organize around
the nucleus pulposus cells (blue), while the elastin fibers (green) have a tendency to stay dispersed
through the entire ECM [51].

(2) Structure

The nucleus pulposus is a soft, gelatinous mass that is irregularly ovoid and is found under
pressure in the center of the disc. Because it is mostly water (between 80–90%), it does not have a
definite structure or form, but like a liquid, takes the shape of wherever it is confined [62]. From birth
to adolescence, the nucleus pulposus is a semi-fluid mucoid mass formed by proliferation and
degeneration of embryological notochord cells with a few scattered chondrocytes and collagen fibers.
As age increases into adulthood, the notochord cells completely degenerate and become replaced by
chondrocyte-like cells, which deposit a specialized ECM to provide the nucleus tissue with its structure
and mechanical properties. Also with age, the nucleus becomes less fluid-like and more cartilaginous
as the collagen fibrils start to crosslink together forming fibers like the collagen type II fibers of the
annulus [63].

191



Materials 2019, 12, 253

(3) Mechanical Properties

Being a virtually incompressible liquid, the nucleus pulposus does not endure any tensile stresses
or strains, and the loads it can withstand in compression are largely due to the force that the annulus
fibrosus can resist radially. The natural swell pressure of the nucleus at rest is 0.138 MPa, which is
correlated to the water uptake and retention during resting periods. However, as compressive forces
are introduced to the nucleus, the swell pressure increases to withstand the loads within the confined
space of the annulus fibrosus [52]. When testing for compressive properties, the nucleus is confined
so that accurate measurements can be taken, Table 3. Confining the nucleus during testing allows
for a more accurate resemblance of the resistance towards outward deformation controlled by the
annulus fibrosus, as well as keeping the nucleus from being infinitely compressed, since it is a virtually
incompressible liquid.

During everyday activities, the lumbar compressive forces can fluctuate between 800 N and
3000 N. This causes the nucleus to become pressurized up to 0.4 MPa while lying down, 1.5 MPa while
standing or sitting, and up to 2.3 MPa while actively lifting, however these stresses can vary slightly
due to the different dimensional areas of the disc [64]. Although the mechanical testing of the nucleus
pulposus is not quite as extensive as that of the annulus fibrosus, it does not make it any less important
to the structural and mechanical properties of the disc as a whole.

2.2.3. Vertebral Endplates

The vertebral endplates are situated on the top and bottom of each intervertebral disc, and are
comprised of hyaline cartilage [65]. Their main function is to function as an interface between the dense,
harder cortical bone shell of the vertebrae and the annulus and nucleus via mechanical interlocking,
and to keep the nucleus pressurized and from bulging into the soft, spongy/cancellous trabecular bone
center of the vertebrae, Figure 5. The vertebral endplates are the strongest part of the intervertebral
disc, and usually fail after the vertebral body has already fractured [38].

Figure 5. The connection of the hyaline cartilage vertebral endplate to the perforated cortical bone of
the vertebral body and collagen fibers of the annulus and nucleus. The arrows in the figure refer to the
direction of nutrients and blood flow through the different components of the disc, mainly coming
from the bone through the vertebral endplates [37].
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The vertebral endplates also have the unique role of acting as the main transport for nutrients
in and out of the disc. This provides the nucleus and annulus with the cells and other required
components that keep the disc alive, and from degenerating [64].

(1) Composition

The vertebral endplates are composed of an osseous and a cartilaginous component. The hyaline
cartilage within differs from the articular cartilage of the joins on its structure. While both are composed
of chondrocytes, proteoglycans and a string collagenous network, the former is not connected to
the underlying bone [65]. The hyaline cartilage of the vertebral endplates maintains very similar
macromolecules in their ECM as that of the nucleus pulposus, however the ratios of proteoglycan to
collagen content differs drastically. The typical ratio of glycosaminoglycan to collagen in the endplates
is roughly 2:1, providing to the tissue with higher mechanical properties than the nucleus pulposus
with a ratio of 27:1 [66]. Also, distinctively different from the annulus fibrosus’ fibrocartilage which
contain large collagen fiber bundles, the endplates have fine collagen fibers similar to the nucleus,
but they are closely packed together. The hyaline cartilage in the endplates are made up of multiple
types of collagen. Collagen Type II is the main collagenous component on the endplates. Collagens are
often employed as a measure of the degeneration state (hypertrophy of chondrocytes and ossification)
of the endplate, being the downregulation of collagen II and upregulation of collagen X the most
characteristic markers. [65]. The other collagens, Type I, III, V, VI, IX, and XI are present in small
amounts, and only contribute to a minor portion of the cartilage with the main functions of forming
and stabilizing the collagen Type II fibril network [67–69].

All of the collagen structures and cellular make-up are the same for the hyaline cartilage as
previously discussed in the annulus fibrosus (Section 2.2.1, (1)).

(2) Structure

Two major structures can be distinguished in the vertebral endplates, the collagen fibers of the
cartilaginous section (roughly 0.1 to 0.2 mm thick) that connect to the annulus fibrosus and the bony
layer of the vertebral section (roughly 0.2 to 0.8 mm thick) that connect to the vertebrae. For the
cartilaginous section, the proteoglycan hydrogel-enveloped collagen fibers run horizontal and parallel
to the vertebral bodies, however the fibers then continue into the annulus fibrosus at an angle parallel
to the currently residing fibers [37]. The integration between the collagen fibers in the nucleus and
the endplates is more convoluted. For the vertebral section, the bony component of the endplate is
a porous layer of fused trabecular bone with osteocytes embedded within saucer-shaped lamellar
packets, resembling the structure of the vertebral cortex [64].

The most important structural features of the endplate biomechanical functions are the thickness,
porosity, and curvature. For example, thick, dense endplates with a high degree of curvature are
stronger than thin, porous, and flat endplates [64]. They are typically less than 1.0 mm thick, and cover
the entire surface area of the top and bottom of the intervertebral disc. The thickness across the width
of the disc is not uniform, varying considerably, while tending to be the thinnest in the central region
adjacent to the nucleus [65]. The density tends to increase towards the vertebral periphery where the
subchondral bone growth starts, however porosity can increase up to 50–130% with aging and disc
degeneration. Due to the variations throughout the structure of the vertebral endplate, its mechanical
properties vary as well [70,71].

(3) Mechanical Properties

The mechanical properties of the vertebral endplates vary with the region on which the endplate
is tested, as well as the region of the spine from which they are extracted. The central area of the
endplates tends to be the weakest, and increases in strength and stiffness radially towards the outer
annulus [70,71]. When tested in different sections of the spine, the endplates show a significant increase
in strength and stiffness from superior to inferior sections of the spine. Not only do the properties
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change between spinal sections, but also within the same section, such as the stiffness and strength
increasing as the lumbar spine descends (L1/L2–L5/S1) [70]. Due to the unique structure of the
endplates, they are able to withstand high loads, outlasting the vertebral body more often than not.
The failure of the vertebral endplate tends to occur at around 10.2 kN, however the failure of the
vertebral body, usually due to fracture, occurs around 4.2 kN in individuals 60 years of age or older,
and around 7.6 kN in individuals 40 years or younger [47,72]. Not only do the endplates have great
strength, but they also possess great stiffness (1965 ± 804 N/mm) that allow it to be semi-flexible
during the loads put onto the spine. This helps the nucleus move and cushion loads more readily
inside of the disc, while also protecting the endplates from tensile damage, of which they are most
likely to fail [64,73].

2.2.4. Blood Vessels and Nerve Supply

Because the intervertebral disc is one of the most avascular tissues in the human body, in a healthy
adult, it tends to have very few microvessels. However, during early stages of skeletal development,
blood and lymph vessels are present throughout the majority of the disc with the exception of the
nucleus. With maturation of the skeleton, blood and lymph vessels found within the disc start to
decrease and migrate towards the outer parts of the annulus fibrosus. These blood vessels extend
through the cartilaginous endplates into the inner and outer annulus and slightly into the nucleus up
to 12 months of age. However, as age increases past 12 months into skeletal maturity (around 20 years
of age), the blood vessels start to recede from the nucleus and inner annulus, until they only remain in
the outer annulus and endplates, Figure 6 [37,74].

Given the size of the tissue, once the blood vessels retract from the disc in adulthood, the discs
rely on diffusion through the endplates and annulus for the nutritional supply of the disc cells [75].
This reduced nutrient supply is thought to contribute to the degeneration of the discs and to be
responsible of the lower regenerative potential of the tissue during aging, giving a reason for the low
structural and functional restoration properties of the tissue during aging [75].

The intervertebral discs are innervated organs with some of the most important nerves residing
in the cervical and lumbar spine. Recurrent sinuvertebral nerves innervate the posterior and some of
the posterolateral aspects of the disc, and the posterior longitudinal ligament, branching off the dorsal
root ganglion extending from the spinal cord. The other posterolateral aspects receive branches from
the adjacent ventral primary rami and from the grey rami communicants [76]. Lateral aspects of the
disc receive other branches from the rami communicantes, some of which cross the intervertebral disc
and are embedded within the surrounding connective tissue of the disc, such as the origin of the psoas
for the lumbar spine. Lastly, the anterior aspects along with the anterior longitudinal ligament are
innervated by recurrent branches of rami communicantes, Figure 7 [76].

Opposite of blood vessels, in a healthy young adult, the sensory nerve endings of the disc can be
found on the superficial layers of the annulus and in the outer third of the annulus, only extending
about 3 mm into the disc [77]. With age and degeneration, the nerves tend to creep into the inner
parts of the disc by means of neoinnervation, arising from granulation tissue growing in the disc.
This can cause innervation of the middle and inner annulus, and potentially of the nucleus pulposus.
As innervation progresses, significant problems with regards to lower back pain can arise from the
amount of pressure being induced onto the discs, and therefore pressure onto the nerves [77,78].
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Figure 6. (a) Schematic representation of the multiple longer and thicker vascular channels throughout
the intervertebral disc on a 10-month old female; while (b) represents the vascular channels throughout
the disc of a 50-year old adult, showing the retraction and thinning of the channels [37].
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Figure 7. The innervation of a healthy intervertebral disc, showing the sinuvertebral nerves and rami
communicantes extending into the vertebral foramen and the outer annulus of the disc [37].

3. Spinal Degeneration and Lower Back Pain

Back pain is a major health problem in Western industrialized societies, inflicting suffering and
distress on a large number of patients, especially those of old age, increasing with the increased
aged population. The effects of this problem are vast, with a study in the year 2000 in the UK
showing prevalence rates ranging from 12% to 35%, and around 10% of sufferers becoming chronically
disabled [79]. With total costs, including direct medical costs, insurance, lost production, and disability
benefits, reaching into the billions of dollars, an enormous economic burden is placed on society [79].
In the United States alone, costs associated with lower back pain exceeds $100 billion per year,
two-thirds resulting from lost wages and reduced productivity [80]. Among the other third are
direct costs for medical treatments of back pain diagnoses, estimated at $34 billion out of the total
$47 billion for all treatments for pain diagnoses in 2010. These costs include office-based visits, hospital
outpatients, emergency services, hospital inpatients, and prescription drugs [81]. This back pain is
strongly associated with disc degeneration and injury, the majority of the time occurring in the lumbar
spine due to the increased stresses, strains, and torsion compared to other sections, and the thoracic
spine being the least affected [11].

Intervertebral discs can degenerate due to injury or due wear and tear, as a result of the stress
and strain to which the tissue is exposed to on a daily basis. However, intervertebral discs are among
the most avascular tissues in the human body and together with the low proliferative potential of
cells within, being almost quiescent, results in a tissue that is unable to adequately self-regenerate [82].
Multiple factors promote the degeneration of the tissue other than just wear and tear, such as genetic
predisposition, impaired metabolite transport, altered levels of enzyme activity, cell senescence
and death, changes in matrix macromolecules and water content, osteoarthritis, structural failure,
and neurovascular ingrowth. Although genetic inheritance is the greatest risk factor, it does not cause
discs to degenerate by itself, but instead increases their susceptibility to environmental factors such as
high and repetitive mechanical loading and smoking cigarettes [83].
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3.1. Degenerative Disc Disease

Degenerative disc disease is defined by the degeneration of intervertebral discs due to aging
and other environmental factors, with genetic inheritance playing a significant role in the rate of
degradation. Approximately 50–70% of the variability in disc degeneration is caused by an individual’s
genetic inheritance [83,84]. The inherited genes associated with disc degeneration include those
for collagen type I and IX (COL1A1, and COL9A2 and COL9A3, respectively), aggrecan, vitamin
D receptor, matrix mettalopeptidase-3 (MMP3), and cartilage intermediate layer protein (CILP).
The strength of musculoskeletal tissue, like that of intervertebral discs, is affected by the composition
of the ECM, such as the strength of the collagen fibrils throughout the annulus fibrosus, which is
regulated by the aforementioned genes (and others) [85]. Although an unfavorable genetic inheritance
is present at birth, disc degeneration only becomes prevalent and common in the individual’s 40’s,
and usually only in the lower lumbar spine [83,84]. Some individuals however, can become inflicted
by this disease much earlier than the norm, depending on both the severity of their genetic deficiencies
and lifestyles.

Degeneration of intervertebral discs can occur at faster rates than for other tissues and is sometimes
presented on individuals as young as 11–16 years of age, usually found in the lumbar section [79].
Degenerative disc disease affects about 20% of people in their teens, showing mild signs of degeneration
before their second decade of life. However, because the discs have yet to undergo progressive
innervation, most cannot feel the pain and disabilities associated with degeneration until it propagates
through to the later years of life. Therefore, this disease increases drastically with age, causing the
discs of around 10% of 50-year-old population and 60% of 70-year-old population to become severely
degenerated, significantly hindering daily activities [79].

Degenerative disc disease can affect the tissue in many ways, causing it to undergo striking
alterations in volume, shape, structure, and composition that result on a decreased motion and an
altered biomechanical properties of the nucleus pulposus and annulus fibrosus tissues, thus altering
the mechanics of the spine [84]. Both the nucleus pulposus and annulus fibrosus experience changes
individually, mainly in the ECM composition and structure. Consequentially, due to the compositional
changes on the discs ECM, such as collagen, proteoglycan, and water content, the major structural
properties become hindered as well. The main structural effects tend to be the loss of swelling ability,
and therefore volume of the nucleus, and tears or fissures forming in the annulus [86]. When these
fissures are formed in the annulus, there is also frequently a cleft formation of some sort, particularly
in the nucleus, and the morphology becomes more and more disorganized, Figure 8. The vertebral
endplates also go through some deformation and changes, such as an increase of porosity from 50 to
130%, the natural curvature becoming less apparent and flattening out, and a significant decrease in
the thickness by roughly 20 to 50% [64,71]. These changes make the vertebral endplate much more
likely to fracture under the stresses of the spine and tensile stresses induced by the nucleus.

Along with major structural changes, many biochemical changes occur throughout the disc
as well. With age and degeneration, comes an increased incidence in these changes, including cell
proliferation and death, mucous degeneration, decrease in proteoglycan content, increase in collagen
fibril cross-linking (mainly nucleus), granular changes, and concentric tears in the annulus [79].
Innervation and vascularization of the disc are thought to cause the increase in cell proliferation in the
nucleus, which leads to the formation of clusters of living, necrotic, and apoptotic cells. The appearance
of these apoptotic and necrotic cells can promote cell death in the healthy living cells. Unfortunately,
these mechanisms tend to be very common with age, with more than 50% of cells in adult discs being
necrotic [79].
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Figure 8. A healthy, normal intervertebral disc on the left, shows a distinct difference between
the swollen, softer looking nucleus and the ringed annulus. However, during growth and skeletal
maturation, the boundary between these components becomes less obvious, and with the nucleus
generally becoming more fibrotic and less gel-like, like the highly degenerate disc on the right [79].

As degeneration progresses, compositional and structural changes to the discs become more and
more apparent. The status of the degeneration is commonly studied via Magnetic Resonance Imaging
(MRI) and evaluated with the Magnetic Resonance Classification System with rankings from Grade I
to Grade V [87]. The ranks are based on disc structure, signal intensity, distinction between the nucleus
and annulus, and the height of the disc, Table 4.

Table 4. Distinction between different grades of disc degeneration based on magnetic resonance
imaging (MRI) scans [87].

Grade Structure
Distinction of
Nucleus and

Annulus
Signal Intensity

Height of Intervertebral
Disc

I Homogenous, bright white Clear Hyperintense, isointense to
cerebrospinal fluid Normal

II Inhomogeneous with or
without horizontal bands Clear Hyperintense, isointense to

cerebrospinal fluid Normal

III Inhomogeneous, gray Unclear Intermediate Normal to slightly
decreased

IV Inhomogeneous, gray to
black Lost Intermediate to hypointense Normal to moderately

decreased

V Inhomogeneous, black Lost Hypointense Collapsed disc space

Although the grading scale has shifted from the previous radiographic imaging systems,
which focuses on the antero-posterior abnormalities of the discs, distinguishing among bulging,
protrusion, and extrusion, (Grade I through Grade III respectively), the MRI images used for the
Magnetic Resonance Classification System still show the symptoms of all three past grades, Figure 9.
It can be seen that Grade II–III shows a slight bulging of the nucleus (more prominent in Grade III),
Grade IV shows the beginning stages of protrusion of the disc, and Grade V shows a fully blown-out
disc in which the entire nucleus has been extruded into the spinal canal [87].
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Figure 9. MRI scans showing the different grades of disc degeneration based on the Pfirrmann
grading system, (I–V) referring to Grades (I–V): I is representative of Grade (I) degeneration, (II) is
representative of Grade (II) degeneration, (III) is representative of Grade (III) degeneration, (IV) is
representative of Grade (IV) degeneration, and (V) is representative of Grade (V) degeneration [88].

3.2. Osteoarthritis

Although not as common of a cause for disc degeneration as degenerative disc disease,
osteoarthritis can have a significant impact on the structural changes of the intervertebral discs,
causing major problems at long term. Osteoarthritis is a degenerative disorder of the articular cartilage
affecting over 30% of the population above the age of 65 and is associated with hypertrophic changes
of the tissue affecting the facet joints and vertebrae of the spine, especially the lumbar spine [89,90].
Many risk factors can affect the probability as well as severity of osteoarthritis including genetic
inheritance, female gender, past physical trauma, increased age, and obesity. Symptoms usually
include joint pain that increases with movement, trouble or disability with activities of daily living,
and lower back pain associated with narrowing disc space. With the current U.S. population living
longer and becoming more obese, osteoarthritis has become more common than it ever has before,
affecting an estimated 27 million adults in the U.S. [89,91].

Peripheral joints such as hips, knees, and hands, were most commonly thought of with regards to
osteoarthritis, with prevalence in the spine often being ignored. However, the prevalence of disabilities
and functional distress caused to the spine by osteoarthritis are actually quite high. In the lumbar
spine, it is a very common condition, with a prevalence range of roughly 40–85% based on age, weight,
and other factors. The spinal degeneration process has been partly linked to both osteoarthritis and
changes in facet joint structure. Osteoarthritis leads to the narrowing of disc spacing from the formation
of vertebral osteophytes introducing increased pressure to the disc. Being comprised of the same
type of cartilage as appendicular joints, facet joints have similar pathological degenerative processes,
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such as crystal deposition within the cartilage, degradation from high impact and torsional loads,
and joint instability, which all can cause additional stress to the discs [91]. Both the intervertebral
discs and facet joints play vital roles in the motion of the spine, especially in the cervical and lumbar
spines, therefore when they are heavily affected by osteoarthritis, the mobility of the spine can decrease
significantly, and pain can ensue from even the slightest of movements.

Three main components are observed with regards to osteoarthritis in spine, referred to as the
“three joint complex”. These components include the structure of vertebral osteophytes, facet joint
osteoarthritis, and disc space narrowing. With the amount of nerve supply running through all of
these spinal structures, lower back pain can be generated by any of them [91]. With further progression
of disc degeneration in the spine, the facet joints as well as vertebrae further degenerate, due to disc
space narrowing, which in turn puts even more stresses onto the intervertebral discs. Facet joint
osteoarthritis is a multifactorial process that is highly affected by disc degeneration, leading to greater
loads and motions endured by the joints [92]. This, consequently, leads to the breakdown of the layer
of hyaline cartilage between the two subchondral bones, creating friction and grinding between them,
and finally abnormal bone growth and pressure. However, facet joint osteoarthritis can still occur in
the absence of disc degeneration, in which case it causes more stress and motion on the intervertebral
disc leading to quicker degeneration [93].

Changes in the structure of the vertebral osteophytes on the shape of formation of bony
outgrowths which arise from the periosteum at the junction of the bone and cartilage, lead to disc
space narrowing, Figure 10. Although it is highly correlated to disc degeneration, like that of the
osteoarthritis in the facet joints, osteophyte formation in the vertebral column can occur without
any signs of cartilage damage, implying that with the general aging process, they may form in an
otherwise healthy joint [91]. In this case, the vertebral osteophytes can cause extra stresses on the
discs, mainly in the annulus fibrosus, potentially weakening it for further degeneration, damage,
and tears/fissures [91,94].

Figure 10. Sagittal computerized axial tomography (CT scan) image of the cervical spine showing large
anterior osteophytes (indicted by the arrows) extending from C5 to C7, which affect the intervertebral
disc space [95].
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Osteoarthritis, along with the aforementioned degenerative disc disease and mechanical loading
factors endured by the spine, can cause severe lower back pain because of the potential impingement
and injury that can happen to the spinal cord in a couple ways such as bulging discs, disc prolapse
and protrusion, and finally disc herniation/rupture and extrusion [94].

3.3. Bulging Disc

Bulging discs are considered the starting stage for problems with impingement to the spine and
are generally associated with fatigue failure from mechanical loading and disc degeneration of Grade 0
(negligible degeneration), Grade I, and Grade II [96]. In the early stages of disc degeneration, when the
annulus fibrosus starts to dry out and become more fibrous, the amount of mechanical strain it can take
decreases. With high compressive loads that are put onto the discs that require the nucleus to push
out causing pressure to the annulus, this can cause problems such as small tears part way through the
lamellae. When some of these lamellae tear, usually in the posterior section of the disc, the pressure
from the nucleus can make the discs bulge outwards due to the lack of support from the annulus,
Figure 11 [97].

Figure 11. MRI image showing a slight bulge of the annulus into the spinal canal without severe
impingement (a). MRI image showing a full lumbar disc herniation with substantial spinal stenosis
and nerve-root compression (b) [97].

When the disc bulges into the spinal canal, it can put pressure onto the spinal cord and other
spinal nerves, one of the most prominent being the sciatic nerve, causing pain and sometimes even
numbness [22]. Although the pain from these bulging discs is bearable, if left untreated, they can lead
to even more severe problems such as disc herniation.

3.4. Disc Herniation (Prolapse/Rupture)

Disc herniation, also referred to as disc prolapse, rupture, and extrusion, occurs in later stages of
disc degeneration, Grades III–V, and is brought about by increased mechanical loading and fatigue of
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the annulus that has typically already started to bulge [96]. As the annulus becomes more and more
fibrous with degeneration, there is an increase in tears through the lamellae due to the forces of the
nucleus. When the tears penetrate all the way through the annulus, the nucleus starts to push out
and leak into the spinal canal, Figure 11 [98]. Unlike bulging discs, because the nucleus actually leaks
into the spinal canal, it tends to have much more significant impacts on an individual’s life due to the
severe impingement on nerves of the spinal cord, causing pain, numbness, tingling, and weakness [99].

The most common area for disc herniation is in the lumbar spine, particularly in the lower lumbar,
with roughly 56% of herniations occurring in the L4/L5 disc and roughly 41% occurring in the L5/S1
disc [99]. Both of these disc herniations can play significant roles in the quality of an individual’s
life, since they both are involved with the sciatic nerve. The sciatic nerve, as mentioned in the above
anatomy, runs all the way from the lower spine down through the back of the leg. When impinged,
this can cause severe problems with motions such as standing up from a seated position, walking,
bending over, and twisting of the upper body, and can cause pain, numbness, weakness and general
discomfort throughout the entire low extremity. With disc herniation, surgery is very often required
to fix it, however with a bulging disc or other lower back pain, some other less invasive procedures
exist [100].

4. Current Treatment Techniques

Depending on the severity of disc degeneration, and whether or not a disc is bulging or herniated,
there are multiple treatment options, both invasive (surgical) and noninvasive (nonsurgical). The most
common treatments include physical therapy, epidural injections, and medications for noninvasive,
and radiofrequency ablation, spinal fusion surgery, synthetic total disc replacements, and annulus
fibrosus repair for invasive. Although pain and disability are usually relieved for a period of time,
the effectiveness of these treatments are less than ideal, due to certain problems associated with
each, further discussed below. Therefore, along with the invasive and noninvasive options, other
less-traditional treatments are being researched such as the use of stem cells, growth factors, and gene
therapy with the theoretical potential to prevent, slow, or even reverse disc degeneration, as well as
tissue engineered scaffolds in order to completely replace degenerated discs [101].

4.1. Nonsurgical Treatments

4.1.1. Physical Therapy

With disc degeneration, comes lack of support and stability of the spine due to the decreasing
biomechanical functions of the intervertebral disc. In order to regain this loss of function, the muscles
surrounding the spine and supporting spinal loads must increase in strength and stability, therefore
decreasing the need for intervertebral disc support for the spine. A solution to this problem is physical/
functional therapy, of which benefits include increased strength, flexibility, and range of motion [102].
Improving motion in a joint is one of the optimal ways to relieve pain. This can be accomplished by
stretching and flexibility exercises which improve mobility in the joints and muscles of the spine and
extremities. The next is increasing strength with exercises for the trunk muscles, providing greater
support for the spinal joints, and arm and leg muscles, reducing the workload required by the spinal
joints. Aerobic exercising has also been shown to relieve lower back pain by promoting a healthy
body weight and improving overall strength and mobility [102]. Other therapies include deep tissue
massaging, posture and movement education for daily life (functional therapy), and special treatments
such as ice, electrical stimulation, traction, and ultrasound. Ultrasound treatment, in particular,
has been shown to significantly improve lower back pain for individuals suffering from degenerative
and even prolapsed discs, although it is only a temporary solution [103]. Physical therapy does not
reverse the age-related disc degenerative changes, however, healing should be promoted by stimulating
cells, boosting metabolite transport, and preventing adhesions and re-injury, which in turn will relieve
pain caused by degenerative disc disease [104].
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4.1.2. Epidural Steroid Injections

Epidural steroid injections are one of the most common injections for relief of pain, by reducing
inflammation caused by degenerative disc disease. The injections consist of cortisone, which has
anti-inflammatory properties reducing and further preventing additional inflammation, combined
with a local anesthetic, which offers immediate short-term pain relief. Both of these components help
to turn off the inflammatory chemicals produced by the body’s immune system that can lead to future
flare-ups [105]. It is injected into the epidural space that surrounds the membrane covering the spine
and nerve roots. Because it is administered so close to the area of pain, this treatment tends to have
better effects and outcomes than that of oral and topical medications, however it can only be performed
three times a year due to the negative side effects of the steroids in the body and the effects only last
1–2 months. Also, it does not reverse the changes of degenerative disc disease already caused by aging,
with over two-thirds of patients undergoing an additional invasive treatment within two years of the
epidural injections [106].

4.1.3. Medications

For low to moderate lower back pain caused by degeneration of the discs and spine, oral and
topical medications can be prescribed. These medications include over-the-counter acetaminophen
(Tylenol) and non-steroidal anti-inflammatory drugs (NSAIDs), anti-depressants, skeletal muscle
relaxants, neuropathic agents, opioids (narcotics), and prescription NSAIDs, each having individual
and unique benefits depending on the severity and type of pain [107].

The acetaminophen and NSAIDs are usually taken for very low, dull chronic pain. Acetaminophen
such as Tylenol is used to essentially block the brain’s pain receptors, while NSAIDs such as ibuprofen,
naproxen, or aspirin are used to reduce inflammation. The NSAIDs however, need to be taken on a
daily basis because they work to build up an anti-inflammatory effect in the immune system [108].
This means that only taking them when pain is present does not work to limit inflammation as well as
taking them regularly. Tricyclic anti-depressants are usually given for chronic lower back pain as well.
These anti-depressants work similarly to acetaminophen, blocking pain messages on their way to the
brain. They also help to increase the body’s production of endorphins, a natural painkiller, and help
individuals sleep better, allowing the body to regenerate and recover [107,108]. Skeletal muscle
relaxants, such as tizanidine and cyclobenzaprine, are needed for individuals who have acute back
pain due to muscle spasms. When their muscles spasm, they put additional stresses onto the discs
and spinal nerves causing intense pain through the spine. Neuropathic agents, such as Neurontin
and Lyrica, are used when the nerves of the spine are impinged due to a bulging or herniated discs.
These medications allow for the specific targeting of nerves to block signals sent to the brain in order
to prevent pain. Opioids (narcotics), such as Vicodin and Percocet, are used in extreme cases of spinal
pain given their addictive qualities. They work by attaching to receptors in the brain, similar to
acetaminophen, however with much higher strength and effect, tending to cause side effects such as
slow breathing, general calmness/drowsiness, and an anti-depressant effect. Prescription NSAIDs
work exactly the same as over-the-counter NSAIDs, however they tend to work better given their
increased strength and potency [107,108].

4.2. Surgical Treatments

4.2.1. Radiofrequency Ablation

Radiofrequency ablation is a technique that uses heat put through the tip of a needle, either
by continuous or pulsed radiofrequency, to denervate an injured disc causing pain to an individual.
Nerves of which can be denervated to help with low back pain are the facet nerves, sympathetic
nerves, communicating rami, and nerve branches in the disc itself. After anesthesia is administered
to the procedure site, a needle or electrode is inserted into the disc or near the small nerve branch,
under X-ray, fluoroscopy, computerized axial tomography, or magnetic resonance guidance [109,110].
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When in the right position, the tip of the needle or electrode is heated up to the point in which it causes
damage or heat lesions to the nerves, destroying them to the point that back pain is relieved. Pain can
be relieved usually for 6 to 12 months, and in some cases can last for a few years. It is one of the less
invasive operations, and therefore is considered an outpatient surgery, in which the patient is put
under local anesthesia and can go home that day without being hospitalized [109,110]. This procedure
is usually recommended for patients who have already undergone procedures such as epidural steroid
injections, facet joint injections, sympathetic nerve blocks, or other nerve blocks with pain relief lasting
shorter than desired. The average cost of this procedure ranges anywhere from $2000 to $5000 based
on practitioner, amount of nerves destroyed, and location of spine. If, however degenerative disc
disease becomes too severe, this method will not be suitable for long term, and other surgeries or total
disc replacements will have to be considered.

4.2.2. Spinal Fusion Surgery

Spinal fusion surgery has been widely accepted as a useful treatment option for correcting severe
disc degeneration disease, however its efficacy and success remain controversial. Multiple approaches
for this procedure can be taken such as posterolateral fusion, anterior lumbar interbody fusion,
posterior lumbar interbody fusion, and lateral lumbar interbody fusion, each being a minimally
invasive technique to lumbar spinal fusion [101]. For this treatment, the damaged disc is completely
removed from the spine and replaced with either an osteoconductive-filled titanium cage or a
hydroxyapatite bone graft extender that sits in between the two vertebrae [111,112]. Titanium plates
are then attached to the vertebrae above and below the titanium cage, using titanium pedicle screws as
fasteners, to offer additional support to the spine after surgery, Figure 12. This allows for stability of
the spine and correct anatomic alignment of the spinal segments by sharing the loads acting on the
spine, until the point in which solid biological fusion occurs into a single bone [113]. This is important
because if the adjacent segment motion is altered, it can lead to further degeneration of additional
discs and motion segments [101]. Once this occurs, the patient can opt to have the plates and screws
removed via another surgery.

Figure 12. Example image of spinal fusion surgery using titanium cages loaded with hydroxyapatites
and pedicle screws and rods to keep stability and anatomic alignment in spinal segment [114].
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Although spinal fusion surgery tends to alleviate discogenic pain associated with degenerative
changes, due to eliminating motion between certain vertebrae, some other problems can arise that could
potentially be more detrimental in the long run. When two vertebrae are fused together, there becomes
no load absorbing center, which severely limits shock absorption and increases loads and stresses on
surrounding tissues and discs, as well as limiting mobility [101,113]. This gives way to additional
intervertebral disc degeneration in the adjacent levels, which will then potentially need to be fused
as well. However, since the lumbar is the main contributor to the mobility of the spine, preserving
that mobility is vital to everyday activity. For this reason, most doctors refuse to fuse more than
three levels of the spine together so to not hinder the movements of everyday life and cause more
problems than leaving the damaged disc in the spine [115]. It is estimated that over 137,000 cervical and
162,000 lumbar spinal fusion surgeries are performed every year in the United States alone, totaling
over 325,000 fusions, each costing over $34,000 for the average hospital bill, excluding professional
fees and equipment fees [116,117]. In the last few years however, interest in total disc replacement
instead of spinal fusion surgery has grown due to their ability to retain motion of the lumbar motion
segments [116].

4.2.3. Total Disc Replacement

Total disc replacements (TDR) is a treatment option that consists of the removal of the degenerative
native disc and replacing it with a synthetic implant. This option offers the mobility that is required
for the lumbar section that spinal fusion surgery does not, however, they are still not as mainstream
as fusion surgery [116]. In order for a TDR to be considered effective, the implant must fulfill four
main requirements: (1) a solid, nondestructive interface with the adjacent vertebral bodies; (2) provide
mobility to mimic the range of motion of the natural disc; (3) resist wear and tear in the body to reduce
debris contamination in the body; (4) have the ability to absorb shock and distribute loads evenly and
effectively [118]. In all of these requirements, the lumbar spine TDR must perform at a more demanding
level than that of the cervical spine due to the extra loads it must bear. Therefore, fabrication of TDRs for
the lumbar spine have proven to be much more difficult when compared to those for the cervical spine.
Lumbar TDR can be classified according to their configuration, materials, bearing type, and regulatory
status, Table 5. The configurations of the TDR devices are designed to maximize the range of motion
within the realm of natural disc mobility and permit the most freedom. Each configuration of TDR
is dependent upon the type of modules involved in the working disc, therefore current designs are
built around a bearing for maximum mobility [118]. The bearing systems used includes one-piece (1P),
Metal-on-Metal (MoM), or Metal-on-Polymer (MoP), with MoM and MoP bearings using a ball and
socket design to allow for motion in all directions. Only two lumbar disc prostheses have currently
been approved for use by the Food and Drug Administration (FDA), the Charite® from DePuy Spine
and the Prodisc® L from DePuy Synthes, although many more are becoming prevalent through trial
testing such as MaverickTM, Kineflex®, Freedom®, and Mobidisc® [118].

Although there are a lot of different TDR options, each has their disadvantages, with only the
two previously mentioned even being FDA approved. Ball and socket bearing systems give way to
the possibility of hypermobility within the motion segment, greater amounts of debris from wear,
and stress concentration within bearing itself, which causes higher stresses to act on the vertebrae. It has
also been shown that these systems show no elastic shock absorption properties, even between MoM
and ultra-high molecular weight polyethylene (UHMWPE) cores (MoP) [119]. The one-piece bearing
systems were designed to potentially counteract the above flaws by adequately mimicking the natural
disc behavior; reducing the number of surfaces on which wear can occur, reducing the hypermobility
of the joint, and distributing load and absorbing shock [118,119]. The flaws with the one-piece systems,
however, are that the elastomer core used suffers greater chance of material tears either within the
material or at the adhesion interface between the different materials. They experience short fatigue
life and are still recent designs, needing further evaluation of wear and corrosion resistance [118].
Creep deformations and hysteresis properties of the elastomeric material may be limiting factors
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as well [119]. Each TDR system experiences failure through two mechanisms of degradation of the
implant, wear and corrosion. These degradations are to be expected with articulating bearings in harsh
environments, however act more heavily on some materials as opposed to others, Table 6.

Table 5. Summary of current total disc replacement (TDR) classification, materials, bearing type, and
regulatory status [118].

Device Classification Biomaterials Bearing Design
Examples of

Manufacturer

CHARITE MoP CoCr-UHMWPE Mobile DePuy Spine

Prodisc-L MoP CoCr-UHMWPE Fixed DePuy Synthes

Activ-L MoP CoCr-UHMWPE Mobile Aesculap

Mobidisc MoP CoCr-UHMWPE Mobile LDR Medical

Baguera MoP DLC coated Ti-UHMWPE Fixed Spineart

NuBlac PoP PEEK-PEEK Fixed Pioneer

Maverick MoM CoCr-CoCr Fixed Medtronic

Kineflex MoM CoCr-CoCr Mobile SpinalMotion

Flexicore MoM CoCr-CoCr Constrained Stryker

XL-TDR MoM CoCr-CoCr Fixed NuVasive

CAdisc-L 1P PU-PC graduated modulus 1P Rainier Technology

Freedom 1P Ti plates; silicone PU-PC core 1P Axiomed

eDisc 1P Ti plates; elastomer core 1P Theken

Physio-L 1P Ti plates; elastomer core 1P NexGen Spine

M6-L 1P Ti plates; PU-PC core with
UHMWPE fiber encapsulation 1P Spinal Kinetics

LP-ESP
(elastic spine pad) 1P Ti endplates; PU-PC coated

silicone gel with microvoids 1P FH Orthopedics

CoCr—Cobalt-chromium alloy. UHMWPE—Ultra-high molecular weight polyethylene. DLC—Diamond-like
carbon. Ti—Titanium. PEEK—Polyether ether ketone. PU-PC—Polyurethane-polycarbonate elastomer.

Table 6. Common problems of different implant materials and their effects leading to failure [118].

Bearing Type Material Problems Effects

Ball and Socket

CoCr

Reactive wear ions and
fibrous particles

Metal sensitivity reactions, Inflammation,
Osteolysis

Metallosis –

No shock absorption Compressive stresses on vertebral bodies

UHMWPE

Large wear volume and
wear debris Bone resorption, Osteolysis

Plastic deformation –

Increased range of
motion (hypermobility) Facet and ligament loading

No shock absorption Compressive stresses on vertebral bodies

PEEK
Prosthesis migration Biomechanical incompatibility, Stress on

remaining annulus, Total rejection of device

Endplate reaction Severe biological rejection

1P PUPC More studies necessary

Note: The effects stated are correlated to the problems directly next to it.

When using MoM devices, the degradation due to wear is minimal when compared to MoP
devices and PEEK-on-PEEK devices (PoP), however the toxicity introduced to the body is relatively the
same. Although the volume of wear particles might be smaller, the CoCr wear particles are chemically
reactive within the body causing corrosion, tribocorrosion, and toxic and biological responses, such as
metallosis, biological reactions, osteolysis, and inflammation. When MoP devices wear, the particles
produced tend to be fine, needle and fiber-shaped particles which are less chemically reactive than
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the metal particles although bigger in size. The PoP devices shows properties of resisting expulsion
of nucleus particles, and superior fatigue resistance and wear resistance, however severe biological
reactions occur causing device rejection and migration of device into surrounding muscle tissue [118].
Each of these systems have their benefits and disadvantages when compared to each other, however
when compared to spinal fusion surgery, shows great advantages in the range of mobility. If a disc has
undergone some degeneration, but is not yet to the point of spinal fusion or total disc replacement,
other actions can be taken such as annulus fibrosus repair.

4.2.4. Repair of Annulus Fibrosus

The annulus fibrosus is involved in almost any pathological condition of the degenerating spine,
therefore when its function becomes impaired, plays a fundamental role in two specific clinical
situations. It acts as the main source of discogenic low back pain, and as the origin of disc herniation
due to its insufficiency caused by degenerative disc disease. As previously discussed, when small
fissures occur in the annulus, a repair process takes place in which granulation tissue is formed along
with neovascularization and concomitant ingrowth of nerve fibers. This causes chronic discogenic
pain throughout the disc due to the pressure being sustained by the nerves. Annulus fibrosus repair
is the procedure to fix those tears before the disc herniates, and is usually performed in relatively
young patients with very minor degenerative changes. Efficient annulus repair could significantly limit
the need for future surgeries in certain cases in which there is potential of disc herniation, however
no herniation has currently occurred. When the ruptures are treated, the focus is on improving
cell-biomaterial interaction, using an initial implant to provide immediate closure of the tear and
maintain mechanical properties of the disc, while the cellular component starts the regenerative
process within the disc. This process, however, is not complete or satisfactory when it comes to
being a permanent solution, but instead is a preventive measure for disc prolapse [120]. The most
straight-forward solution is suturing the annulus tear shut, helping give the disc a stronger tendency
to heal itself. However, its sole purpose is the containment of the nucleus pulposus and does not
compensate for the loss of the annulus nor reverse the biomechanical changes [121]. One way to adjust
for the lack of compensation could be the addition of growth factors in order to enhance the regenerative
process of the annulus tissue [122]. Vadala et al. studied the potential of Transforming Growth Factor-β
(TGF-β) loaded microfibrous poly(L-lactide) scaffold in vitro. The biological evaluation of the scaffolds
was performed using bovine annulus fibrosus cells that were cultured on the scaffold for up to three
weeks [122]. These electrospun scaffolds allowed for the closure of the defect site while releasing the
TGF-β, inducing an anabolic stimulus on the annulus cells, mimicking the ECM environment of the
tissue [122]. The scaffolds, together with the TGF-β release, promoted rapid cell growth compared to
the control, resulting in the deposition of significantly greater amounts of GAGs and total collagen
within the annulus tissue, as well as a higher neo-ECM thickness [122]. Another method studied by
Cruz et al., focuses on the repair of annulus fibrosus defects through a cell-seeded adhesive biomaterial,
further detailed in Section 5 [123].

Annulus fibrosus repair gives great advantages to those who have yet to have a full disc herniation,
as well as those only experiencing minimal degeneration, giving them the opportunity to forgo the
potential chance for surgery in the future. It should be noted however, that this treatment option is not
a cure for degenerative disc disease, but a preventative measure taken to increase the longevity of the
native disc, potentially permanently, depending on an individual’s particular life style.
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5. Tissue Engineering and Regeneration Strategies

With all of these options facing difficult challenges, tissue engineering and regenerative strategies
stand out as potential solutions. These include some form of gene therapy, regeneration strategies
via delivery of bioactive molecules, e.g., growth factors, or a material scaffold with or without cells.
Gene therapy and regeneration with growth factors, cells, or enzymes, such as ADAMTS5, have been
researched in rats for early stage trials, showing greater GAGs and total collagen deposition for the
TGF-β1 treated animals, and successful suppression of the degradation of the nucleus pulposus for
ADAMTS5 treated ones [122,124]. Along with these, a similar approach was studied by Guterl et al. to
target caspase 3 in rabbit models, in order to disrupt the execution of apoptosis [125]. A direct injection
of Alexa Fluor 555-caspase 3 small interfering RNA (siRNA) into the rabbit intervertebral disc was
used to determine the effect on suppression of degenerative changes within the disc. Compared to the
caspase 3 siRNA control, the Alexa Fluor 555-caspase 3 siRNA resulted in a significant decrease in
serum-starved apoptotic cells, as well as a significant suppression of the degenerative changes to the
disc [125].

In more current regeneration efforts, FDA-cleared Phase III adult stem cells were used in a
test study to treat chronic lower back pain associated with degenerative disc disease. The use of
mesenchymal precursor cells directly injected into the lumbar disc will hopefully show some ability
to regenerate lost tissue of the disc [126]. Another system studied by Alini et al. uses implanted
intervertebral disc cells in a scaffold of collagen and hyaluronan, or entrapped into a chitosan gel,
with either fetal calf serum (FCS) or growth factors (TGF-β1, bFGF, and IGF-1) to modulate ECM
synthesis [124]. The FCS and TGF-β1 were able to induce proteoglycan synthesis, while the presence
of bFGF and IGF-1 reduced proteoglycan synthesis. However, the IGF-1 was shown to stimulate cell
division by the greatest extent [124]. By day 20 of the culture, in FCS and the varying growth factors,
not only did the matrices contain aggrecan, but also other small leucine-rich repeat proteoglycan found
in the normal disc and both collagen type I and II [124]. Although all proteoglycans found in a normal
disc were synthesized, the construct was not able to retain the majority of its proteoglycans, resulting
in the inability to withstand the compressive loads normally subjected to an intervertebral disc [124].
Another future direction is to look more into the regeneration and repair of the annulus tissues as
opposed to the nucleus tissues. Efforts for novel therapies have mainly been directed towards nucleus
tissue regeneration and replacement, however a main challenge is the development of strategies
and techniques that deal with the degenerated annulus, preferably in a combined approach with the
nucleus [121]. A recent study performed by Cruz et al. shows the possibility to help repair damaged
annulus fibrosus tissue through a cell-seeded adhesive biomaterial [123]. Multiple genipin-crosslinked
fibrin adhesive cell carriers were developed with varying genipin to fibrin ratios, to determine the
optimal composition for mimicking natural annulus fibrosus tissue. Among the adhesive cell carrier,
were encapsulated bovine annulus fibrosus cells to show the feasibility of cell delivery to the injured
tissue [123]. The cell-seeded adhesive demonstrated shear and compressive properties matching
those of the annulus fibrosus tissue, while significantly improving failure strength in situ. As well,
the adhesive showed increased cell viability and GAGs production [123]. These efforts could propel
the future of annulus repair, offering successful preventative methods, as opposed to perpetuating the
need for herniation surgeries and issues associated with them.

In the last few years, tissue engineered scaffolds for total intervertebral disc replacement have
risen to the forefront of current biomaterial literature and research in order to address the challenges
mentioned above [123,127–144]. Scaffolds have been fabricated using both natural and synthetic
materials, as well as most containing embedded cells for natural tissue growth and integration [127].
Two recent studies by Iu et al. and Yang et al. focus on total intervertebral disc replacement using a
hierarchically organized annulus fibrosus and a hydrogel-like nucleus pulposus, however differ with
respect to materials, procedures, and objectives [129,130]. Iu et al. focuses on an in vitro generated
intervertebral disc with the ability of tissue integration between the fabricated annulus and nucleus to
better mimic the natural disc [129]. The annulus fibrosus was created using six lamellae comprised
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of aligned nanofibrous polycarbonate urethane scaffolds cultured with annulus fibrosus cells in a
Dulbecco’s modified Eagle’s medium (DMEM) with 20% fetal bovine serum (FBS) for three weeks to
produce an integrated type I collagen-rich ECM [129]. This surrounded the nucleus pulposus tissue
comprised of a type II collagen- and aggrecan-rich ECM hydrogel which was cultured with nucleus
pulposus cells in DMEM with 20% FBS solution for four weeks [129]. Both tissues were then combined
and co-cultured to create the full intervertebral disc model with integration between the tissues [129].
It was shown that this system successfully integrated the annulus fibrosus lamellae not only to the
nucleus tissue, but also to each other, allowing for interlamellar connectivity. When biologically and
mechanically tested both in vitro and in vivo, the tissue engineered intervertebral disc showed no
inflammatory reaction and was able to stand up to the interlamellar and annulus-nucleus interface
shear forces experienced by the disc in the spine [129]. The in vitro studies demonstrated the possibility
to create an intervertebral disc with mechanically stable tissue integration that was able to grow similar
ECMs as the natural tissue. The in vivo studies demonstrated the ability of the engineered nucleus
pulposus to form tissue in vivo, as well as test the disc’s ability to develop intradiscal swelling pressure
under load [129]. However, this experiment was evaluated using a bovine caudal spine rather than a
human spine, resulting in a smaller intervertebral disc model, and would therefore need to pursue
further research to evaluate the scalability and suitability of the system for human biological disc
replacement [129]. Yang et al., on the other hand, focused on creating a total intervertebral disc
replacement that can integrate natural tissue in vivo, and demonstrates excellent hydrophilicity and
functional performance [130]. The hydrophilicity property of this scaffold is highly important for
not only the swelling properties of the disc for mechanical stability, but also diffusion of nutrients
through the disc for cell viability. The annulus fibrosus mimicry was fabricated using electrospun
polycaprolactone/poly(D,L-lactide-co-glycolide)/collagen type I nanofibers to create a hierarchically
organized, concentric ring-aligned structure, and the nucleus pulposus mimicry was fabricated
using an alginate hydrogel [130]. Both components were cultured for 3 days in a DMEM/F12, 10%
FBS, and 1% penicillin-streptomycin with a seeded cell density of 2500 cells/cm, and tested for
biocompatibility and mechanical integrity before being implanted into rat caudal spine models [130].
In vivo, the replacement discs demonstrated excellent hydrophilicity, mimicking the highly hydrated
native tissue, as well as shape maintenance, integration with surrounding natural tissue, acceptable
mechanical support, and flexibility [130]. This study shows the potential of scaffold materials as
intervertebral disc tissue engineering and regeneration platforms in vivo. However, like the previous
study, the fabricated disc was smaller than that of a human, since it was synthesized for a rat model,
resulting in the need for much lower mechanical properties for the materials. Therefore, further
research would be needed to scale this approach to human trials [130].

Bhunia et al. studied a method for correcting degenerative disc disease that lies between
annulus fibrosus repair and total intervertebral disc replacement [131]. Bhunia et al. focused
on the recapitulation of form and function of the intervertebral disc through a silk protein-based
multilayered, disc-like angle-ply annulus fibrosus scaffold comprising of multiple concentric lamellae.
The scaffold was fabricated to resemble the hierarchical structure of the natural tissue, which was
verified through electron microscopy [131]. These “biodiscs” demonstrated mechanical properties
similar to those of the native tissue, as well as support of human mesenchymal stem cell proliferation
and differentiation, and deposition of a sufficient amount of ECM after 14 days of culture. A section of
the biodisc was implanted subcutaneously in a mice model and retrieved after one and four weeks
of implantation, showing negligible immune response [131]. However, the proposed system lacked
the ability to replace the entirety of the intervertebral disc, leading to the need for further research
with the addition of an implantable nucleus. A recent study by Ghorbani et al. shows a promising
method for nucleus pulposus replacement utilizing an injectable hydrogel [132]. The hydrogel was
comprised of chitosan-β-glycerophosphate-hyaluronic acid, chondroitin-6-sulfate, type II collagen,
gelatin, and fibroin silk, in order to replicate the complexity of the natural nucleus pulposus ECM.
The synthesized nucleus demonstrated ideal hydrophilicity, stability, and strength when subjected
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to loads, with the storage modulus remaining nearly constant over a wide range of strain. In vitro
tests were conducted using MTT and trypan blue to quantify and qualify cell growth and cytotoxicity,
revealing the hydrogel to be cytocompatible with good cell attachment and growth [132]. Like the
study performed by Bhunia et al., the solution only focuses on nucleus replacement/regeneration,
therefore further research is needed with the combination of a tissue engineered annulus fibrosus.

As pointed out earlier, many of these studies use relatively weak electrospun scaffolds or
combinations thereof with hydrogels that lead to mechanical properties that are on the range of
rat native IVD but that are far from recapitulating those of human IVD. Recent studies have focused
their attention on the development of sophisticated scaffolds and materials that can better mimic
the outstanding mechanical properties of human IVD (Table 7). Novel materials and composites
on the form of hydrogels have been investigated for the replacement of the nucleus pulposus.
These include interpenetrating networks based on dextran, gelatin and poly (ethylene glycol) [133];
cross-linked collagen-II, aggrecan and hyaluronan [134]; and silk-fibrin and hyaluronic acid composite
hydrogels [135], among others. For the annulus fibrosus scaffolds on the shape of fibrous matts or polymer
films are generally preferred, mimicking the structure of the native tissue. To this end, novel materials
have also been investigated such as nanocellulose reinforced gellan-gum hydrogels [136]; electrospun
aligned polyurethane scaffolds or poly(trimethylene carbonate) structures prepared by lithography and
covered with a polyester urethane membrane [137], among others [138]. However, these studies report
on the fabrication of individual tissues rather than the recapitulation of the whole organ, what makes
difficult the extrapolation of these results to a more complete and practicable approach.

Hu et al. recently reported on the fabrication of 3D printed scaffolds based on the combination of
poly (lactic acid) (PLA) and gellan gum-poly (ethylene glycol) diacrylate (GG-PEGDA) double network
hydrogel [139]. This combination allowed fine tuning of the mechanical properties of the overall organ
by changing the infill patterns and the density of the PLA framework. Initial studies with in-situ
bioprinted human mesenchymal stem cells (hMSCs) show good cell viability and spreading within
the constructs. Although this first study shows an interesting 3D printing approach, the final scaffold
represents a rather homogeneous construct and not the clearly compartmented native organ. Yang et al.
overcame this issue by designing and fabricating a triphasic scaffolds that aimed at recapitulating
the three main structures of native IVD, the nucleus pulposus and the inner and outer rings of the
annulus fibrosus, while targeting the mechanical properties of human IVD [140]. The authors used a
chitosan hydrogel to mimic the inner nucleus pulposus that was then surrounded by a poly(butylene
succinate-co-terephthalate) (PBST) fiber film and a poly(ether ether ketone) (PEEK) ring to mimic
the inner and outer annulus fibrosus, respectively. This multi-layered structure was seeded with
porcine IVD cells and used on an in vivo porcine spine model. After 4 and 8 weeks of implantation
the cell-scaffold construct retained its original height and showed a histological gross appearance that
resembled that of the native tissue. Moreover, the compressive Young’s modulus of the construct
was 58.4 ± 12.9 MPa, similar to that measured for the native tissue (71.5 ± 18.2 MPa) [140]. Under a
similar concept, Choy et al. studied the potential of biphasic scaffolds for full IVD tissue engineering.
They developed a collagen and GAG hydrogel core that was encapsulated on a multiple lamella of
photochemically cross-linked collagen membranes, mimicking the nucleus pulposus and the annulus
fibrosus, respectively [141]. These constructs were capable of recovering up to 87% their original size
after compression and showed a dynamic mechanical stiffness similar of that of the native rabbit IVD.
Although this studied showed great promise in terms of mechanical properties and shape recovery of
the constructs, a detailed biological study is still missing [141].
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Other studies, such as those by Hudson et al., have focused more on the adaptation of tissue
engineered intervertebral discs when exposed to certain environments and conditions [142,143]. In both
studies, the intervertebral disc was fabricated by floating an injection molded alginate hydrogel
nucleus pulposus in a collagen type I annulus fibrosus that contracted around the nucleus given
ample time. This study showed that hypoxic expansion of human mesenchymal stem cells enhances
the maturation of the tissue engineered disc, as opposed to normoxic environments [142]. Hypoxic
conditions, which correlated to 1 to 5% oxygen content, resulted in an increase in ECM production,
as well as driving chondrogenesis of the embedded stem cells, when compared to normoxic conditions
(21% oxygen). Also, the hypoxic discs were stiffened up to 141%, and showed an increase in GAGs
and collagen content within the nucleus, compared to normoxic [142]. The results obtained in this
study show the benefit of hypoxic maturation of stem cells within the tissue engineered disc before
implantation, however, to fully grasp the effectiveness of this scaffold, in vivo tests will need to be
performed. Another study focused on the potential of dynamic unconfined compressive loading on
the tissue regeneration/deposition rate [143]. Each tissue engineered disc was subjected to mechanical
stimulation from a strain amplitude range of 1–10% for two weeks with a cycle of one hour on,
one hour off, one hour on. The discs were then evaluated for biochemical and mechanical properties,
which showed an increase in GAGs and hydroxyproline content, and equilibrium and instantaneous
modulus for both the nucleus and annulus [143]. These results suggest that dynamic loading increases
the functionality of the tissue engineered disc, with each section experiencing region dependent
responses, which could be used to expedite maturation for implantation. Although promising, further
research would need to be performed in vivo as well as on a larger scale models, bearing a closer
resemblance to the natural intervertebral disc [143].

Altogether, these studies show the need of further development and study of materials and
scaffolds fabrication techniques for the regeneration of full IVD. The outstanding mechanical properties
and complexity of the multi-phasic structure of the native organ will require the development of also
complex systems that can recapitulate these features.
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6. Conclusions

Although great strides have been made in the field of degenerative disc disease, there is still
a lot more progress to be made, given the challenges faced with every treatment option currently
available. In early stages of degenerative disc disease, noninvasive treatments or treatments such as
radiofrequency ablation and annulus fibrosus repair can be of great help, however they only mitigate
the symptoms instead of the actual cause. Noninvasive treatments face the challenges of only dealing
with some of the symptoms of the pain rather than dealing with the actual degeneration of the discs,
therefore allowing the discs to continue to degrade to the future point of needing invasive treatments.
Radiofrequency, although good for reducing pain, has the challenge of only lasting short term, a few
months to a year in most cases. Also, it is an expensive procedure that has to be repeated every six
months [109]. Annulus repair seems to be a better option for young adults with degeneration to the
point just before herniation to significantly reduce the need for future surgery, but faces challenges
of, again, only fixing the symptoms of the main problem as well as not being to mend any biological
changes/losses within the annulus [120]. When disc degeneration gets even worse, greater procedures
need to take place, such as spinal fusion surgery and TDR. Spinal fusion surgery is, as of today,
the most common life-long solution to severe disc degeneration, however it is struck with multiple
challenges such as significantly limiting mobility and adding additional stresses to the adjacent motion
segments potentially causing greater degeneration in other intervertebral discs [113]. TDR has been
shown to help retain the mobility that spinal fusion cannot, but can sometimes lead to hypermobility of
the joint, can wear and corrode causing a biological reaction in the body, and more often than not, does
not distribute load nor absorb shock, but rather transfers it directly into the adjacent vertebrae [118].
These challenges have led to vast research in the field of tissue engineering for disc degeneration.
Even though scaffolds for disc regeneration are taking strides in the right direction, many still remain in
a premature state. Each have their own benefits, but also complications, including scalability, tunability,
tissue integration, or optimal mechanical properties. Therefore, the gap between the translation of
this research to the clinic still remains fairly large with many hurdles to overcome, leading to the
need for future research [127,144]. With degenerative disc disease posing such a large problem for
individuals and society, and no current ideal treatment options that come without complications,
there is a welcoming for future research in the field of tissue engineered biomaterials for the solution
of total intervertebral disc replacement [128–144].
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Abstract: Polymeric tooth-colored restorations are increasingly popular in dentistry. However,
restoration failures remain a major challenge, and more than 50% of all operative work was devoted
to removing and replacing the failed restorations. This is a heavy burden, with the expense for
restoring dental cavities in the U.S. exceeding $46 billion annually. In addition, the need is increasing
dramatically as the population ages with increasing tooth retention in seniors. Traditional materials
for cavity restorations are usually bioinert and replace the decayed tooth volumes. This article
reviews cutting-edge research on the synthesis and evaluation of a new generation of bioactive dental
polymers that not only restore the decayed tooth structures, but also have therapeutic functions.
These materials include polymeric composites and bonding agents for tooth cavity restorations that
inhibit saliva-based microcosm biofilms, bioactive resins for tooth root caries treatments, polymers
that can suppress periodontal pathogens, and root canal sealers that can kill endodontic biofilms.
These novel compositions substantially inhibit biofilm growth, greatly reduce acid production and
polysaccharide synthesis of biofilms, and reduce biofilm colony-forming units by three to four orders
of magnitude. This new class of bioactive and therapeutic polymeric materials is promising to
inhibit tooth decay, suppress recurrent caries, control oral biofilms and acid production, protect the
periodontium, and heal endodontic infections.

Keywords: polymeric composites; bonding agents; antibacterial; oral biofilms; periodontal pathogens;
caries inhibition
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1. Introduction

Tooth caries is a widespread problem in the world. More than half of all dental restorations fail
within 10 years, and recurrent (secondary) caries is a main reason for failures [1–3]. Replacing the
failed restorations accounts for 50–70% of all tooth cavity restorations performed [4]. This represents
a large economic burden; for example, the annual expense for restoring tooth cavities in the U.S. was
$46 billion in 2005 [5]. In addition, the expense is rapidly climbing because of an aging population
with longer life expectancies, and seniors are retaining more and more of their natural teeth [6].
Tooth-colored polymeric composites and bonding agents are the primary materials for restoring tooth
cavities [3,7–12]. This is because advances in polymer chemistry and filler particle compositions
have enhanced the composite restoration properties [13–18]. However, one key disadvantage is that
polymeric composite materials tend to accumulate more oral biofilms than other dental materials such
as metals and ceramics [19]. Oral biofilms ferment carbohydrates and produce acids that can lead
to dental caries [20,21]. Therefore, researchers have devoted effort to synthesizing new antibacterial
polymers for dental applications [22–27]. In general, antibacterial dental resins and composites
can be divided into two classes. Class 1 uses polymerizable quaternary ammonium methacrylates
(QAMs) where the antibacterial agent is bonded to be part of the polymer network. Class 2 uses
filler particles with antibacterial activities that are filled into the polymer matrix. For class 1, QAMs
were developed and incorporated into dental polymeric materials [22,23]. The first such material,
12-methacryloyloxydodecyl-pyridinium bromide (MDPB), was copolymerized with dental polymers
and provided potent anti-biofilm effects [22,23]. Since then, other antibacterial resins were also
synthesized and exhibited the capability to hinder bacterial growth and biofilm formation [25,26,28–36].
For Class 2, antibacterial fillers such as silver, zinc oxide and bioglass particles were mixed into
polymer matrices, in which the antibacterial effect was achieved by the release of the agents [37–43].
While some studies reported sustainable long-term release of ions to exert antibacterial effects [44],
other studies showed that the release and antibacterial efficacy decreased with increasing time [42,43].
Controlled long-term release of antibacterial agents has great potential for dental applications to
combat caries and oral pathogens, especially via the use of nanotechnology and recharge and re-release
mechanisms. This article focuses on Class 1 and reviews innovative developments in QAM-containing
dental polymers and their exciting potential in restorative, preventive, root caries, periodontal, and
endodontic applications.

2. Antibacterial Polymeric Dental Composites

Novel antibacterial polymeric composites were synthesized with functions to reduce oral
biofilm acids and dental caries formation [22,23]. Antibacterial monomer MDPB was copolymerized
into a resin composite which substantially reduced the glucan synthesis by Streptococcus mutans
(S. mutans), a major cariogenic species, on the composite surface [45,46]. This was achieved without
negatively influencing the composite’s mechanical properties and degree of polymerization conversion.
A separate study synthesized polymeric composites with antibacterial and fluoride-releasing
properties, which caused a large decrease in S. mutans biofilm formation [26]. Another study
synthesized novel nanoparticles of quaternary ammonium polyethylenimine (QPEI) and incorporated
them into a polymeric composite [47]. The QPEI composite resulted in a strong anti-biofilm activity in
human participants in vivo against oral salivary bacteria [47]. In another study, researchers developed
a furanone-containing composite with antibacterial functions, achieving a 16%–68% decrease in the
viability of S. mutans grown on the composite surface [48].

Recently, a new class of QAMs with the alkyl chain length (CL) from 3 to 18 were developed
and mixed into dental polymers to develop composites [36]. The QAMs were developed using
a Menschutkin method in which a tertiary amine had reaction with an organo-halide [25,49].
Five QAMs with different CL values of 3 to 18 were produced. To fabricate a composite, the model
polymer matrix was made of bisphenol A glycidyl dimethacrylate (BisGMA) and triethylene glycol
dimethacrylate (TEGDMA) (Esstech, Essington, PA) which were mixed at 1:1 by weight, although
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the method was also applicable to other polymer matrices as well. To render the BisGMA-TEGDMA
resin light-curable, camphorquinone (0.2%) and ethyl 4-N,N-dimethylaminobenzoate (0.8%) were
added. This polymer matrix was denoted BT. To develop the composite, a filler level of 50% mass
fraction of silanated glass filler particles (barium boroaluminosilicate glass, median particle size
= 1.4 μm, Caulk/Dentsply, Milford, DE, USA) were incorporated for improving the mechanical
properties to enable the composite in load-bearing restorations [36]. In addition, nanoparticles of
amorphous calcium phosphate (NACP) were also mixed into the composite at a 20% mass fraction for
the releases of calcium and phosphate ions and remineralization properties. Each QAM with each CL
was incorporated into the composite at a 3% by weight [36]. The flexural strength and elastic modulus
of the composite indicated that adding 3% QAM did not negatively compromise the mechanical
properties (Figure 1A). All the QAM composites possessed mechanical properties similar to those of
the composite without QAM and a commercial control composite without antibacterial properties [36].

Figure 1. Mechanical properties of dental polymeric composites: (A) flexural strength, and (B) elastic
modulus (mean ± SD; n = 6). Adding QAMs with amine alkyl chain length (CL) from 3 to 18 produced
no significant loss in strength and elastic modulus. All QAM composites had mechanical properties
similar to control composites without QAM. Horizontal line indicates p > 0.1. Adapted from [36],
with permission from © 2015 Springer Nature.

To test the antibacterial properties, saliva from human donors was used as an inoculum to
obtain oral biofilms consisting of organisms from the mouth. This enabled the use of a dental plaque
microcosm biofilm model [36]. Live/dead staining assay of two-day biofilms grown on the composite
surface showed that increasing the CL of the QAM in the polymeric composite strengthened the
antibacterial potency, which was the greatest at CL16. Raising the CL further to 18 reduced the
antibacterial activity, compared to that of CL16. This was consistent with the lactic acid results from
the biofilms on the surfaces of the composites (Figure 2) [36]. The two-day microcosm biofilms grown
on the two control composite surfaces yielded the greatest amounts of lactic acid. Raising the CL
from 3 to 16 substantially reduced the lactic acid production, reaching the minimum acid at CL16.
Therefore, CL16 appeared to possess the strongest antibacterial activity among the groups tested.
For the composite with CL16, the acid production of the adherent biofilms was reduced by an order of
magnitude when compared with control composites. This acid reduction could contribute to reducing
tooth mineral dissolution and caries occurrence [36].

Regarding the antibacterial mechanism, the QAM-incorporated polymer composite had
quaternary amine N+ with positive charges which could interact with the cell membrane of the bacteria
having negative charges. This could disrupt the membrane and cause cytoplasmic leakage, leading to
bacterial death [30]. Other possible antibacterial mechanisms include preventing material transports
across the bacterial cell membrane, interfering with signaling pathways or adhesive molecules at the
bacterial wall, etc. It was suggested that quaternary ammonium materials with relatively long chains
would be particularly effective with insertion into the bacterial membrane, thus inducing physical
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disruption to compromise the bacteria [22,23,30]. Indeed, a previous report on antibacterial glass
ionomer materials showed greater antibacterial potency by using longer chain lengths [50]. Another
study on three-dimensional biofilms also demonstrated that the oral biofilm thickness and the mass of
biofilms were substantially reduced when the alkyl chain was raised from 3 to 16 [51]. These findings
are in agreement with Figure 2 showing an increasing antibacterial potency for composites with
increasing CL from 3 to 16, with CL16 being the most potent [36]. However, when CL was further
increased to 18, the anti-biofilm potency was reduced. A possible explanation may be that when
the alkyl chain becomes excessively long, the alkyl chain may be bent or curled. This would then
contribute to the partial covering of the positively-charged quaternary ammonium groups, thus to
some extent blocking the interactions electrostatically with the bacterial cells, and yielding a decrease
in the anti-biofilm efficacy [34,36]. Another possible reason is that increasing the chain length leads to
a larger thermal fluctuation amplitude that reduces the probability of these molecules penetrating into
the outer bacterial membrane. Further study is needed to determine and understand the relationship
between the quaternary amine chain length and the antibacterial potency. Meanwhile, tailoring
and tuning of the polymeric compositions are needed to optimize the anti-biofilm, acid reduction,
and mechanical and physical properties of dental composites.

Figure 2. Lactic acid production by two-day dental plaque microcosm biofilms on the composites vs.
QAM amine alkyl chain length (CL) (mean ± SD; n = 6). The polymeric composite using CL16 had
the strongest anti-biofilm activity. Values indicated by dissimilar letters are statistically significantly
different from each other (p < 0.05). Adapted from [36], with permission from © 2015 Springer Nature.

3. Antibacterial Dental Bonding Agents

Bonding agents are used clinically to adhere the restoration to enamel and dentin, enabling the
restoration to sustain repeated chewing forces in the oral environment without detachment. However,
the weakest link of the restoration is the bonded composite-tooth interface, and its failure is the
primary reason for the failure of the entire restoration. Therefore, extensive efforts were made to
enhance the dentin bond strength and investigate the mechanisms of the tooth-restoration bond [7,52].
Studies indicated that it would be advantageous for the bonding agent to be antibacterial in order
to suppress biofilm acids and avoid caries formation at the tooth–composite margins [22,23,28,29,31].
Studies suggested that antibacterial adhesives could help eradicate the residual bacteria inside the
tooth cavity, as well kill the invading bacteria due to marginal leakage, which otherwise would
allow the oral bacteria to invade into the tooth-restoration margins [28,29]. Indeed, previous studies
demonstrated that dental adhesives with MDPB incorporation were able to kill S. mutans growth [23,53].
In addition, methacryloxyl ethyl cetyl dimethyl ammonium chloride (DMAE-CB) was synthesized
and incorporated into adhesive to inhibit bacterial growth [54]. Furthermore, antibacterial primer
containing MDPB was also developed, which demonstrated strong antibacterial functions [53].

224



Materials 2018, 11, 1747

In addition to MDPB, chlorhexidine (CHX) particles were mixed into a primer to obtain antibacterial
properties [55]. Besides modifying commercial bonding agents with antibacterial agents, novel
experimental bonding agents with antibacterial functions were also developed.

More recently, a therapeutic adhesive was synthesized that contained three agents: a QAM named
dimethylaminododecyl methacrylate (DMADDM) with antibacterial activity, nanoparticles of silver
(NAg), and NACP for remineralization [56]. This bonding agent showed a long-term durability in
dentin bond strength. There was no reduction in dentin bond strength from one day to six months of
immersion in water, while the commercial control bonding agent lost approximately one-third of its
dentin bond strength at six months (Figure 3) [56]. Although many dental adhesives show satisfactory
dentin bond strength in the short term, the long-term durability and stability of the resin–dentin
interface remain a big challenge [57,58]. The resin–dentin bond strength demonstrated progressive
decreases with increasing time in aging [59–62]. The reason for this decrease was attributed to the
hydrolysis and enzymatic degradation of the exposed collagen and the adhesive resin, leading to the
degradation of the hybrid layer at the dentin–adhesive interface [60]. There was water sorption in the
aqueous oral environment because of the polar ether-linkages and the hydroxyl groups in the adhesive
resin [61]. This could cause hydrolysis especially for the relatively more hydrophilic components
in the resin [60,63]. Furthermore, the bacterial enzymes and the matrix metalloproteinases (MMPs)
in the host tissues likely contributed significantly to the hybrid layer degradation [64]. During the
dentin bonding, the MMPs were released and activated, which in turn could break down the collagen
fibrils which became unprotected in the hybrid layer [64–67]. Such a damage of the collagen would
in turn further increase the water sorption content, thus producing even more collagen degradation
and causing deterioration in the dentin bonded interface [58]. In previous studies, CHX was shown to
possess capabilities to inhibit the MMPs and suppress the enzymes [68]. Indeed, CHX was shown to
nearly completely inhibit the collagen degradation of the demineralized dentin [69,70]. However, CHX
can be dissolved in and cannot be co-polymerized with the resin, and, therefore, would be released
in a relatively short amount of time, thus losing its long-term anti-MMP efficacy [24]. In contrast,
DMADDM in Figure 3 was co-polymerized and immobilized in the polymer structure, and would not
be leached out to diminish its effect over time, and hence could provide long-term MMP-inhibition [56].
Its durable anti-MMP effect likely contributed to maintaining the dentin bond strength without any
decrease from one day to six months of water-aging treatment [56].

Figure 3. Dentin bonding. (A) Typical SEM image of the dentin–adhesive bonded region after one
day of immersion. “T” indicates resin tags. (A) is for the DMADDM + Nag + NACP group; similar
features were found in other groups. (B) Dentin bond strengths measured in shear (mean ± SD; n = 10).
Values indicated by dissimilar letters are significantly different from each other (p < 0.05). Water-aging
for six months caused a decrease of 35% in dentin bond strength for the commercial control bonding
agent. In sharp contrast, the novel bioactive bonding agents containing DMADDM, NAg, and NACP
showed no decrease in bond strength from one day to six months of water-aging. Adapted from [56],
with permission from © 2013 Elsevier.
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In addition, the bonding agent with DMADDM, NAg, and NACP incorporation possessed
a strong antibacterial function with no decrease in the antibacterial potency from one day to six months
of water-aging (Figure 4) [56]. This is consistent with the antibacterial agent being copolymerized
and covalently bonded with the polymer network. This long-term antibacterial activity is beneficial
considering that recurrent caries at the tooth-restoration margins is the primary cause for failures.
By suppressing biofilm growth and reducing acids and enzymes, the antibacterial bonding agent
could help suppress secondary dental caries. Furthermore, when the clinical requirements prevented
the complete removal of the caries tissues such as avoiding the perforation of the pulp, as well as in
minimal intervention dentistry [71], greater amounts of carious tissues were left in the tooth cavity.
These carious tissues contained numerous residual bacteria inside the dentinal tubules in the prepared
tooth cavity. The unpolymerized primer with the DMADDM anti-biofilm monomer, once applied to
tooth cavity, would have direct contact with the tooth structure when flowing into the dentinal tubules,
thereby eradicating the residual bacteria in the tubules. Then, upon polymerization, the adhesive
resin at the margin would be in contact with the new invading bacteria, thus inhibiting their growth
into the microgaps at the tooth-restoration interfaces [72]. While the six-month water-aging study
indicated that the DMADDM copolymerization and covalent bonding with the polymer network
enabled a long-term antibacterial activity, further longer-term study lasting for more than two years is
needed on dentin bond strength, biofilm response, and caries prevention at the margins.

Figure 4. Anti-biofilm bonding resin after water-aging for 6 months. (A,B) Typical confocal laser
scanning microscopy live/dead images for SBMP control; (C,D) DMADDM + Nag + NACP, at one
day and six months, respectively. DMADDM and DMADDM + NACP groups had features similar to
(C,D) (not shown). The novel bioactive bonding agent had primarily compromised bacteria. SBMP
control had mostly live bacteria. (E) Metabolic activity (mean ± SD; n = 6). The potent antibacterial
function remained after water-aging for six months. Adapted from Ref. [56], with permission from ©
2013 Elsevier.

4. Antibacterial Composite for Tooth Root Caries Treatments

Senior people generally show greater risks of forming tooth root caries due to gingival recession
and less saliva flow [73]. Periodontitis can lead to gingival recession, which in turn leads to more and
more root surfaces to be exposed to the oral environment. Reduced saliva leads to more plaque buildup
and less remineralization by saliva. These factors contribute to an increased risk of root caries. Root
caries can be treated with Class V restorations. However, these restorations often have margins that are
subgingival, which can provide pockets for bacterial growth that are difficult to clean, thus gradually
leading to the loss of the periodontal attachment of the tooth. Indeed, it is a well-established knowledge
that microbial biofilms are the primary etiological factor that causes periodontitis [74]. There are
three primary species that are most often found in subgingival plaque from the periodontitis and
periimplantitis areas: They are Porphyromonas gingivalis (P. gingivalis), Prevotella intermedia (P. intermedia),
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and Aggregatibacter actinomycetemcomitans (A. actinomycetemcomitans) [75]. In the periodontal pockets,
these bacteria can generate virulence factors which lead to the gradual loss of the alveolar bone and
the bone in periapical regions [75]. In areas with progressing periodontitis, P. gingivalis can serve as
a keystone pathogen and as a portion of the climax group in the periodontal biofilms [76]. Being
able to use estrogen and progesterone as an essential source of nutrients instead of using vitamin K,
the P. intermedia species is connected with pregnancy gingivitis and periodontitis [77]. The third
species, A. actinomycetemcomitans, is related to localized aggressive periodontitis. In addition to
these three species, the fourth species, Prevotella nigrescens (P. nigrescens), is related to both healthy
and diseased periodontium, and is biochemically comparable to P. intermedia [78]. In addition,
Fusobacterium nucleatum (F. nucleatum), the fifth species, is linked to greater probing depth and
periodontal ligament reduction [79]. Moreover, F. nucleatum can also promote the invasion of
P. gingivalis into the gingival epithelial and aortic endothelial cells [80]. Last, Enterococcus faecalis
(E. faecalis), the sixth species, is mainly considered an endodontic pathogen; however, it is also
discovered in biofilms in the regions and in the saliva of patients who have chronic types of periodontal
infections [81].

Therefore, these six species were selected in a recent study [82]. That study reported a novel
polymeric composite for Class-V tooth cavity restorations with therapeutic functions to combat the
six types of pathogens related to the start and the exacerbation of periodontitis [82]. The polymer
matrix consisted of ethoxylated bisphenol A dimethacrylate (EBPADMA) and pyromellitic glycerol
dimethacrylate (PMGDM) at 1:1 mass ratio (referred to as EBPM). Dimethylaminohexadecyl
methacrylate (DMAHDM) was added at 3% mass fraction into the composite. Disks of the polymeric
composite were transferred to a new 24-well plate. Each type of bacteria was inoculated in 1.5 mL
of medium at 107 CFU/mL concentration in each well and cultured for 24 h. Then, the biofilm-disk
constructs were transferred to new 24-well plates. New medium was added and the samples were
cultured for another 24 h, thus totaling two days of culture to grow biofilms on the polymer surface [82].
Figure 5 shows the biofilm biomass after curing for two days which was measured using the absorbance
values tested at OD600nm [82]. The commercial control composite and the EBPM composite with 0%
DMAHDM had similar biomass values. The EBPM composite with 3% DMAHDM had much less
biofilm biomass. Therefore, the DMAHDM composite diminished the biomass of the biofilms for all
six types of periodontitis-related pathogens [82].

In another study, protein-repellent agent 2-methacryloyloxyethyl phosphorylcholine (MPC) and
antibacterial agent DMAHDM were combined in the polymeric composite to inhibit periodontal
pathogens [83]. Figure 6 shows the polysaccharide amounts produced by the biofilms on the composites
with: (A) P. gingivalis, (B) P. intermedia, (C) A. actinomycetemcomitans, and (D) F. nucleatum [83]. Biofilms
on the commercial control composite and EBPM control composite produced similar quantities of
polysaccharide. In contrast, biofilms on the EBPM + 3DMAHDM + 3MPC composite produced
much less polysaccharide. Hence, the composite EBPM + 3DMAHDM + 3MPC could suppress
periodontal pathogens and their production of the extracellular matrix [83]. Furthermore, the addition
of MPC and DMAHDM into the polymeric composite did not adversely affect the mechanical
properties. In addition, the use of dual agents of MPC + DMAHDM exerted a substantially more
potent anti-biofilm activity, than using MPC or DMAHDM alone, against periodontal pathogens [83].
Therefore, the polymeric composite containing 3% DMAHDM and 3% MPC appeared to be the
optimal composition. It showed a high potential for applications in Class-V tooth cavity restorations
to inhibit periodontal biofilms, by reducing biofilm CFU by four orders of magnitude for all the types
of periodontitis-related pathogens examined in that study [83].
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Figure 5. The biomass results of two-day biofilms grown on composites, evaluated using crystal
violet assay and spectrophotometric optical density (OD600nm) (mean ± SD; n = 6): (A) P. gingivalis,
(B) P. intermedia, (C) P. nigrescens, (D) A. actinomycetemcomitans, (E) F. nucleatum and (F) E. faecalis.
The biofilm biomass on composites with DMAHDM was substantially reduced, as compared to that on
composite without DMAHDM. Bars indicated by dissimilar letters are significantly different from each
other (p < 0.05). Adapted from [82], with permission from © 2016 Elsevier.228
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Figure 6. Polysaccharide results in biofilms grown for two days on polymeric composites:
(A) P. gingivalis, (B) P. intermedia, (C) A. actinomycetemcomitans, and (D) F. nucleatum (mean ± SD;
n = 6). Values indicated by dissimilar letters are significantly different (p < 0.05). Adapted from [83],
with permission from © 2016 Elsevier.

5. Antibacterial Bonding Agents Inhibiting Periodontal Pathogens

Three bioactive agents (NACP for remineralization, MPC for protein-repellency, and DMAHDM
for anti-biofilm activity) were combined into a polymeric bonding agent to suppress periodontal
pathogens [84]. The adhesive contained PMGDM, EBPADMA, 2-hydroxyethyl methacrylate (HEMA)
and BisGMA at 45/40/10/5 mass ratio (referred to as PEHB). The dentin shear bond strength results
showed that adding 30% NACP into the adhesive did not compromise the dentin bond strength,
compared to the control without NACP. In addition, incorporation of 5% DMAHDM + 5% MPC into
both the primer and the adhesive did not negatively influence the dentin bond strength, compared to
PEHB-NACP group without DMAHDM and MPC [84]. However, the incorporation of 5% DMAHDM
+ 7.5% MPC did lower the bond strengths. Therefore, a mass fraction of 30% NACP was incorporated
into the adhesive, and mass fractions of 5% DMAHDM + 5% MPC were incorporated into both primer
and adhesive [84].

Figure 7 shows the (A) metabolic activity, (B) polysaccharide, and (C) biofilm colony-forming
units (CFU) for the multispecies periodontal biofilms [84]. The commercial bonding agent control
and the PEHB-NACP without DMAHDM and MPC had similar CFU counts, indicating that NACP
had little anti-biofilm activity. In contrast, DMAHDM or MPC each alone substantially decreased
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the biofilm CFU than those of the controls. Furthermore, the incorporation of 5% DMAHDM + 5%
MPC resulted in the lowest metabolic activity, polysaccharide, and biofilm CFU counts. The CFU
of the periodontal biofilm grown on the PEHB + 5DMAHDM + 5MPC polymer was three orders of
magnitude less than that grown on the PEHB control polymer [84].

 
Figure 7. Multi-species periodontal biofilm: (A) metabolic activities, (B) polysaccharides production,
and (C) CFU values on different dental bonding adhesive disks (mean ± SD; n = 6). The y-axis has the
log scale in plot (C). Values indicated by dissimilar letters are significantly different from each other
(p < 0.05). Adapted from [84], with permission from © 2017 RSC Advance.

On a clean polymer surface in the oral environment, the saliva-derived proteins deposit on the
polymer first, and then bacteria start to attach to the polymer. Salivary protein adsorption on the surface
is required and is a prerequisite for oral bacteria adherence on the polymer surface [85]. This mechanism
indicates that developing a protein-repellent polymer can greatly reduce biofilm growth on the polymer
restoration in the oral environment. MPC is a methacrylate with phospholipid polar group in the side
chain, with the capability to reduce protein adsorption and bacterial adhesion [34]. The mechanism
for the protein-repellency was attributed to that in the hydrated MPC polymer, a large amount
of free water exists around the phosphorylcholine groups which could detach the proteins [86].
Adding 5% of MPC into the bonding agent decreased the amount of protein adsorption by more than
an order of magnitude [84]. In addition, combining the MPC with DMAHDM incorporation produced
the strongest suppression of periodontal biofilms. The periodontal multi-species biofilm CFU was
approximately 109 counts on the control adhesive polymer. The CFU was decreased to 108 counts by
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the use of MPC. The CFU was lowered to 107 counts with the use of DMAHDM. In contrast, the CFU
was reduced to only 106 counts when both MPC and DMAHDM were used together in the bonding
agent [84]. This synergistic reduction in biofilm growth on polymer surfaces was related to the mode
of action, which was contact-inhibition [22,23]. When the cell membrane of the bacteria with negative
charges contacts the quaternary amine N+ with positive charges on the polymer, the membrane
could be disrupted, thus causing cytoplasmic leakage [30,47]. This mechanism of contact-inhibition
implied that, when the polymer surface was covered by the salivary protein pellicles, the polymer
surface was separated from the overlaying biofilm. This reduced the extent of contact, and hence the
contact-inhibition efficacy was decreased. Therefore, because of the protein-repellency of the MPC,
it helped diminish protein coverage on the polymer surface, thus exposing more polymer surface with
quaternary amine N+ sites, thereby promoting the contact-inhibition ability. Therefore, the dual use of
DMAHDM and MPC in the dental polymer could work synergistically to maximize the periodontal
bacteria inhibition capability [84].

6. Antibacterial Polymeric Endodontic Sealers

Endodontic treatment is needed to eradicate bacterial infection in the tooth root canal, to avoid
the microorganisms from harming the periapical healing and causing apical lesions [87]. Clinically,
the anatomic complexity of the tooth root canal renders the complete debridement of bacteria practically
impossible [88]. Such persistence of bacteria in the tooth root canal often results in post-treatment
diseases [89]. One promising approach to address this challenge is the development of antibacterial
root canal sealers with the capability to kill endodontic pathogens.

A recent study developed a bioactive endodontic sealer with a good sealing ability in bonding to
root dentin, indicated by a push-out strength being similar to those of commercial control without
bioactive properties [90]. The push-out bond strength results to root wall dentin are shown in Figure 8A.
The addition of 5% DMAHDM and 3% MPC into both the primer and the sealer paste did not adversely
influence the dentin bond strength. However, when 5% DMAHDM and 4.5% MPC were incorporated
together into the sealer, the push-out strength decreased. Hence, the composition of 5% DMAHDM
and 3% MPC was determined to be optimal and was employed for the endodontic sealer and the
primer [90]. Figure 8B shows the CFU results of the multispecies endodontic biofilms grown for
14 days on polymer samples. The commercial control group and the PEHB control polymer had similar
CFU results. The addition of either DMAHDM or MPC alone reduced the endodontic biofilm CFU.
The bioactive endodontic sealer containing 5% DMAHDM and 3% MPC had the lowest biofilm CFU.
The 14-day endodontic biofilm CFU on the PEHB + NACP + 5DMAHDM + 3MPC polymer samples
was three orders of magnitude less than that on the PEHB+NACP control polymer samples [90].

In a study on three-dimensional (3D) biofilms grown on dental polymer surfaces, the percentage
of live bacteria was determined as a function of the location of the 2D cross-section inside the 3D biofilm
at various distances from the polymer surface [91]. Near the surface of the polymer which contained
DMAHDM, there were more dead bacteria in the biofilm. In the 3D biofilm away from the polymer
surface, the percentage of live bacteria increased, likely due to a decrease in the contact-inhibition
efficacy [91]. These results are consistent with the results of the DMAHDM-containing endodontic
sealer, which achieved a greater reduction in the biofilm CFU at 3 days, compared to the reduction
at 14 days [90]. The reason for the more killing effect at 3 days, and less killing effect at 14 days, was
likely related to the contact-killing mechanism. The compromised bacteria on the polymer surface
acted as a bridge for the further adherence and growth of bacteria, and the next layer of bacteria
were away from the polymer surface with a reduced extent of contact-inhibition [92]. Therefore, the
contact-inhibition mode of action would indicate that the antibacterial activity against the 14-day
biofilms would be decreased because of a lack of direct contact when the microbes lived in the 3D
biofilm structure away from the polymer surface. Therefore, the 14-day biofilm model represented a
rigorous test of antibacterial activity. The fact that the PEHB + NACP + 5DMAHDM + 3MPC polymer
was able to successfully kill and reduce the 14-day biofilm CFU by three orders of magnitude (Figure 8)
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indicates a novel bioactive endodontic sealer with an extremely potent anti-biofilm function [90]. Novel
dental biomaterial development has the potential to bring tremendous benefits to treatment efficacy
and improve the quality of life [7–17,93,94]. Further investigation is needed to achieve the long-lasting
biofilm-eradication, therapeutic effects, and tooth-protection via the new bioactive dental polymeric
materials using clinically-relevant experiments in the oral environment of human participants.

Figure 8. Polymeric endodontic sealers. (A) The push-out bond strength values to tooth root dentin
(mean ± SD; n = 6). All the groups had similar strengths, except PEHB+NACP+5DMAHDM+4.5MPC
which had a lower strength (p < 0.05). (B) The CFU of endodontic biofilm on the endodontic sealer
grown for 14 days (mean ± SD; n = 6). In each plot, values with dissimilar letters are significantly
different from each other (p < 0.05). Adapted from [90], with permission from © 2017 Elsevier.

7. Conclusions

Currently available dental polymeric composites and bonding agents for tooth cavity restorations
are usually bioinert. Since oral bacteria and biofilms play an important role in dental caries
and oral infections, a new generation of dental polymeric materials are being developed that are
bioactive and possess therapeutic effects including antibacterial, acid-reduction, protein-repellent,
and remineralization capabilities. This article reviewed cutting-edge research on the development
and properties of novel antibacterial dental polymeric composites, antibacterial bonding agents,
bioactive root caries composites for senior patients, adhesives that can suppress periodontal pathogens,
and antibacterial and protein-repellent endodontic sealers that can kill endodontic pathogens.
Substantial reductions in oral biofilm metabolic activity, acid production, biomass, and polysaccharide
synthesis were achieved with the tailored polymeric compositions. Biofilm CFU counts were reduced
by three to four orders of magnitude. One advantage of QAM-containing polymers is that the
antibacterial agent is co-polymerized and covalently bonded with the polymer, and hence it has
long-term antibacterial function that is not leached out and lost over time. The disadvantage is that
QAM-polymers rely on the contact-inhibition mechanism, with reduced antibacterial efficacy when
the polymer surface is covered by a layer of salivary proteins. As alluded in the Introduction, one
potential future development would be to combine strategies from Class 1 and Class 2 so that the
dental polymer would possess long-term contact-inhibition as well as the release of antibacterial
agents to inhibit bacteria away from the polymer surface throughout the three-dimensional biofilm.
The advances in the anti-biofilm properties and therapeutic capabilities of the new generation of
dental polymeric materials are expected to bring significant benefits to a wide range of restorative and
preventive dental applications.
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Abstract: By copolymerizing an amphiphilic oxanorbornene monomer bearing N- tert-
butyloxycarbonyl (Boc) protected cationic groups with an oxanorbornene-functionalized
poly(ethylene glycol) (PEG) macromonomer, bifunctional comb copolymers were obtained. Varying
the comonomer ratios led to copolymers with PEG contents between 5–25 mol %. These polymers
were simultaneously surface-immobilized on benzophenone-bearing substrates and cross-linked
with pentaerythritoltetrakis(3-mercaptopropionate). They were then immersed into HCl to remove
the Boc groups. The thus obtained surface-attached polymer hydrogels (called SMAMP*-co-PEG)
were simultaneously antimicrobial and protein-repellent. Physical characterization data showed
that the substrates used were homogeneously covered with the SMAMP*-co-PEG polymer, and that
the PEG moieties tended to segregate to the polymer–air interface. Thus, with increasing PEG
content, the interface became increasingly hydrophilic and protein-repellent, as demonstrated by
a protein adhesion assay. With 25 mol % PEG, near-quantitative protein-adhesion was observed.
The antimicrobial activity of the SMAMP*-co-PEG polymers originates from the electrostatic
interaction of the cationic groups with the negatively charged cell envelope of the bacteria. However,
the SMAMP*-co-PEG surfaces were only fully active against E. coli, while their activity against
S. aureus was already compromised by as little as 5 mol % (18.8 mass %) PEG. The long PEG chains
seem to prevent the close interaction of bacteria with the surface, and also might reduce the surface
charge density.

Keywords: antimicrobial polymer; coatings; hydrogel; protein-repellent polymer; surface-attached
polymer network

1. Introduction

Bacterial infections related to the use of medical devices is one of the main causes of nosocomial
infections [1], and might cost the lives of up to 10 million people worldwide every year by 2050 if
current trends continue [2]. Thus, numerous strategies to prevent biofilm formation have been reported
in the past two decades [3–19]. One prominent strategy is to coat materials with polycationic surfaces
which then kill bacteria upon contact due to their interaction with the bacteria's negatively charged
cell membranes [9,20,21]. The exact mechanism of this interaction is still unclear, however it seems
as if charge density plays an important role to either damage the bacterial membrane or to pin the
bacteria to the surface and thereby prevent their proliferation [21–23]. However, it was also shown
that cationic polymer surfaces get contaminated by the debris of dead bacteria, and therefore they do
not prevent bacterial biofilm formation on the long run [24,25]. A number of studies have addressed
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this problem by combining antimicrobial and protein-repellent moieties in one material. This has been
nicely reviewed by Chen [26]. For example, Paris et al. grafted the antimicrobial peptide nisin onto
surface-immobilized anti-adhesive anionic hyaluronic acid [27]. Yang et al. coupled antibacterial
chitosan to protein-repellent poly(2-hydroxyethyl methacrylate) polymer brushes [28]. Ye et al.
presented a membrane that was surface-functionalized with block copolymer brushes containing
non-fouling polyzwitterionic moieties and antimicrobial quaternary ammonium parts [29]. In these
and other examples, some degree of simultaneous dual antimicrobial activity and protein-repellency
was obtained, yet they also demonstrate that the integration of anti-adhesive and antibacterial
components into one surface coating without loss of one of the two functionalities remains
a challenge [30]. We also previously reported the integration of polymeric synthetic mimics of
antimicrobial peptides (SMAMPs) and protein-repellent polyzwitterions, either side-by-side using
micro-/nanostructuring approaches [31,32], or hierarchically using a grafting-onto approach [31].
However, these were either obtained via complicated, multi-step procedures (which is undesirable for
technical applications) [31,32], and/or the surface modification could not be sufficiently controlled,
so that no clear structure–property relationships were obtained [31].

We here present a bifunctional comb copolymer consisting of antimicrobial, polycationic SMAMP
moieties and protein-repellent poly(ethylene glycol) (PEG) side chains (Scheme 1). SMAMPs are well
known for their high antimicrobial activity combined with good cell compatibility [33], yet they are
also protein-adhesive due to their cationic nature [25]. PEG, on the other hand, is well known for its
protein-repellency [17,34]. The aim of this study was to investigate the structure–property relationships
of such SMAMP-PEG copolymers, and to see whether simultaneously bifunctional materials could
be obtained using this synthetic platform. Importantly, the PEG moieties were obtained through
a macromonomer, so that the resulting material had a hierarchical structure, with PEG extending over
the SMAMP moieties. The question was how much PEG was needed to sufficiently shield the SMAMP
moieties from proteins, yet still retain the antimicrobial activity. For this, copolymers with varying
SMAMP and PEG content (5, 10, and 25 mol % PEG, named SMAMP*-co-X%PEG, where X refers to the
PEG content) were synthesized and surface-immobilized, and their physical properties and bioactivity
were evaluated and compared.

2. Experiment

2.1. Materials

All chemicals were obtained as reagent grade from Sigma-Aldrich (Taufkirchen, Germany),
Carl Roth (Karlsruhe, Germany), Fluka (Taufkirchen, Germany), or Alfa Aeser (Karlsruhe, Germany),
and used as received. High performance liquid chromatography (HPLC) grade solvents were
purchased dry from Carl Roth (Karlsruhe, Germany), and used as received. Dichloromethane (DCM)
was freshly distilled over P2O5 before use.

2.2. Instrumentation.

Gel permeation chromatography (GPC, in THF, calibrated with poly(styrene) standards) was
performed on a PSS SDV column (PSS, Mainz, Germany). NMR spectra were recorded on a Bruker
250 MHz spectrometer (Bruker, Madison, WI, USA). MALDI-TOF mass spectra were measured
on Bruker Autoflex III TOF/TOF mass spectrometer (Bruker, Billerica, MA, USA) equipped with
a 200 Hz beam laser. The measurement was performed by using trans-2-[3-(4-tert-butylphenyl)-
2-methyl-2-propenylidene]malononitrile (DCTB) as matrix and Na+ as ionization agent in CHCl3.
Measurements were done at the Institute for Macromolecular Chemistry of the University of Freiburg.
The thickness of the dry polymer layers on silicon wafers was measured with the auto-nulling imaging
ellipsometer Nanofilm EP3 (Nanofilm Technologie GmbH, Göttingen, Germany), which was equipped
with a 532 nm solid-state laser. For each sample, the average value from three different positions was
taken. The irradiation of samples with UV light was conducted using a BIO-LINK Box (Vilber Lourmat
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GmbH, Eberhardzell, Germany) with different wavelengths (254 and 365 nm). Attenuated total
reflection Fourier transform infrared spectroscopy (ATR-FTIR) spectra were recorded from 4000 to
400 cm−1 with a Bio-Rad Excalibur spectrometer (Bio-Rad, München, Germany), using a spectrum of
the blank double side polished silicon wafer as background. Double side polished silicon wafers were
used as substrates for the FTIR experiments. Contact angles were measured on an OCA 20 system
(Dataphysics GmbH, Filderstadt, Germany). The average value of the contact angles was calculated
from four measurements per sample. The topography of the surfaces was imaged with a Dimension
Icon atomic force microscope (AFM) (Bruker). Commercial Bruker ScanAsyst Air cantilevers (length:
115 μm; width: 25 μm; spring constant: 0.4 Nm−1; resonance frequency: 70 kHz) were used. All AFM
images were recorded in the ScanAsyst mode in air, respectively. The obtained images were analyzed
and processed with the software ‘Nanoscope Analysis 9.1’. For each sample, the root mean square
(RMS) average roughness from three images of an area of 5 × 5 μm2 at different positions was taken.
Photoelectron spectroscopy (XPS) data was obtained from on a Perkin Elmer PHI 5600 ESCA System
(PerkinElmer, Waltham, MA, USA). The X-ray source was a Mg anode with an energy of 1253.6 eV.
The aperture size was 400 μm, the angle was 45◦. The typical measurement size is 10 μm2. Samples
were measured at room temperature. Surface plasmon resonance spectroscopy (SPR) experiments were
performed on a RT2005 RES-TEC device in Kretschmann configuration from Res-Tec, Framersheim,
Germany. Excitation was done with a He-Ne-Laser with λ = 632.8 nm. SPR substrates were homemade
(LaSFN9 glass from Hellma GmbH, Müllheim, Germany; coated with 1 nm Cr and 50 nm Au at
the Cleanroom Service Center (RSC) of the Department of Microsystems Engineering, University of
Freiburg, using the device CS 730 S (Von Ardenne, Dresden, Germany). The set-up and measuring
procedures of the kinetics experiments and the full angular reflectivity scans have been reported
previously [25]. Experiments to test the antimicrobial activity of the polymer networks were performed
using a previously described spray assay, which is a modification of the Japanese Industrial Standard
JIS Z 2801:2000 “Antibacterial Products Test for Anti-bacterial Activity and Efficacy”, and was reported
previously [35]. S. aureus (ATCC29523) and E. coli (ATCC25922) were used.

2.3. Synthesis

Monomers—The synthesis and characterization of the monomers P and M was described
previously [36,37].

Copolymerization—Polymerizations were performed under nitrogen using standard Schlenk
techniques. The respective amounts of propyl SMAMP and PEG monomers were dissolved in
anhydrous THF (5 mL for SMAMP-co-5%PEG and SMAMP-co-10%PEG copolymers, and 6 mL for
SMAMP-co-25%PEG copolymer). The Grubbs third generation catalyst was dissolved separately
in 2 mL anhydrous THF and added to the monomers solution in one shot. After 40 min stirring,
the polymerization was quenched by adding 1 mL (750 mg, 10 mmol) ethyl vinyl ether. The mixture
was stirred for 30 min. The solvent was removed under reduced pressure and the crude polymer was
purified by precipitation into a cold diethyl ether/n-hexane mixture, yielding white solid. Yield: 80%.
The reagent amounts for each copolymer are included in Table 1. The SMAMP reference polymer was
synthesized as reported previously [33].

Table 1. Reagent amounts for the synthesis of the SMAMP-co-PEG polymers.

Polymer
Monomer M Monomer P Catalyst G3 Solvent

n/mmol m/mg n/mmol m/mg n/mmol m/mg mL

SMAMP*-co-5%PEG 0.07 116 1.36 500 5.7·10−3 4.2 7
SMAMP*-co-10%PEG 0.15 244 1.36 500 6.5·10−3 4.7 7
SMAMP*-co-25%PEG 0.45 733 1.36 500 9.5·10−3 6.9 8
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Surface anchor groups and surface functionalization—The molecule used to covalently bind the
SMAMP-co-PEG copolymers to the Si surfaces was a benzophenone-functionalized triethoxysilane
(3EBP); a lipoic acid disulfide (LS-BP) was used for the gold substrates for the surface plasmon
resonance spectroscopy (SPR) experiments. LS-BP and 3EBP-silane were synthesized as described
previously; the surfaces were also functionalized as described previously [25,33].

Surface-attached polymer networks. A stock solution (Solution A) was prepared by
dissolving pentaerythritol-tetrakis-(3-mercaptopropionate) (1 mL, 1.3 g, 2.6 mmol) in THF (50 mL).
SMAMP-co-5%PEG copolymer (10 mg, 0.02 mmol), SMAMP-co-10%PEG (11 mg, 0.02 mmol),
or SMAMP-co-25%PEG (14 mg, 0.02 mmol) were dissolved in Solution A (0.25 mL). Chloroform
(0.8 mL) was added as co-solvent. The mixture was stirred for 60 s. From this solution, a polymer
film was spin cast onto a 3-EBP treated silicon wafer or a LS-BP treated gold substrate at 3000 rpm for
30 s. The resulting polymer film was cross-linked at 254 nm for 30 min. It was then washed with THF
to remove unbound polymer chains and dried under N2-flow. To remove the Boc protective groups,
the film was immersed in HCl (4 M in dioxane) for 12 h and washed twice with ethanol, and dried
under N2-flow.

Physical and biological characterization—All experiments were performed as reported previously
for other surface-attached polymer networks [25].

3. Results and Discussion

3.1. Material Design

The two above described functionalities were combined by copolymerizing the
oxanorbornene-functionalized PEG macromonomer M with the oxanorbornene monomer P
via ring-opening metathesis polymerization (ROMP, Scheme 1). The P moieties carry each a propyl
group and a N-Boc protected primary amine group, which would be cationic after removal of the
Boc group. This would impart antimicrobial activity onto the polymer upon deprotection. The thus
obtained N-Boc-protected SMAMP-co-PEG copolymers were simultaneously surface-attached and
cross-linked by UV-activated thiol-ene reactions with pentaerythritoltetrakis(3-mercaptopropionate)
and the polymer double bonds, and by C,H insertion reactions between the benzophenone groups
on the substrate and polymer CH-bonds (Scheme 1). After surface-attachment and deprotection
(giving SMAMP*-co-PEG surfaces), the cationic moieties of the SMAMP* repeat units and the PEG
grafts microphase separated. Thus, by varying the PEG content of the copolymer, the domain sizes
and the content of PEG at the polymer–air interface could be controlled, so that materials with
simultaneous protein repellency and antimicrobial activity were obtained, as described in detail below.

3.2. Monomer Synthesis

The protected cationic monomer P and the PEG macromonomer M were each synthesized
in a two-step reaction following the procedures described in the literature (Scheme 1a,b) [36,38].
To synthesize P, the oxanorbornene anhydride 1 was ring-opened by 1-propanol in the
presence of catalytic amounts of a base (N,N-dimethylaminopyridine, DMAP), so that the
propyl ester 2 was obtained. In the second step, the remaining carboxyl functionality was
esterified with 2-(N-Boc)aminoethanol using standard peptide coupling conditions (DMAP and
dicyclohexylcarbodiimide, DCC, Scheme 1a) [33,37]. In a similar reaction sequence, anhydride 1
was ring-opened by an ω-methoxy PEG alcohol with 16 repeat units (average molecular weight
Mn = 750 g mol−1

, Scheme 1b) using DMAP as base; the second PEG chain was attached to the
carboxyl group of intermediate 3 using DMAP/DCC, so that the symmetrical macromonomer M was
obtained (Scheme 1b). The 1H-NMR spectra of the monomer P and the macromonomer M obtained
after monomer purification matched the literature data [36,38]. In particular, the NMR spectrum of
macromonomer M, with less peaks than the spectrum of intermediate 3, indicated that a symmetrical
two-armed compound was obtained (Figure S1a). Both the macromonomer M and the intermediate 3
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were analyzed by gel-permeation chromatography (GPC, in THF, Figure S1b). In the GPC elugram,
both M and 3 had a single peak with a low polydispersity index (Mw/Mn = 1.04). The macromonomer
M eluted at shorter retention times than the intermediate 3, i.e., it had a higher molar mass. Notably,
there was no peak at the elution time of the intermediate, indicating that a quite pure macromonomer
was obtained. Using a calibration curve (polystyrene standards), the number average molar mass
Mn of M was calculated as 1920 g mol−1, and that of 3 as 960 g mol−1. Both numbers are in good
correlation with the expected masses (=oxanorbornene head group + PEG residues). The structure of
the macromonomer was further confirmed by MALDI-TOF mass spectrometry (Figure S1c). All these
findings matched literature reports [36].

Scheme 1. Synthesis of the protected propyl monomer P (a) and the PEG macromonomer M (b).
Copolymerization of P and M with different mass ratios gave the copolymer SMAMP-co-PEG (c).
Using UV irradiation, the copolymers were simultaneously surface-immobilized on a substrate
pre-treated with a benzophenone linker, and cross-linked using the tetrathiol cross-linker (d).

3.3. Polymer Synthesis

The copolymers SMAMP-co-PEG were obtained by ring-opening metathesis polymerization
(ROMP) using Grubbs' third generation catalyst (G3). The monomer P and the macromonomer M
were copolymerized with different P:M ratios in dry tetrahydrofuran, so that copolymers with 5,
10, and 25 mol % PEG content were obtained (Scheme 1c; samples were named SMAMP-co-5%PEG,
SMAMP-co-10%PEG, and SMAMP-co-25%PEG, respectively). The isolated yield after work-up by
precipitation into diethyl ether/n-hexane was about 80%. The polymers thus obtained were analyzed
by 1H-NMR spectroscopy (Figure 1a). Due to structural similarity, many peaks from the propyl SMAMP
repeat unit and the PEG repeat unit overlapped. However, the characteristic peak at 3.64 ppm could
be assigned to the methylene protons of the PEG component (OCH2CH2), while the peak at 1.63 ppm
belonged to two propyl methylene protons of the SMAMP repeat unit (CH2CH2CH3). Thus, the PEG
content of the copolymers could be determined by integrating and comparing these two signals.
The data thus obtained is summarized in Table 2. The actual PEG content, as determined by NMR,
was 4.5, 8.1, and 22.1% respectively. This closely matched the initial monomer feed ratio, demonstrating
the high efficiency of the polymerization. The molar masses and molar mass distributions of the
polymers were determined by gel-permeation chromatography (GPC, in THF using polystyrene
standards). The GPC elugrams thus obtained are shown in Figure 1b, the analytical data are
summarized in Table 2. The GPC peaks of the copolymers were symmetrical, monomodal, and elute
significantly earlier than macromonomer M. This confirms that high molecular masses were obtained.
While the target molecular mass for all polymers were 100,000 g mol−1, the calculated masses were
significantly lower (66,000; 63,000; and 50,000 g mol−1, respectively). This can be explained by the
different hydrodynamic volumes per unit mass of the comb polymers compared to the calibration
standard: first, the chemical nature of the repeat units was different, and second and more importantly,
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the samples were highly branched. The polydispersity indices were 1.2 to 1.6 and thus a little higher
than what would be expected for ROMP, however this can be attributed to one monomer being
a macromonomer: these are generally more difficult to polymerize than conventional low molar
mass monomers.

Figure 1. (a) 1H-NMR spectra of the three SMAMP-co-PEG copolymers (in CDCl3) with 5, 10,
and 25 mol % PEG content. The PEG content was calculated by comparing the signal integral of
the methylene protons from the SMAMP propyl chain at 1.63 ppm to the peak intensity of the ethylene
glycol protons of the PEG repeat unit at 3.64 ppm. The asterisks (*) indicate water peaks. (b) GPC
elugrams (in THF, calibrated with polystyrene standards) of SMAMP-co-PEG copolymers with 5, 10,
and 25 mol % PEG content, compared to the GPC elugram of the macromonomer M.

Table 2. Characterization of the three SMAMP-co-PEG polymers. The PEG content determined from
the 1H-NMR spectra was compared to the calculated values; the number average molar mass Mn and
the polydispersity index (Mw/Mn) were determined by gel permeation chromatography.

Copolymer SMAMP to PEG Ratio

PEG Content

Mn/kg mol−1 Mw/Mnmol % mass %

calc. NMR calc. NMR

SMAMP-co-5%PEG 95:5 5 4.5 18.8 17.3 66 1.3
SMAMP-co-10%PEG 90:10 10 8.1 32.8 28.0 63 1.6
SMAMP-co-25%PEG 75:25 25 22.1 59.5 55.6 50 1.2

3.4. Synthesis and Physical Characterization of Surface-Attached Polymer Networks.

To obtain bifunctional polymer surfaces with antimicrobial and protein-repellent moieties,
the SMAMP-co-PEG polymers were surface-immobilized as networks (Scheme 1d), and then activated.
For this, they were each dissolved in a mixture of CHCl3 and THF, to which the cross-linker
pentaerythritoltetrakis(3-mercaptopropionate) (=tetrathiol) was added. This solution was spin-coated
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onto a solid substrate (either a silicon wafer or a gold substrate) that had been functionalized with
benzophenone as reported previously [25,33]. Upon UV irradiation, the polymers were simultaneously
cross-linked (by thiol-ene reaction of the polymer double bonds with the SH groups of the crosslinker)
and surface-immobilized (by C,H insertion reactions between the surface-attached benzophenone
groups and C-H bonds of the polymer). The samples were then washed with THF to remove
unbound cross-linker and polymer chains. To remove the N-Boc protective group and thereby
activate the antimicrobial function of the SMAMP repeat units, the surfaces were treated with
hydrochloric acid. The resulting SMAMP*-co-PEG networks as well as their SMAMP-co-PEG
precursors with the protective groups were characterized by ellipsometry, contact angle measurements,
FTIR spectroscopy, atomic force microscopy (AFM), and photoelectron spectroscopy (XPS). The results
of these measurements, compared to the data obtained for pure SMAMP networks (synthesized
as described previously) [33], are summarized in Table 3. After deprotection, the thickness of the
SMAMP*-co-PEG networks (determined by ellipsometry) decreased slightly (to 71 to 93 nm, Table 3)
compared to the SMAMP-co-PEG networks, which due to the removal of the N-Boc protective
groups. The hydrophilicity of the networks was investigated by static and dynamic water contact
angles measurements. Overall and matching expectations, the contact angles of the protected
and the deprotected networks decreased with increasing PEG content. Thus, the hydrophilicity
of these surfaces increased with increasing content of hydrophilic PEG. The FTIR spectra of the
protected and the deprotected networks are shown in Figure 2a. These data show that there is great
structural similarity between the protected SMAMP-co-PEG networks (grey line) and their deprotected
SMAMP*-co-PEG analogues (black lines). Both had the stretching vibration of C=O at 1732 cm−1.
The stretching vibration of C–O was found at about 1140 and 1230 cm−1, and the C–H stretching
vibrations of the aliphatic CH3 and CH2 groups were in the range of 2870 to 2950 cm−1. The spectra
of the protected surfaces exhibited an additional characteristic peak at about 3400 cm−1, which was
assigned to amide NH stretching vibration of the of N-Boc protective groups. This absorption band
was weaker for the samples that had a higher PEG content and completely disappeared after acidic
deprotection of the networks. Instead, a new absorption peak at about 1583 cm−1 was observed, which
corresponds to the deformation vibration of the NH2 and NH3

+ groups. Again, the intensity of this
band decreased with higher PEG content, which is plausible as this corresponds to decreasing SMAMP
content. Overall, these FTIR spectra confirmed the presence of the expected functional groups in the
surface-attached SMAMP-co-PEG and SMAMP*-co-PEG copolymer networks, and indicated that the
activation step (removal of the N-Boc group by HCl) was successful.

Table 3. Physical characterization data of SMAMP-co-PEG networks (protected) and SMAMP*-co-PEG
networks (deprotected). The dry layer thickness was determined by ellipsometry; θstatic, θadv and
θrec = static, advancing and receding contact angles; rms roughness was determined by atomic force
microscopy (AFM) from the images shown in Figure 2b.

SMAMP SMAMP*
SMAMP

-co-5% PEG
SMAMP*

-co-5% PEG
SMAMP

-co-10% PEG
SMAMP*

-co-10% PEG
SMAMP

-co-25% PEG
SMAMP*

-co-25% PEG

Thickness/nm 62 ± 2 53 ± 4 86 ± 2 79 ± 1 101 ± 2 93 ± 1 79 ± 2 71 ± 3
θstatic/◦ 82 ± 2 51 ± 1 89 ± 1 52 ± 2 85 ± 3 51 ± 2 79 ± 1 46 ± 2
θadv/◦ 91 ± 4 56 ± 2 90 ± 2 61 ± 2 87 ± 1 58 ± 3 85 ± 2 52 ± 1
θrec/◦ 43 ± 4 26 ± 2 42 ± 3 24 ± 2 41 ± 1 27 ± 1 37 ± 3 22 ± 2

Roughness/nm 2.1 1.1 1.9 0.6

The morphology of the deprotected surface-attached SMAMP*-co-PEG networks was
characterized by atomic force microscopy (AFM) using the peak force tapping mode. The resulting
height images are shown in Figure 2b, together with a height image of SMAMP* for comparison.
The SMAMP* network has the typical morphology obtained for surface-attached polymer networks
that are cross-linked by an additional low molecular weight cross-linker [33,39]: small pores with
a diameter of about 100 nm formed (previous areas of excess cross-linker), which are surrounded by
a homogeneous polymer coating with a relatively low rms roughness (2.1 nm). These pores are also
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observed for the SMAMP*-co-PEG networks. The slightly different pore sizes in the various samples
reflect the different polymer compositions, with a different overall hydrophilicity. This leads to
a slightly different partition of the tetrathiol cross-linker between the polymer and the pure cross-linker
microphases. Interestingly, the SMAMP*-co-PEG networks with 5 and 10 mol % (corresponding to
about 19 to 32 mass % PEG) have further structural features. For the SMAMP*-co-5%PEG sample,
small dots of PEG-rich domains in a SMAMP matrix can be seen. When the PEG content increased
to 10 mol %, the PEG domains increased further, forming irregular wormlike patterns. For surfaces
with 25 mol % PEG (corresponding to about 60 mass % PEG), the morphology appeared to be more
homogeneous. Apparently, the PEG arms segregate to the surface and cover a large area of the
polymer–air interface. It is well known that the highly mobile and hydrophilic PEG chains can
easily rearrange on the surface depending on copolymer composition and environmental influences
(e.g., humidity) [40,41].

Figure 2. (a) FTIR spectra of the surface-attached SMAMP and SMAMP-co-PEG networks (grey lines),
as well as the deprotected SMAMP* and SMAMP*-co-PEG networks (black lines). The black arrows
indicate the signals of the Boc protective group of the SMAMP units, the open arrows designate the
deprotected amine and ammonium groups. (b) AFM height images of the activated SMAMP*-co-PEG
and SMAMP* networks (peak force tapping mode in air). The RMS roughness (Table 3) was calculated
from these images using the Gwyddion software package.

The SMAMP* and SMAMP*-co-PEG networks were also analyzed by photoelectron spectroscopy
(XPS). Using this method, the elemental composition on the top of few nanometers of each sample was
probed. The XPS data obtained for carbon, nitrogen, and oxygen, as well as the elemental compositions
of these of these polymers calculated from their molecular formulae are presented in Table 4. For all
polymers, the carbon and oxygen contents determined by XPS were a little higher than the calculated
data, yet there is no trend in that data that would indicate a preferred polymer orientation at the
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interface with increasing PEG content. The amount of nitrogen, however, decreases disproportionately
in the XPS/calc. signal ratio with increasing PEG content. Thus, with increasing PEG content, the PEG
chains seem to dominate the air-polymer interface, while SMAMP gets hidden underneath. This is in
line with expectations since the PEG chains are longer and more flexible than the SMAMP repeat units.
Thus, the XPS data complement the FTIR, ellipsometry, contact angle, and AFM results.

Table 4. XPS data for the surface-attached SMAMP* and SMAMP*-co-PEG networks (deprotected),
compared to the elemental composition of these polymers calculated from their respective
molecular structures.

Polymer

Elemental Composition/%
Ratio XPS/calc.

XPS calc.

C 1s N 1s O 1s C N O C N O

SMAMP* 71.2 3.2 25.6 68.4 5.3 26.3 1.04 0.61 1.02
SMAMP*-co-5%PEG 70.6 3.1 26.3 68.3 5.0 26.7 1.03 0.62 1.02
SMAMP*-co-10%PEG 70.1 2.8 27.1 68.2 4.7 27.0 1.03 0.38 1.03

SMAMP*-co-25%
PEG 70.5 1.3 28.2 68.0 3.9 28.1 1.04 0.33 1.04

3.5. Protein Adhesion and Antimicrobial Activity of Surface-Attached Polymer Networks.

To verify that the bifunctional copolymer networks were indeed protein-repellent, their interaction
with the protein fibrinogen was studied by surface plasmon resonance spectroscopy (SPR). For this,
the SMAMP*-co-PEG networks and a pure SMAMP* reference network were surface-immobilized on
gold substrates as described previously [25,31,33]. After each fabrication step, full angular reflectivity
curves were recorded (see Figure S2). After that, the activated surfaces were exposed to fibrinogen
(1 mg mL−1 in HEPES buffer). The interaction of this protein with the surfaces was monitored by SPR
using the kinetics mode, where time-dependent changes in reflectivity at constant angle were measured
at room temperature. Additionally, full angular reflectivity curves of the dry surfaces were recorded
before and after the kinetics experiments to quantify the amount of irreversibly adhered protein.

In the kinetics experiment (Figure 3a), the surfaces were first exposed to buffer for about 10 min.
The dashed line marks the time point of protein injection. If the reflectivity signal stays constant over
time, no protein is adsorbed. If it increases, protein adheres to the surface and thereby changes the
dielectric properties of the sample. For SMAMP*-co-25%PEG (light grey line), only very little protein
adhesion was observed. For the other samples, protein adhesion was visible and increased with
decreasing PEG content. This was confirmed by the full angular reflectivity scans recorded before and
after protein adhesion (Figure 3b): For SMAMP*-co-25%PEG, the position of the plasmon peak was
almost unchanged. For the other samples, its minimum shifted to higher angles. By simulating these
curves using the Winspall software, the protein adhesion can be quantified. This data is summarized
in Table 5. It shows that the PEG content on the SMAMP*-co-10%PEG surfaces was already too
low to substantially suppress fibrinogen adhesion and to work against the adhesive forces exerted
on the negatively charged protein molecules by the cationic SMAMP* groups. On the other hand,
SMAMP*-co-25%PEG adsorbed only 0.99 ng fibrinogen per mm2. In this case, the PEG coverage on the
surface was high enough to substantially screen the electrostatic attraction of SMAMP* ammonium
cations. However, quantitative protein repellency was also not observed.

The antimicrobial activity of the surface-attached SMAMP*-co-PEG networks was studied using
the standardized airborne antimicrobial assay [35]. In this experiment, two pathogenic bacterial strains,
Gram-negative Escherichia coli and Gram-positive Staphylococcus aureus, were sprayed onto the test
surfaces. As reported previously [35], uncoated silicon wafers (negative control) and uncoated silicon
wafers impregnated with chlorhexidine digluconate (positive control) were tested along with the
polymer coated samples. Each surface was sprayed with bacterial suspensions containing 106 bacteria
per cm3 and incubated for four hours. After that, the surviving bacteria were transferred onto
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agar plates and cultivated, each surviving bacteria forming a colony. By counting these colonies,
the antimicrobial activity could be quantified (Figure 3c,d). The assay was performed twice with
five samples of each material type. The error bars are the standard deviation calculated from these
data. The antimicrobial activity of each polymer surface was reported as bacterial growth (in percent)
normalized to the negative control. Unexpected, all surface-attached SMAMP*-co-PEG networks,
regardless of their PEG content, killed ≥99.9% of the adherent E. coli bacteria and were thus bactericidal.
However, the polymer surfaces were significantly less effective against S. aureus bacteria—here,
the killing efficiency decreased with increasing PEG content from 89% killing (11% growth) for the
surfaces with 5 mol % PEG content, up to 52.6% killing (47.4% growth) for the surfaces with 25% PEG
content. In contrast, the SMAMP* surface had excellent antimicrobial activity [33].

Table 5. Bioactivity data of SMAMP*-co-PEG samples and the SMAMP* reference surface: fibrinogen
adhesion (in ng mm−2), determined by surface plasmon resonance spectroscopy, and antimicrobial
activity (% bacterial growth) against E. coli and S. aureus bacteria.

Polymer Protein Adhesion/ng mm−2
Antimicrobial Activity/% growth

E. coli S. aureus

SMAMP* 11.3 - -
SMAMP*-co-5%PEG 9.8 0.1 11

SMAMP*-co-10%PEG 8.4 0.1 18.2
SMAMP*-co-25% PEG 0.99 0 47.4

Figure 3. (a) Kinetics of fibrinogen adsorption on SMAMP*-co-PEG and SMAMP* monitored by
surface plasmon resonance spectroscopy (SPR). (b) Full angular reflectivity SPR curves of the dry
SMAMP*-co-PEG samples before and after protein adhesion. (c) and (d) Antimicrobial activity of
the SMAMP*-co-PEG and SMAMP* surfaces against E. coli (c) and S. aureus (d). Bacterial growth
(percentage of surviving colony forming units after 4 h incubation time, normalized to the negative
control (=100% growth)) is shown for each material. For each data point, the assay was performed
in duplicate, with five samples per repetition. The negative control was a blank silicon wafer piece,
the positive control was a wafer piece to which chlorhexidine digluconate had been added.
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3.6. Discussion

By copolymerization of monomer P and macromonomer M, SMAMP-co-PEG polymers with
different amounts of the protein-repellent PEG and the (masked, N-Boc proteced) antimicrobial
SMAMP functionality were obtained. These polymers were immobilized to form surface-attached
networks, and activated. Physical characterization data showed that the substrates used were
homogeneously covered with the SMAMP*-co-PEG polymer, and that the PEG moieties tended to
segregate to the polymer–air interface. Thus, with increasing PEG content, the interface became
increasingly hydrophilic and protein-repellent, as demonstrated by the protein adhesion assay.
However, 10 mol % (more than 30 mass %). PEG was still insufficient to effectively shield the
materials from fibrinogen adhesion; for this, 25 mol % PEG were required. The antimicrobial activity
of the SMAMP*-co-PEG polymers originates from the electrostatic interaction of the activated SMAMP*
groups with the negatively charged cell envelope of bacteria, as reported previously [33]. However,
the SMAMP*-co-PEG surfaces were only fully active against E. coli, while their activity against S. aureus
was already compromised by as little as 5 mol % (18.8 mass %) PEG. The long PEG chains seem
to prevent the close interaction of bacteria with the surface, and also might reduce the surface
charge density. Kügler et al. found that the positive charge density of grafted poly(vinylpyridine)
chains necessary for killing Gram-positive Staphylococcus epidermidis was 10 times higher than for
Gram-negative E. coli [21]. In the data here presented, we also see that Gram-positive S. aureus
is significantly less affected by the SMAMP* moieties than Gram-negative E. coli. Previous data
from our group also showed that Gram-negative bacteria were more susceptible to SMAMP*-coated
surfaces than Gram-positive ones [33]. Also, bifunctional polymer surfaces with SMAMP* patches and
polyzwitterionic patches were more active against Gram-negative bacteria than against Gram-positive
ones. In that data, we also saw that if the SMAMP patch size was too small, antimicrobial activity
against E. coli became compromised [32]. Thus, the emerging picture for bifunctional polymer surfaces,
whether from hierarchically organized copolymers or from microstructured surfaces, is that the overall
local number of cationic groups interacting with each bacterial cell is crucial for the fate of that cell.
This critical number seems to depend on the global charge density of the polymer itself (functional
groups per nm2), the distance up to which these groups can be approached (i.e., whether direct
surface access is blocked by PEG or polyzwitterion chains), and the electrostatic charge of the bacteria
themselves. For example, it is known that E. coli bacteria approximately have a 5 times greater surface
area per cell and an up to 15 times larger negative surface potential than S. aureus [42,43]. Thus, E. coli
bacteria have more negative charges per cell available for electrostatic binding to the SMAMP moieties.
In the case of the materials presented here, even though E. coli bacteria are larger than S. aureus
bacteria, this negative potential enables E. coli to overcome the entropic barrier of the PEG groups
and to sufficiently interact with the polymer surfaces to eventually get killed. On the other hand,
it seems like the electrostatic interactions of the surfaces with S. aureus bacteria are not enough to
overcome the shielding of the PEG moieties. This finding goes in line with observations reported by
others: Fang et al. observed that a minimum cationic surface charge density of cationic functionality
nanoparticles or polycations immobilized in a PEG brush was needed for S. aureus adhesion and
antimicrobial activity; Cavallaro et al. showed that amine-coated surfaces had a specific threshold of
surface-immobilized quaternary ammonium groups to induce significant antimicrobial effect against
E. coli; and Gottenbos et al. reported that positively charged poly(methacrylate) surfaces showed
a higher reduction of adhered viable counts for Gram-negative bacteria (E. coli and P. aeruginosa)
than for Gram-positive bacteria (S. aureus and S. epidermidis), which is caused by weak electrostatic
interaction with the thick bacterial cell membrane of Gram-positive bacteria [44–46].

It is always difficult to compare microbiological data from different laboratories because testing
methods, controls used, and even environmental conditions may differ widely. Thus, it is not
easy to say what is ‘the best’ bifunctional antimicrobial and protein-repellent coating currently
known. However, a few trends become apparent. From the materials described in the introduction,
the nisin-hyaluronic acid coating had up to 99.8% antibacterial activity against S. epidermidis
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after 3 h of contact with the bacterial suspension (at bacterial concentration about 108 bacteria
per cm3). However, this surface suffered from bacterial adhesion compared to the peptide-free
surface [27]. The chitosan-poly(2-hydroxyethyl methacrylate) brushes had less than 10% protein
adhesion, and killed up to 80% of E. coli bacteria after 4 h exposure to the bacterial suspension
(bacterial concentration: about 106 bacteria per cm3) [28].The polymer brushes with zwitterionic
groups and quaternary ammonium functionalities had an increased protein adhesion, and killed
72% of E. coli bacteria after 3 h of exposure the surface to the bacterial suspension (at a bacterial
concentration of 109 bacteria per cm3) [29]. Thus, even though the here presented materials only have
significant activity against E. coli, they seem to be at least comparable in their bioactivity profile to these
reference polymers. Further work, however, needs to be dedicated to simultaneous protein-repellency
and broad spectrum antimicrobial activity, not to mention simultaneous cell compatibility.

4. Conclusion

In this report, the synthesis and characterization of bifunctional surface-attached polymer
networks containing protein-repellent PEG moieties and antimicrobial SMAMP* groups were
presented. Varying the PEG content of these materials from 5–25 mol % had a profound effect
on the interaction of these surfaces with bacteria and proteins. An optimal dual activity was obtained
for the SMAMP*-co-25%PEG material, which had a protein repellency >92% (compared to a pure
SMAMP surface), and quantitatively killed E. coli, but not S. aureus bacteria. Apparently, a higher
local charge density is necessary to also successfully eliminate the Gram-positive bacteria, although
other features such as loss of hydrophobicity [33] with increasing PEG content might also play a role.
Thus, this study has provided general insight into understanding of how combining antimicrobial
and protein-repellent functionalities can affect the bioactivity of the resulting bifunctional surface.
Additionally, the presented SMAMP*-co-25%PEG networks could be useful coatings for urinary
catheters, which often fail due to biofilms formation involving E. coli. For this, however, their long
term stability and sterilizability have to be evaluated.

Only very recently, we were able to combine antimicrobial activity and protein-repellency in
a single polymer component using a polyzwitterionic material [25,47]. While the exact mechanism
of activity and the long term performance of this material are still being investigated, it seems that
such a single component material might be an easier pathway to dual antimicrobial activity and
protein repellency than finding the ‘sweet spot’ of the perfect balance of cationic and protein-repellent
components in bifunctional polymer surfaces. However, each approach has its merits, and might be of
different use in different fields of application.

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1944/11/8/1411/
s1, Figure S1: Characterization of the PEG macromonomer, Figure S2: Protein adhesion study.
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Abstract: In this study, the antifouling (AF) performance of different carbon nanotubes
(CNTs)-modified polydimethylsiloxane (PDMS) nanocomposites (PCs) was examined directly in the
natural seawater, and further analyzed using the Multidimensional Scale Analyses (MDS) method.
The early-adherent bacterial communities in the natural biofilms adhering to different PC surfaces
were investigated using the single-stranded conformation polymorphism (SSCP) technique. The PCs
demonstrated differences and reinforced AF properties in the field, and they were prone to clustering
according to the discrepancies within different CNT fillers. Furthermore, most PC surfaces only
demonstrated weak modulating effects on the biological colonization and successional process of the
early bacterial communities in natural biofilms, indicating that the presence of the early colonized
prokaryotic microbes would be one of the primary causes of colonization and deterioration of the
PCs. C6 coating seems to be promising for marine AF applications, since it has a strong perturbation
effect on pioneer prokaryotic colonization.

Keywords: antifouling coatings; biofouling; natural biofilms; single-stranded conformation
polymorphism; polydimethylsiloxane; multidimensional scale analysis

1. Introduction

The occurrence of biofouling on synthetic surfaces is a major issue for the shipping industries in
marine environments [1], which has resulted in substantial economic and ecological consequences.
For example, total cruise expenses are greatly increased by approximately 77% annually worldwide,
primarily owing to the constantly enhanced propulsive power and fuel consumption [2]. Natural
biofilms, also termed microfouling, are well-organized and complex assemblages, mainly developed
by the undesirable colonization of marine microorganisms as well as their extracellular matrix
materials [3–5]. Over the past few decades, the early-adherent biofilm-forming marine bacteria
communities on the artificial surfaces aroused researchers’ interests worldwide, since their presence
was found to be closely related to the subsequent macrofouling process, which can further enhance
the potential hazards of the biodeterioration and biodegradation of the selected biofouling-resistant
substrata, thereby leading to a remarkable loss in antifouling (AF) performances [6–8].
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So far, the most commonly used remedial strategies to retard the build-up of biofouling have taken
the form of protective coatings, broadly categorized into AF and fouling-release (FR) coatings [9,10].
Traditionally, biocide-released AF coatings have been demonstrated to be environmentally damaging
to non-target living marine organisms, due to the presence of a range of poisonous organic biocides,
such as tributyltin (TBT). Therefore, their use in the coating industry has been globally restricted and
prohibited [11]. As a consequence, the search for favorable biocide-independent coatings for biofouling
management has been greatly accelerated [12], particularly in regard to FR coatings [13].

The organo–silicon polymers, typically the polydimethylsiloxane (PDMS), represent a desired
non-toxic alternative and marked niche among specialty copolymers [14]. The PDMS resin possesses a
superior environmentally-friendly nature, with characteristics such as high heat resistance, surface
inertness, high hydrophobicity, as well as excellent fouling anti-adhesion characteristics, presenting
viable options in several marine industries [15]. Furthermore, these PDMS-based nanocomposites
have been systematically investigated in recent years, mainly because of their facile preparation and
ecological stability [16,17]. Many research studies and testing procedures have been devoted to meeting
the challenge of exploring effective, reliable and high-performance inorganic nanofillers, for the
purpose of obtaining PDMS-based nanocomposites with reinforced AF and FR properties [18]. Carbon
nanotubes (CNTs) are considered one of the most favorable inorganic fillers for PDMS modification [19],
while the PDMS nanocomposites (PCs) seem to be the most promising candidate for marine
anti-biofouling applications, although the potential impact of CNTs on the biological colonization
dynamics of the early biofilm-forming bacterial communities still remains poorly understood.
In addition, the culture-independent molecular fingerprinting method, i.e., the single-stranded
conformation polymorphism (SSCP) technique, has been widely used to estimate the global diversity
of environmental microbial communities in the field of microbial ecology in recent years [20].

Therefore, the current study aimed to investigate the effects of different CNT modified PDMS
composites (PCs) on the colonization dynamics of the pioneer bacterial communities in the natural
biofilms using the single-strand conformation polymorphism (SSCP) technique. The clustering
patterns of the early bacterial biofilm communities adhering to various PCs were explored using
Multidimensional Scale Analyses (MDS). In addition, a surface evaluation system based on the MDS
method was established in order to quantify the fouling conditions among different PC surfaces
examined in the field.

2. Materials and Methods

2.1. Materials

2.1.1. The Primer Coat

The primer coat, i.e., the chlorinated rubber iron-red antirust paint, was kindly supplied by the
Jiamei Company (Weihai, China), and consisted primarily of chlorinated rubber resin, micaceous iron
oxide, plasticizers, additives and a mixed solvent. The primer paint was cured for approximately 72 h
at room temperature (RT).

2.1.2. Silicone-Based Matrix System

The silicone-based matrix used in this study was, necessarily, PDMS (P0) resin from a Sylgard
184 elastomer kit, purchased from the Dow Corning Company (Shanghai, China). This commercially
available PDMS material acted as a standard resin for further preparation processes. The PDMS
polymer was obtained directly by mixing the pre-polymer (Component A) to the curing agent
(Component B) in a ratio of 10:1 (weight) at 105 ◦C within 6 h, which served as the standard
coating controls.
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2.1.3. Carbon Nanotubes (CNTs)

All CNTs used in the current study were purchased from the Chengdu Organic Chemicals Co.,
Ltd. (Chengdu, China), Chinese Academy of Sciences, including six multi-walled carbon nanotubes
(MWCNTs, F1-F6), six hydroxyl-modified MWCNTs (hMWCNTs, F7-F12), and six carboxyl-modified
MWNTs (cMWCNTs). Detailed information about these CNTs was summarized as presented in Table 1.
The CNTs were incorporated in the PDMS matrix at concentrations of 0 (PDMS only) and 0.1% (w/w),
respectively, as previously reported by Beigbeder and coworkers [21].

Table 1. The carbon nanotube (CNT) fillers and the polydimethylsiloxane (PDMS) composites (PCs) in
the current study.

CNTs
Hydroxyl

Content % (w/w)
Carboxyl

Content % (w/w)
Diameter

(nm)
Length
(μm)

SSA
(m2/g)

PC
Sets

PC
Names

F1 _ _ 10–20 30–100 >165 M M1
F2 _ _ 8–15 ~50 >233 M M2
F3 _ _ 10–20 10–30 >200 M M3
F4 _ _ 20–30 10–30 >110 M M4
F5 _ _ 30–50 10–20 >60 M M5
F6 _ _ >50 10–20 >40 M M6
F7 5.58 _ <8 10–30 >500 H H1
F8 3.70 _ 8–15 ~50 >233 H H2
F9 3.06 _ 10–20 10–30 >200 H H3
F10 1.76 _ 20–30 ~30 >110 H H4
F11 1.06 _ 30–50 ~20 >60 H H5
F12 0.71 _ >50 ~20 >40 H H6
F13 _ 3.86 <8 ~30 >500 C C1
F14 _ 2.56 8–15 ~50 >233 C C2
F15 _ 2.00 10–20 10–30 >200 C C3
F18 _ 1.23 20–30 ~30 >110 C C4
F17 _ 0.73 30–50 ~20 >60 C C5
F18 _ 0.64 >50 ~20 >40 C C6

Note: F1–F6, F7–F12 and F13–F18 represent different types of multi-walled carbon nanotubes (MWCNTs),
hydroxyl-modified MWCNTs (hMWCNTs) and carboxyl-modified MWNTs (cMWCNTs), respectively. SSA is
short for specific surface area.

2.1.4. Preparation of the PDMS-Based Composites (PCs)

Eighteen kinds of PCs were freshly produced, which were largely cataloged into three sets: the M
set (MPs, M1–M6), the H set (HPs, H1–H6) and the C set (CPs, C1–C6). The composition of these PCs
are summarized in Table 1. These PCs were all formulated following a similar procedure [20]. Briefly,
each CNT filler was blended with base elastomer (Part A) for 10 min by intense stirring at 500 rpm
for 1 min. Then, the suspension was well mixed with the curing agents (Part B), and mechanically
stirred for another 15 min. The air bubbles from the PDMS mixture were completely removed using a
vacuum desiccator. Afterwards, these PCs were cured at 105 ◦C for 6 h in a constant temperature oven.

2.2. Panel Preparation

The steel panels (measuring 10 cm × 10 cm × 3 cm) for the seawater exposure assays were
firstly drilled at the bottom, and then thoroughly polished with the abrasive paper of different grits
in order to obtain the same surface condition in terms of roughness. Afterwards, these panels were
carefully washed with sterile H2O and rinsed with 70% (v/v) ethanol, then dried at room temperature
overnight prior to use. A layer of the primer coat was coated on each panel and dried for 72 h at
room temperature. Then, these pre-treated panels were coated with the PCs using a bar-coater and
cured for 6 h at 105 ◦C in an oven. A minimum of 3 specimens of each PC was produced for further
statistical evaluation.
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2.3. Seawater Exposure Assays

The field exposure studies were performed at a static woody pontoon in a marina named Small
Stone Island in the Weihai Western Port, China (37◦31′51′ ′ N; 121◦58′19′ ′ E, see Figure 1). Panels
coated with different experimental materials were produced in triplicate throughout. These panels
were randomly arranged on a wooden pontoon located in the Small Stone Island harbor waters using
thin ropes, and then vertically suspended at 1.5 m below the lowest tide level over a period of 56 days
(April–June, 2015). The average sea temperature during the exposures was 11 ◦C throughout.

Figure 1. Location of the immersion sites for the field studies: Small Stone Island in the Western Port,
Weihai, China.

The fouling conditions of each experimental material were captured using a digital camera from
the fourth week after immersion at one-week intervals, namely at 28 days, 35 days, 42 days, 49 days and
56 days. After photographing, these panels were sent back to the marine realms as quickly as possible.
According to the captured images, fouling conditions were further quantified according to the amount
of adherence of the major fouling organisms, including barnacles (B. Amphitrite), mussels (Mytilus
edulis), Ulva pertusa, sessile ascidian, as well as seaweeds. It is notable that the aforementioned scoring
procedures were conducted at five different exposure times, i.e., each experimental material amounted
to scoring fifteen times, since each experimental material was prepared in triplicate. Furthermore,
owing to the edge effects, the 20 mm area from the margin of each tested panel was excluded within
the scope of the assessment area. The clustering patterns of the AF properties of different PDMS-based
coatings were performed by inputting the substratum and assessment outcomes as variables using
the MDS method conducted by SPSS19.0 software (IBM, Armonk, NY, USA). The pure PDMS coated
panels served as standards.

2.4. Sampling

The short-term in situ experiments were performed at the same field immersion sites, using the
PDMS-based coatings as the artificial substrata for the biofilm recruitments. The formation of biofilm
on each PDMS-based coating surface was measured throughout the two-week in situ experiment
(April 2–15, 2015) at five different points in time: April 3 (2-day biofilm), April 6 (5-day biofilm), April 9
(8-day biofilm), April 12 (11-day biofilm), and April 15 (14-day biofilm). For each PDMS-based coating,
a replicate of four panels (measuring 10 cm × 10 cm) was prepared throughout the investigation.
For each panel, an area of approximately 80 mm × 80 mm within each PC surface was sampled.

All tested steel panels were brought back to the laboratory as quickly as possible using a cool-box.
Each panel was carefully rinsed with the sterile artificial seawater prior to scrapping, in order to
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remove the excess sediment and temporarily attached microorganisms. The biofilm samples were
gently scraped from the surfaces of each tested panel using the sterile brushes. The replicated scrapings
belonging to the same PCs were collected into a sterile Eppendorf tube (2.0 mL) as a representative of
all replicate biofilm samples for the subsequent microbial assays. Afterwards, the biofilm samples were
suspended into 400 μL sterile deionized water, and vortexed for 60 min prior to being centrifuged,
aiming to pellet the biomass at 4000 rpm for 5 min. Then, these biofilm pellets were stored at −80 ◦C
for further analysis.

2.5. SSCP

The genomic DNA extractions were performed on all biofilm samples using the Sangon Rapid
Bacterial Genomic DNA Isolation kit (Cat# B518225). The integrity of the genomic DNA was examined
by 0.8% agarose gel electrophoresis and further quantified by determining the absorbance at 260 nm.
Amplification of the prokaryotic 16SrRNA gene fragments was undertaken using the general primer
pairs synthesized from Sangon (Shanghai, China), namely 337F (5′-GAC TCC TAC GGG AGG CWG
CAG-3′) and 1100R (5′-GGG TTG CGC TCG TTG-3′), which were used to identify the early prokaryotic
microbes in the pioneer natural biofilms formed on different PC surfaces, yielding a fragment of
~763 bp. The asymmetric PCR amplification of the target 16S RNA gene fragments was conducted
following similar procedures as described previously [22]. A negative control was included throughout.
Afterwards, the PCR products were detected by 1.5% agarose gel electrophoresis and stored at −40 ◦C
for further analysis.

The SSCP analysis was performed on a DYCZ-24DN vertical gel electrophoresis apparatus
(Liuyi, Beijing). All 16S rDNA fragments were well blended with equal volumes of the denaturation
solution separately, which contained 95% formamide, 0.25% bromphenol blue and 0.25% xylene
cyanol. The PCR products were denatured at 98 ◦C for 10 min, and then snap-frozen on ice prior to
loading. Then, these denatured PCR products (6.0 μL) were loaded onto 8% (w/v) polyacrylamide
(arylamide:bisacrylamide = 29:1) gel with a thickness of 1 mm, and separated at a constant voltage of
90 V for 28 h in 1× TBE buffer at 4 ◦C. Subsequently, the SSCP gels were silver stained. A digitized
image of the SSCP gels was captured using a digital camera, and the lanes and bands in the SSCP
gel images were further analyzed using the Quantity One analysis software (Bio-Rad, Hercules, CA,
USA), according to the position of each nucleic acid band, thereby resulting in a matrix based on the
presence/absence of bands.

2.6. Data Analysis

The SSCP presence/absence binary data matrices constructed in terms of band positions and
intensities were used to identify the differences between the pioneer bacterial communities developed
on the pure PDMS and CNT modified PDMS composites via the comparison of the diversity indices
calculated by the Biodap software, which were able to give detailed descriptions of the dynamics
of the early bacterial communities. The clustering analysis was done for the pioneer prokaryotic
communities on different PDMS-based composites based on MDS using the SPSS19.0 software package
(IBM, Armonk, NY, USA), primarily performed with substratum and diversity indices as variants.
Furthermore, the statistical differences between the diversity indices were compared using t tests
(p-value < 0.05, GraphPad Prism 6.0).

3. Results and Discussion

3.1. Fouling and Surface Evaluation

In this study, we directly examined the AF capacity of the aforementioned PDMS-based coatings
in natural seawater and established a fouling evaluation system based on the MDS method in order to
further quantify the fouling conditions among different PC surfaces, in the context of the adhesive
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number of five representative major macrofoulers, including barnacles, mussels, ascidians, Ulva and
seaweeds (see Figures 2 and 3).

Figure 2. Appearances of various PDMS-based panels after static immersion for two months
(April–June, 2015).

Figure 3. Clustering patterns of the antifouling (AF) capacity of the PDMS-based nanocomposites
based on the MDS analysis.
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From Figure 2, it is clear that the AF properties of the plain PDMS were greatly improved after
the incorporation of a low amount of nanosized CNTs (0.1 wt %). Each PC displayed a differential but
reinforced AF efficacy against the representative macrofoulers compared with the PDMS standard.
The M1, H1 and C3 coatings performed exceptionally well in the field exposure assays, while the
M3, C2 and C5 coatings were found to be heavily fouled. Furthermore, it seems that most PCs of the
identical set (e.g., coatings in the M Set, except M3) tended to exhibit similar AF properties, although
there were some exceptions (e.g., C2 and C5 coatings in the C Set). These differential AF behaviors
may be largely owing to the differences within different CNT fillers.

In addition, in Figure 3, most PCs, including M1, M2 and M4-M6 coatings from the M set, H1–H6
coatings from the H set, and C1, C3, C4 and C6 coatings from the C set, were liable to cluster into the
same group, suggesting that these PCs may have possessed similar AF performances. Nevertheless,
it is noticeable that M3, C2 and C5 coatings were liable to cluster separately, and their AF properties
were clearly different from those of the PDMS standards (P0) and the aforementioned PCs. This result
further revealed that the physicochemical properties of the CNT filler may have differential reinforcing
impacts on the AF properties of the PDMS matrix. Recently, CNTs have been applied as additives
to improve the membrane properties of various polymeric matrixes worldwide, and a host of highly
promising functionalized nanocomposites with excellent properties have been obtained for marine
AF applications [23,24]. However, most fouling evaluation systems are still confined to laboratory
assays, only involving the measurement of the adhesive number of representative hard foulings (e.g.,
B. Amphitrite and Mytilus edulis) [25,26] or soft foulings (e.g., Ulva) [27,28]. It is obvious that laboratory
biological assays still remain insufficient and limited, although laboratory assays are insusceptible
to environmental disturbances, unlike field exposure assays [29]. Here, we provided a feasible and
effective way to solve this problem and established a novel fouling evaluation system targeting the
measurement of the adhesive number of multiple natural fouling organisms in natural seawater using
the MDS method, based on the data obtained from rigorous marine field assays. The advantage of this
approach is obvious, since the adhesive behaviors of multiple adherent marcofoulers on different coating
surfaces can be dynamically observed and recorded directly in the natural seawater, which can give a
more comprehensive and objective assessment on their actual AF performance. Besides, the variations
within different AF coatings can also be easily observed and captured simply using visual inspection.

3.2. SSCP Patterns of the Bacterial Biofilm Communities

Figure 4 shows the SSCP profiles of the pioneer bacterial communities in the natural biofilms
developed on the PDMS-based material surfaces at different exposure times. Each band within
the SSCP profiles is approximately identical to a single microbial species. As observed from SSCP
patterns, eighteen kinds of PCs were generally colonized by a mixture of the early-adherent bacterial
communities without exception during the two-week in situ experiment, and no significant differences
were screened compared with the PDMS standards (P0) via the visual inspection. This indicated that
no PCs completely resisted or deterred the colonization of pioneer prokaryotic microbes.

Early bacterial communities formed on the PDMS-based coatings belonging to the same PC
set were liable to evolve similar SSCP patterns at different exposure times, while differential SSCP
patterns were screened within different PC sets. For example, in the 5-day biofilm, clear differences
were observed in the SSCP patterns of the pioneer biofilm communities developed on different PC
sets, owing to the differences within various coating types. It is estimated that the physicochemical
properties of the CNT types may be closely related to the differential and improved AF properties of
the PCs. In addition, as the natural biofilm grew older (e.g., the 14-day biofilm), the early adhered
bacterial communities on the PDMS-based coatings were found to be clearly increased. This result
suggested that the deterrence effects of PCs against the colonization of the early bacterial communities
may become increasingly weakened over time. These combined results indicated that the PCs were
susceptible to microfouling when immersed in the marine environment during the short-term in
situ experiment.
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Figure 4. SSCP fingerprints of pioneer bacterial communities in the natural biofilms developed on
different PDMS-based composite surfaces with different exposure times.

3.3. Clustering Patterns of the Pioneer Bacterial Communities

Figure 5 shows the clustering patterns of the pioneer bacterial communities on the PDMS-based
coating surfaces using the MDS method. The pioneer bacterial communities developed on different PCs
had clear differences from the PDMS standards, indicating that different PCs demonstrate differentially
perturbation effects on the colonization of early bacterial communities in natural biofilms. The pioneer
bacterial communities were liable to be grouped or clustered on most PC surfaces of the same PCs set
(e.g., the M set), while the pioneer bacterial communities adhering to surfaces of different PCs sets
were prone to show clear differences. For example, the clustering patterns of the pioneer bacterial
communities attached to the MPs surfaces belonging to the M set were quite different from those
attached to the CP surfaces belonging to the C set, indicating that the types of PCs may be strongly
related to the differences in clustering patterns of the early biofilm communities. However, it is
noticeable that the modulating effects of the PCs became gradually weaker with the growth of the
natural biofilms, as evidenced by the SSCP analysis (See Figure 4). Furthermore, it seems that the
AF properties of the PCs have no necessary relationships with the clustering features of the pioneer
bacterial communities, as evidenced by the results shown in Figures 2 and 3, although the pioneer
bacterial communities may contribute considerably to the subsequent macrofouling occurring on the
surfaces of the PCs.

Figure 5. Clustering analysis of pioneer bacterial communities on different PDMS-based material
surfaces based on the MDS method. PP0, PM, PH and PC represent the pioneer bacterial
communities adhering to the surfaces of P0 coating, M1–M6 coating, coating H1–H6 coating and
C1–C6 coating, respectively.

260



Materials 2018, 11, 902

3.4. Analysis of Pioneer Bacterial Communities in the Natural Biofilms

Three diversity indices, including the Shannon diversity index (H), species richness(S), and the
Simpson index (λ), were calculated and compared, as presented in Figure 6.

Figure 6. The comparison of the diversity indices, (a–c) Shannon diversity index, (d–f) species richness,
(g–i) Simpson index of pioneer bacterial communities on different PDMS-based material surfaces.

The Shannon diversity index (H) describes the general biodiversity in environmental microbial
communities, and was used to estimate the early bacterial community diversity in the natural biofilms
developed on different PCs [30]. Figure 6a–c show that the H value of the bacterial communities
ranged between 2.53 ± 0.27 and 2.73 ± 0.23 for all the PC surfaces, compared with the PDMS control
(2.56 ± 0.26), indicating that different PC surfaces may have differential modulating effects on the
colonization of pioneer bacterial communities. The highest level of early bacterial community diversity
was screened on the M1 surfaces (H = 2.73 ± 0.23) among all of the PC surfaces, while the lowest
level of diversity was found on the C6 surfaces (H = 2.53 ± 0.27). The pioneer prokaryotic microbial
communities attached to the PCs surfaces belonging to the M set and H set (H1–H6) shared a relatively
high level of diversity, with H values ranging from 2.53 ± 0.27 to 2.73 ± 0.23 and 2.54 ± 0.19 to
2.64 ± 0.23 (Figure 6a,b), respectively. However, the diversity of the early bacterial communities on
the CP surfaces (C1–C6) was lower than that of the PDMS control (2.56 ± 0.26), with H values ranging
from 2.09 ± 0.44 to 2.45 ± 0.22 (Figure 6c), particularly on the C6 surfaces (p < 0.05). No significant
differences were found in the diversity level between the PCs (except C6) and the PDMS standards
(p > 0.05). This indicated that the PC surfaces may only have weak modulating effects on colonized
pioneer prokaryotic microbes, and most PC surfaces were still susceptible to the colonization and
deterioration of the pioneer prokaryotic microbes.

Furthermore, species richness (S) describes the number of different species in an environmental
microbial community, which was applied to give descriptions about the number of species of the
early bacterial communities in the natural biofilms developed on different PCs [31]. Figure 6d–f
revealed that the S value of the pioneer bacterial community (ranging from 9 ± 2 to 17 ± 5) was
slightly downregulated by most PC surfaces (except C6), compared with the PDMS surface (15 ± 4).
Specifically, the pioneer bacterial biofilm communities adhering to the PC surfaces belonging to the
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MPs surfaces and the HPs surfaces shared a relatively high level of richness, while the early bacterial
communities adhering to the PCs belonging to the C set shared a relatively low level of richness,
significantly on the C6 surfaces (p < 0.01), compared to the PDMS control, which correlated well with
the diversity level.

The Simpson index (λ) describes the number of dominant species in a particular microbial
community and was used to measure the number of dominant populations in pioneer bacterial
communities in the natural biofilms formed on different PCs [32]. Figure 6g–i reveal that the λ

value of pioneer bacterial communities was slightly decreased on the MP surfaces (0.066 ± 0.013 to
0.083 ± 0.023), and remained almost unchanged on the HP surfaces, while it slightly increased on
the CP surfaces (0.093 ± 0.021 to 0.160 ± 0.088), particularly on the C6 surfaces (p < 0.05), compared
to the PDMS control (0.088 ± 0.027). This result indicates that the dominant bacterial population
in the biofilm developed on most PCs surfaces (except C6) varied slightly, in contrast to the PDMS
control. The slightly changed dominant bacterial communities in the biofilm suggest that most PC
surfaces may only have a weak capacity to exert enough perturbations on the biological colonization
and successional patterns of early adherent bacterial communities in natural biofilms.

Previously, a host of publications reported that AF coatings could influence and regulate the
development of early-colonized bacterial communities [33–36]. However, a few publications have
focused on the modulating effects of different PDMS-based nanocomposites on colonized pioneer
bacterial communities in natural biofilms [37,38]. In the current study, most PCs demonstrated
differential modulating effects on the colonization of pioneer prokaryotic microbes. The pioneer
bacterial communities were only found to be subjected to the minor perturbations exerted by most PCs
(except for coating C6). This slightly modulating effect suggested that the PCs may not exert sufficient
perturbations on the biological succession patterns of the pioneer bacterial communities in the natural
biofilms, which may contribute to the mechanisms causing the plain PDMS surfaces, along with most
PCs surfaces (except coating C6), to be extremely susceptible heavy fouling after long-term exposure
to the marine environment, since the bacterial communities in the biofilms have been found to play
key roles in the biodeterioration and biodegradation of synthetic polymeric materials [39]. Data on
this hypothesis still requires further study in our future work. Coating C6 seems to be promising for
future marine anti-biofouling applications, owing to its strong perturbation effects on the colonization
of early bacterial communities.

4. Conclusions

The present study examined the AF capacity of eighteen kinds of PDMS-based composites (PCs)
via field exposure assays and provided the first example of quantifying and evaluating their AF efficacy
using the MDS method. The bacterial community analysis based on the SSCP fingerprints revealed that
most PCs (except C6) have weak modulating effects on the biological colonization of the early-adherent
prokaryotic microbes, which may account for the mechanisms of biofouling that occurred on the
PDMS-based coating surfaces. This study may lead the way to the development of a number of
effective, reliable, and long-lasting ecofriendly coatings for marine anti-biofouling applications.
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Abstract: The flexibility in polymer properties has allowed the development of a broad range of
materials with electroactivity, such as intrinsically conductive conjugated polymers, percolated
conductive composites, and ionic conductive hydrogels. These smart electroactive polymers can be
designed to respond rationally under an electric stimulus, triggering outstanding properties suitable
for biomedical applications. This review presents a general overview of the potential applications of
these electroactive smart polymers in the field of tissue engineering and biomaterials. In particular,
details about the ability of these electroactive polymers to: (1) stimulate cells in the context of tissue
engineering by providing electrical current; (2) mimic muscles by converting electric energy into
mechanical energy through an electromechanical response; (3) deliver drugs by changing their internal
configuration under an electrical stimulus; and (4) have antimicrobial behavior due to the conduction
of electricity, are discussed.

Keywords: Electrically conductive polymers; Electroactive biomaterials; Electrical stimulation; Smart
composites; Bioelectric effect; Drug delivery; Artificial muscle

1. Introduction

Polymers have emerged in recent decades as one of the most promising materials in biomedical
applications due to their high biocompatibility and degradation/absorption in physiological media [1].
Another key characteristic of polymers is their flexibility in terms of properties and functionalities,
allowing their development from bioactive hydrogels to biodegradable thermoplastic polymers [2,3].
The polymer flexibility also includes a broad range of processing techniques, such as: extrusion [4],
electro-spinning [5,6], 3D printing [7–9], microfluidity [10], and casting [11], among others [5].
Remarkably, by adding/embedding nanoparticles into a polymer matrix, novel nanocomposites can be
developed further extending the range of properties and functionalities of polymers. For these reasons,
polymers are extensively studied today for tissue engineering [12,13], wound healing [14], artificial
muscles [15], and drug delivery [16], among other bio-applications [17].

Of recent interest in polymer science is the development of smart materials with a rationally
designed stimulus/response behavior. In this context, electroactive smart polymer materials are stressed
because of their ability to transfer electrons/ions under a specific electric field, having multiple
applications in several engineering areas, such as soft robots and sensors [18,19]. The advantages of
an electric field as external stimulus, compared to others, is related to the availability of equipment
that allows precise control in terms of the current magnitude, the duration of electric pulses, intervals
between pulses, etc. However, compared to other functional/smart polymer systems, electroactive
smart polymers have been less studied for biomedical applications, despite their multiple applications

Materials 2019, 12, 277; doi:10.3390/ma12020277 www.mdpi.com/journal/materials265



Materials 2019, 12, 277

in tissue engineering [20–22]. For instance, these electroactive biomaterials can be applied to obtain
adhesion and proliferation of human cells, accelerating the process of regeneration in muscles, organs
and bones [23–26]. They can also be used for smart drug delivery or as artificial muscle systems, both
triggered by electric stimuli. Even less studied is the development of biocidal materials based on their
electric conductivity despite that today any biomaterial used in tissue engineering must not only be
biocompatible in the response of the host (patient) but also active in avoiding the adhesion of bacteria
or the formation of biofilms on its surface. Based on the bactericidal effect of electrical stimulation (ES),
novel electroactive materials can be produced with the ability to prevent the formation of biofilms
and future bacterial infections in the host. Therefore, a polymer able to deliver ES can merge the
requirements needed for any biomaterial designed for tissue engineering purposes: to promote cellular
adhesion and proliferation while avoiding biofilm formation through a bactericidal effect (see Figure 1).

Figure 1. Relationship between electroactive biomaterials and human and bacterial cells in the context
of tissue engineering.

In this review, we provide a general overview of the potential of electroactive polymer biomaterials
considered as a new generation of smart systems able to respond specifically to an electric field in the
context of biomedical applications. These smart systems range from polymers delivering an electric
signal to polymers changing some properties under an electric stimulus [27]. The review focuses on
the capacity of these electroactive polymers to stimulate: (1) cells in the context of tissue engineering;
(2) an electromechanical response for artificial muscles; (3) drug delivery; and (4) antimicrobial
mechanisms. From a material point of view, the electroactive polymers include intrinsically conductive
polymers, percolated conductive polymer nanocomposites, and ionic conductive hydrogels. A general
overview of this review is summarized in Figure 2. For further details about one or more of the
above-mentioned electroactive properties or polymers, there are several excellent reviews (for instance,
see references [17,21,27–33]) in which specific information can be obtained for a deeper understanding
of an application.
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Figure 2. A general overview of electroactive polymers. The mechanism for the specific response to
an electric stimulus can be through ionic or electric conduction. These mechanisms can trigger either
a direct electric current to the material and the medium producing cell stimulation, or antimicrobial
behavior or a change in some polymer properties, producing an electromechanical behavior and specific
drug delivery.

2. Electroactive Conductive Polymers

Electroactive polymers can be classified according to the mechanism of conduction in ionic
conductive polymers and electric conductive polymers. The latter are further classified as intrinsic and
extrinsic, based on their mechanism of electron conduction. While ionic conductive polymers present
conductivities due to the presence of both ionic groups in their main chain and electrolytes in the
medium, electric conductive polymers are conductive due to the high electron mobility arising from
either the constitutive bonds between atoms or the presence of conductive particles, as summarized
in Figure 3. Regarding electric conductive polymers, different mechanisms of electron conduction
produce changes in the achieved conductivity, as summarized in Figure 4.

These conductive materials retain the good properties and flexibility of polymers, so they can be
further functionalized for specific applications by optimizing properties such as roughness, porosity,
hydrophobicity, conductivity, and degradability [17]. One route for increasing the functionality is to
add monomers covalently bonded to functional molecules, although the conductivity is reduced [34].
For biomedical applications, the biocompatibility and biodegradability of electroactive polymers
should be further considered. For instance, the application of intrinsically conductive polymers in
tissue engineering is limited by the doping concentrations used to obtain electrical conduction, as high
concentrations can produce inflammatory responses in tissues [28]. To increase the biocompatibility
of conductive polymers, they can be doped with biomolecules or ions, taking advantages of their
chemical, electric, and physical structures [17,30].
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Figure 3. Simplified schematic diagrams showing the different conduction mechanisms of electroactive
smart polymers. Ionic polymers present conductivities associated with the presence of polyelectrolytes
(left side), while electric conductive polymers can transfer electrons by either an intrinsic mechanism
associated with their chemical bonds (middle) or conductive particles percolated into the isolated
matrix (right side). See text for details.

Figure 4. Conductivity range of intrinsically conductive polymers and electroactive conductive
composites. Based on reference [29].

2.1. Intrinsically Conductive Polymers

Intrinsically conductive polymers present a conductivity mechanism arising from the polymer
molecule itself having a conjugated chain that contains localized carbon–carbon single bonds (σ) and
less localized carbon–carbon double bonds (π) (see Figure 5). The p-orbitals overlap in the π bonds
and give greater electron mobility between atoms, allowing the electrons to move along the polymer
chain [27,35]. The conductivity of intrinsic polymers is further based on the incorporation of dopant
ions balancing the charge introduced through oxidation (p-doping) or reduction (n-doping) [27].
The dopant introduces a charge carrier by removing/adding electrons from/to the polymer chain and
relocalizing them as polarons or bipolarons. The dopants are able to move in or out of the polymer
(depending on the polarity) when an electrical potential is applied, disrupting the stable backbone
and allowing charge to be passed through the polymer [27]. Intrinsically conductive polymers have
attractive properties for use in drug delivery, sensors, electrochemistry, etc. [36–38].
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Figure 5. Diagram of the conjugated chain of an intrinsically conductive polymer. Based on
reference [35].

Poly[3,4-(ethylenedioxy)thiophene] (PEDOT) [39], polypyrrole (PPy) [40], and polyaniline
(PANi) [41] are some of the most widely used intrinsically conductive polymers in tissue engineering
scaffolds and biomaterials [17]. However, for biomedical applications, their use is limited mainly
because of their poor processability and mechanical properties [36]. The doping of these polymers
with long chains can overcome these limitations although it can affect the conductivity of the
resulting materials [34,42]. Another solution is to blend the intrinsic conductive polymer with
another polymer possessing easier processability in order to obtain a composite with improved
mechanical and biocompatibility properties [30]. Such is the case of a 3D coating made of PPy doped
with dodecylbenzenesulfonic acid (DBSA) used for electrodes promoting neuronal induction [43].
As discussed above, conductive polymers can be further functionalized with bio-dopants to improve
their biocompatibility in medical applications [39]. This method adapts the polymer chains for several
applications, improving, for instance, the selectivity/sensitivity of biosensors or the cell-surface
interaction [38,40]. Commonly used bio-dopants include glycosaminoglycans such as chondroitin
sulfate, hyaluronic acid, and dextran sulfate [30].

2.2. Percolated Polymer Composites

By embedding electric conductive particles into a polymer matrix a percolation transition can occur
associated with the formation of a continuum network of fillers throughout the polymer. Below the
percolation threshold, the conductivity change is negligible, and the conductivity of the composite is
equal to that of the polymer. However, the percolation produces a drastic increase of several orders of
magnitude in the electric conductivity of the resulting composites. In this case, the polymer matrix is an
insulator and the filler is responsible for the electric conduction. In the classical theory of percolation,
the conductivity of the composite depends on the filler conductivity, its volume fraction, a critical
filler volume fraction at which percolation takes place, and the critical index of conductivity that
relates with the dimensionality of the filler [44]. This theory predicts a power-law correlation between
these parameters by assuming physical contact between particles. However, electrically conductive
polymer composites are more complex systems, as the electric conductivity cannot be fully predicted
by this theory [28,45,46]. In polymer composites, the conductive particles are separated by energy
barriers (polymer molecules) and the tunnel effect becomes relevant, modifying the percolation model
by introducing a tunnel parameter that varies according to the dimensionality of the particle [44].
In this modified percolation model, the composite conductivity depends on the filler conductivity and
its volume fraction, but also on the tunnel parameter. Under this model, the effect of the filler on the
percolation threshold is rather explained considering the average interparticle distance related to the
probability of contact between conductive particles [47], which depends on both the aspect ratio and the
particle sizes [48,49]. The introduction of these parameters can explain the different electric behavior
found in these polymer composites from a sharp increase in the conductivity reaching a plateau
to a broad percolation curve with a growing conductivity [44]. Indeed, although the percolation
theory is able to predict some experimental results, currently a different and complementary approach
based on the excluded volume theory for percolation transition can explain most of the experimental
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findings [50]. This theory is based on the evidence that the percolation threshold is not linked to the
true volume of the object itself, but rather to its excluded volume [50].

Electrically conductive polymeric composites are currently being developed in order to have
light materials that combine the inherent processability of the organic matrix with the electric
conductivity of the fillers [50]. Since the first polymer with silver filler was developed for electrically
conductive adhesives in 1956, conductive polymer composites have been studied extensively by using
gold, palladium, silver, nickel, copper, graphite, and carbon fiber [51]. Among the different fillers,
those based on nanoparticles, such as carbon nanotubes (CNT), have emerged as some of the most
interesting due to their outstanding properties [52]. In percolated composites, the particle aspect
ratio can be considered as one of the most relevant variable, explaining, for instance, that CNT-based
composites presented percolation thresholds lower than composites containing metallic particles,
carbon black, or carbon fibers, or even some graphite derivatives [53,54]. Actually, the percolation
threshold in polymer composites is inversely proportional to their aspect ratio [55]. This is explained
by changes in the average inter-particle distance in the composite, with more somewhat spherical
structures presenting longer distances. Although nanoparticles render lower percolation transitions
than microfillers, their high surface energy produces composites with agglomerated rather than isolated
structures, affecting negativelly the electric percolation threshold. It is well known that improving
the dispersion state of nanoparticles produces a reduction in the percolation threshold [53,55,56].
For high-aspect-ratio fillers, their alignment is another variable affecting the electric conductivity
of polymer/CNT composites [57]. Monte Carlo simulations have confirmed that the conductivity
decreases with applied strain, because inter-particle distance increases due to CNT alignment [57].
In general, the percolation transition depends on all these variables in a complex way, and, for instance,
an optimal agglomeration and aligment level can be found [57].

The advantage of electric conductive polymer composites is the flexibility of the kind of filler that
can be used and other properties emerging from the electric conductivity through the filler. For instance,
the current passing through the polymer composite can induce a Joule heating, raising the internal
temperature of the polymer composite to above the transition temperature [58–61].

2.3. Conductive Polyelectrolite Hydrogels

Hydrogels are three-dimensional polymeric networks possessing hydrophilic characteristics and
high water absorbtion capacities. Due to their high water content, porosity and soft consistency, they
can mimmick natural living tissue better than any other class of synthetic biomaterials [62]. Hydrogels
can be reversible when the network is formed by molecular entanglements and/or secondary forces
such as ionic, H-bonding or hydrophobic forces. If the network is based on covalent bonds joining
the macromolecular chains or cross-linking polymers, the hydrogels are permanent. Due to their
porous networks and high water content allowing transport of water and small solutes, hydrogels
present ionic conductivity, especially in the case of polyelectrolytes, as recently studied by comparing
different hydrogels [63]. This ionic conductivity depends on several variables such as polymer polarity,
water content, salt/ions, and hydrogel structure. Higher water content increases the ionic conductivity
of the hydrogel and leads to a high ion transfer rate [63]. The conductivity of the hydrogel is further
controlled by two parameters: the mobility and concentration of ions. In low-concentration electrolyte
solutions, the concentration of total ions plays a dominant role in conductivity. In high-salt solutions,
the fraction of counterions to the total ions is significantly reduced, so the mobility of the ions becomes
the dominant parameter. Ionic hydrogels show higher conductivity than nonionic hydrogels, because
cationic and anionic hydrogels have higher concentrations of counterions functioning as charge carriers,
leading to high conductivity [63]. Besides the cations and anions of the electrolyte itself, the mobile
counterions of the ionic polymers also function as charge carriers, and electrolytes and polymer
counterions together contribute to higher ionic conductivity [63].
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3. Polymers for Tissue Engineering through Electrostimulation of Cells

3.1. Electrostimulation

Living cells use electric fields for several activities associated with: the generation of electromotive
force, the control of a specific potential difference, the capacity to control and switch current on and off,
and the stored charge. Indeed, an electric voltage exists across the plasma membrane, with the inside
of the cell remaining more negative than the outside. Bioelectricity present in the human body plays
an integral role in maintaining normal biological functions, such as signaling of the nervous system,
muscle contraction and wound healing. During major cellular events like cell division, development,
and migration, there is the generation of electric fields [33]. Therefore, a large variety of cell types
respond to electrical stimulation, including fibroblasts, osteoblasts, myoblasts, chick embryo dorsal
root ganglia, and neural crest cells [33].

The inherent bioelectricity present in different cellular events explains the use of electrical
stimulation (ES) for tissue repair through either direct current (DC) or alternating current (AC) [22,25].
By applying electric fields, the cell behavior can be modified, including orientation, proliferation,
and rate and direction of cell migration, as tested in corneal, epithelial, and vascular cells, among
others [17,20,21,31,63,64]. For instance, ES produces electrotaxis or galvanotaxis, the phenomenon
by which there is a directional migration of cells in response to the electric field [65–67]. There is
further evidence showing the great influence of an ES on growth and development of nerve cells,
wound healing, and angiogenesis, among other cellular properties, the former being one of the most
relevant in this field [68]. In addition, by means of controlled ES, a greater cellular differentiation is
achieved; for instance, stem cell differentiation to neurons [33,68,69]. One of the main effect of ES is
the opening of ion channels, triggering the production of ions that can be deposited on tissues [70].
This change results in the alteration of ionic fluxes like calcium ions, contributing to cellular locomotion
or electrophoretic/electroosmotic effects that cause a redistribution of membrane components [65,67].
The effect of an electrical field is not only valid for cells but also for tissues [71].

3.2. Polymers for Electrostimulation of Cells

The construction of scaffolds based on electrically conductive polymers for nerve tissue engineering
to enhance the nerve regeneration process have been one of the most studied applications of electroactive
polymers [33]. For instance, PC12 cells were seeded on electrochemically synthesized PPy films,
producing a ∼91% increase in median neurite length when a positive potential of 100 mV was
passed through the PPy for 2 h [72]. Applying electric stimuli to nerve cells through conductive
nanofibrous scaffolds of PANi/gelatin enhanced cell proliferation and neurite outgrowth compared
with non-stimulated scaffolds can also be achieved [73]. Poly(D,L-lactide-co-ε-caprolactone) membrane
coated with PPy and the composite scaffolds increased the proliferation and differentiation of PC12
into neuronal phenotypes as well as sciatic nerve regeneration in rats, showing that they can be used
for ES enhancing the neurite outgrowth [74]. These studies demonstrate that cell growth and function
can be drastically enhanced at the interface of PPy undergoing ES.

ES has also been used in fibroblast cells. For instance, conductive biodegradable PPy-Polylactide
(PLA) membranes and poly(D,L-lactide)/PPy nanocomposites are able to upregulate the mitochondrial
activity of human skin fibroblasts [75]. Under a constant electrical field strength of 100 mV/mm,
a greater cell viability was observed than that shown by the non-stimulated cells cultured on the
same substrate of identical surface morphology and chemistry. Moreover, electrical field seems to
play a more substantial role than does electrical current in modulating the activity of cells cultured
on conductive polymeric scaffold. DC applied to nanofibrous scaffolds of PANi and poly(L-lactide-
co-ε-caprolactone) enhanced the growth of NIH-3T3 fibroblasts [76]. Electric stimulus in conductive
polymers may offer a novel engineering technique to regulate cell adhesion and orientation of bone
marrow-derived mesenchymal stem cells (MSCs) and fibroblasts [77].
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Regarding the mechanisms behind the effects of an electric potential and/or an electric field on
cell activity through an intrinsic conductive polymer, it is speculated that reduction of the polymer
(for instance PPy) and electric conduction itself can both affect cells in several ways [34]. For example,
the process of neutralization of PPy, under a reducing potential, causes the expulsion of negative
ions or the uptake of positive ions from the medium. An uptake of positive ions such as Na+ from
the medium is speculated to affect several processes, including protein adsorption and the cell cycle.
For instance, human Adipose-Derived Mesenchymal Stem Cells (AD-MSCs) attached to PPy/chitosan
composite scaffolds and stimulated under DC for 7 days presented a calcium deposition 346% higher
than non-stimulated scaffolds [78]. The adsorption of serum proteins, specifically fibronectin, on the
electrically conducting polymer can further explain the improved cell behavior under ES as reported
in PC12 cells [34,79].

Electroactive polymer composites can also be used for tissue regenerating scaffolds, biosensors,
and bioapplications, leaving in evidence several potential applications in tissue engineering [29].
For instance, a polymeric composite scaffold of polyacrylonitrile/carbon nanofibers was developed,
yielding promising results under ES for applications in nerve tissue regeneration. Electrostimulated cells
attached on this conductive scaffold improve neuronal differentiation, and maturation of neural stem
cell under 5 V (AC) for 4 h during 7 days [80]. The intracellular and extracellular fluids, which possessed
different potentials under ES, produced an extra depolarization, generating these improvements and
cell extension [78,79]. Poly(lactic-co-glycolic acid) (PLGA)/CNT electroactive scaffolds were also
tested under an electric current (AC) using similar cells with better results than the non-stimulated
cell/samples [81]. In particular, an increase in proliferation, differentiation, and growth of long neurites
attached to the scaffolds were found under ES in these composite scaffolds [81].

The use of graphene in biomaterials is well known due to its excellent mechanical and electric
properties, as well as its biocompatibility with human cells [49,82]. Graphene particles are used
as a mechanical support strengthening hydrogels and as electric fillers for percolated conductivity
polymers [83]. For instance, electrically conductive graphene hydrogels based on Reduced Graphene
Oxide (rGO) and polyacrylamide (PAAm) can be considered as a composite useful for the development
of skeletal muscle in soft tissue engineering scaffolds and bioelectrodes. Moreover, ES of myoblasts by
the soft electroactive composite can upregulate myogenic gene expressions [83]. Polymer/graphene
composite scaffolds can further be designed for cardiac tissue engineering [84]. For instance,
Polycaprolactone (PCL) and Graphene composite scaffolds were obtained by an electrospinning
technique, producing changes in cardiomyocyte functions and significantly increasing the flux and
concentration of Ca2+ after ES [84].

Despite the several advantages of electroactive polymers for tissue engineering, some relevant
challenges should be addressed in order to continuously improve their behavior in this field. For intrinsic
conductive polymers, one the most relevant drawback is the lack of a proper biodegradation among
other issues such as poor polymer–cell interactions, the absence of cell interaction sites, hydrophobicity,
processability, and mechanical properties [85]. The most common strategy to overcome these issues is
to mix the electroactive polymer with another polymer possessing the desired property, such as: PLA,
PCL, PLGA, polyurethane (PU), chitosan, gelatin, and collagen, among others, for biodegradation
improvements. However, even minimizing the amounts of electroactive polymers in these blends, they
are expected to stay in the body. Another route to overcome this limitation is by synthesizing erodible
conducting polymers able to have a gradual dissolution [86] or by preparing degradable conductive
polymers containing conducting oligomers [85]. For electroactive polymer composites, the potential
toxicity of the carbon nanostructures is one the main drawbacks [87]. Moreover, carbon nanomaterials
are not biodegradable in general, adding another limitation, although they can be excreted in vivo
and cleared from the body once it is no longer needed. The increment in the polymer resistivity after
applying an electrical current can further add limitations together with the likely cytotoxicity effect of
long-term electrical exposure of cells [27].
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4. Electroactive Polymers for Drug Delivery

After the discovery more than 50 years ago that hydrophobic and low-molecular-weight drug
molecules are able to diffuse through silicone materials at a controlled rate, polymers have been
extensively studied for drug delivery systems [88]. The flexibility of polymeric materials can be
used to modulate the properties of the materials such as biodegradability and biocompatibility,
because of their diversity in chemistry, topology, and dimension. Indeed, polymers show usually
improved pharmacokinetics compared to pure small molecule drugs. Polymers are not drugs
themselves, and therefore they are designed to provide a passive function as drug carriers, reducing
immunogenicity, toxicity, or degradation, while improving circulation time [88]. Relevant in drug
delivery is the study of stimuli-responsive polymers mimicking biological systems in the capacity
to change under external stimulation [89,90]. These smart polymer biomaterials should present
their response within biological conditions. Typical stimuli are temperature [89], pH [91], light [92],
electric field [93], and electrolytes [94], among others [95–98]. The responses triggering the drug
release can be: dissolution/precipitation, degradation, change in hydration state, swelling/collapsing,
hydrophilic/hydrophobic surface, change in shape, conformational change and micellization. The most
important stimuli are pH, temperature, ionic strength, light, and redox potential. However, electric
fields can also be a stimuli for drug delivery and today electro-responsive polymers can be considered
smart drug carriers [21].

In drug delivery, hydrogels are highlighted because their highly porous structure permits loading
of drugs into the gel matrix, subsequently allowing drug release at a rate dependent on the diffusion
coefficient of the active molecule through the gel [89,93]. In stimulus/response electroactive hydrogels
the final effect of ES on drug release depends to a large extent on how the gel responds to the
stimulus, how the drug is released from the gel, and the interactions between the gel network and
the drug [99]. The main mechanisms of drug release in these electroactive hydrogels are: (1) forced
convection of the drug out of the gel along with syneresed/expelled water due to the electric field [98];
(2) diffusion [100]; (3) electrophoresis of charged drugs [101]; and (4) drug release upon erosion of
electro-erodible gels [102]. For charged drugs, the migration of the charged entities towards the electrode
bearing an opposite charge should be further considered [103]. The first mechanism is, however, the
most important mechanism of drug release in these systems, since under the influence of an electric
field, hydrogels generally deswell, causing the movement of solutes out of the gel. In particular,
when an electric field is applied, water is syneresed/expelled from the gel, causing the ejection of the
drug [98]. When the electric field is removed, the gel absorbs fluid and swells. Thus, upon sequential
switching “on” and “off” of the electric field, the gel deswells and swells, following the electric
field program [104–106]. Three main mechanisms of the electro-induced gel deswelling process exist:
(1) the establishment of a stress gradient in the gel; (2) changes in local pH around the electrodes;
and (3) electro-osmosis of water coupled with electrophoresis [102]. When diffusion is the major drug
release mechanism, electro-induced gel shrinking may inhibit drug release from the gel as the “pores”
in the polymer network of the gel become smaller and the pathway for drug movement out of the gel
becomes more tortuous. In this case, the application of an electric field stops/reduces drug release from
gels. This is especially significant for large drug molecules whose movement out of the gels can be
more effectively hindered by a “shrunken” polymeric network [102]. Electro-induced anisotropic gel
swelling can also occur when the gel is placed in a fixed position away from the electrodes. In this case,
gel expansion occurs when the mobile cations in the aqueous medium migrate towards the cathode,
penetrating into the gel network inducing ionization of the carboxyl groups on the gel network that
causes the gel on the anode side to swell as the ionized groups become hydrated [107]. These kinds of
gels, which swell in response to an electric field (and thus allow drug diffusion out of the gel) may be
more appropriate vehicles for electro-controlled release of such large molecules. Finally, pH changes
can lead to disruption of the ionic bonds responsible for the gel complex, and for instance the gel surface
facing the cathode can dissolve and erode under some conditions. This process triggers drug release.
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Intrinsic conductive polymers can also be used for electroactive drug delivery devices, as they can
undergo controllable and reversible redox reactions. These reactions alter their redox state, causing
simultaneous changes in polymer charge, conductivity, and volume that result in the uptake or
expulsion of charged molecules from the bulk of the polymer [107]. By exploiting these changes,
the rate of drug release from these conductive polymers can be modified. Anionic drugs can be loaded
into the polymers during the oxidative polymerization process or via ion exchange through redox
cycling after polymerization. By an electrochemical reduction, anionic molecules can be released [108].
For instance, glutamate anions can be released more than 14 times better from PPy during the application
of a reducing voltage, compared to the system without ES. In this case, PPy was prepared with mobile
anions that would be released on electric reduction accompanied by polymer contraction (anion-driven
actuation), therefore releasing the anionic drug [108]. So the drug release is triggered by reduction
and the reincorporation of drug by oxidation. For cationic drug release, when the neutral intrinsic
conductive polymer is oxidized, the resulting net positive charge in the polymer repels the drug out of
the film. PPy prepared with immobilized anions will incorporate cations on reduction accompanied
by swelling (cation driven actuation), and cations can then be released on oxidation. Of interest
is mixing intrinsic conductive polymers with hydrogels for the development of electro-conductive
hydrogels. In particular, a poly(ethyleneimine) (PEI) and 1-vinylimidazol(VI) polymer blend containing
polyacrylic acid (PAA) and poly(vinyl alcohol) (PVA) semi-interpenetrating networks (semi-IPNs)
was recently produced for therapeutic electro-responsive drugs [109]. Another electrically active
hydrogel was prepared by mixing chitosan-graft-polyaniline copolymer with oxidized dextran (OD) as
a cross-linking agent. The copolymer acted as a drug carrier with electrically driven release at a release
rate that dramatically increased when an increase in voltage was applied [93]. The electrically driven
release of drug molecules from conductive hydrogels has been directly associated with (1) electric
field-driven migration of the charged molecules [93] and (2) change in the overall net charge within
the polymer upon reduction or oxidation [110].

More complex structures can also be produced using intrinsic conductive polymers for instance
those based on nanotubes and microcups. In the former case, biodegradable polymer fibers having
the drug were produced by electrospinning, and then the conductive polymer was added on the
surface by electrochemical deposition [111]. A local dilation of the tube by the ES promotes mass
transport, accounting for the drug release in a desired fashion by ES of the nanotubes. Microcups
made of PPy were produced using PLGA polymer as template, with the capacity to control the
drug loading/release characteristics [112]. PPy nanoparticles can also be used for drug delivery
externally stimulated through a weak and external DC electric field having excellent spatial, temporal,
and dosage control [113]. In this case, the conductive polymer was coupled with a temperature-sensitive
hydrogel, and the mechanism involved a synergistic process of electrochemical reduction/oxidation and
electric-field-driven movement of charged molecules. Recently, electrically responsive micro-reservoirs
made of arrays of vertical microtubes were used as support for PPy polymers sealed with PLGA were
produced as microcontainers for anti-inflammatory drugs. This system was able to accelerate the cells’
osteogenic differentiation via electrically controlled release of dexamethasone [114].

The electric conductivity of many electroactive polymeric materials used is not high enough
to achieve an effective modulation of drug release, leading to the use of more conducting materials
(e.g., carbon-based nanomaterials) in polymeric networks as a strategy to enhance the electro-sensitivity
of hydrogels. The addition of conductive particles such as CNT can improve the electrically
stimulated drug delivery behavior of the intrinsic conductive polymers [115,116]. For instance,
a semi-interpenetrating polymer network based on polyethylene oxide and pentaerythritol triacrylate
polymers was prepared by electrospinning, and CNT was used to increase the electric sensitivity.
The amount of released drug increased under the presence of the conductive particles due to the polymer
dissolution under the effects of carbon nanotubes, thereby releasing the drug. A similar tendency was
found using an aligned CNT array membrane electrode as a platform for the production of PPy films,
showing significant improvement in the controlled release of neurotrophin [117]. Electrospinning
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was used to prepare poly(vinyl alcohol)/poly(acrylic acid)/multi-walled carbon nanotubes (MWCNTs)
nanocomposites where the drug release of nanofibers depended on the electric voltage applied due
to the variation of the ionization of functional groups in the polymer matrices [118]. In this context,
spherical hybrid hydrogels composed of gelatin with CNT were produced as drug delivery systems
for the electro-responsive release of diclofenac sodium salt, where the electrical stimulation increased
the drug release associated with a reduction of swelling behavior by built-in osmotic pressure [119].
Electro-responsive hybrid hydrogels can also be produced by this route such as gelatin-coated CNT
mixed with acrylamide and polyethylene glycol dimethacrylate as plasticizing and crosslinking
monomer, respectively [120]. These composites were highly versatile in modulating the drug delivery
of neutral drugs as a function of both nanotube content and voltage magnitude, with drug release
being dependent on the balance between electrostatic attractive and repulsive forces and the degree
of hydrogel swelling. Another electroresponsive poly(methylacrylic acid)/CNT composite was also
reported, presenting controlled drug release upon the On/Off application of an electric field as tested
both in vitro and in vivo [121].

The above-mentioned drawbacks of electroactive polymers in tissue engineering are still valid
for drug delivery, in particular lack of a proper biodegradation, high hydrophobicity, and poor
mechanical behavior [103]. In the particular case of non-biodegradable drug delivery implanted
devices, after an initial procedure to administer the device, a second procedure will be required for
removal [103]. In addition to these issues, these electroactive polymers will require attachment to
an electrode and some electronic circuitry for operating, limiting their use. Another limitation is related
to the low levels of drug than can be incorporated and released [103].

5. Artificial Muscle Based on Polymer Composites

Artificial muscles can be defined as electromechanical actuators, meaning that they can directly
convert electric energy into mechanical energy. They are relevant for a broad range of applications,
especially in biomedical engineering, as they can be used in applications such as: microsurgical
devices, artificial limbs, or even, in the future, implants like artificial ocular muscles, or hearts [122].
Specific examples are blood vessel (microanastomosis) connectors, tubes that hold open the ear drum
(myringotomy tubes), and microvalves for prevention of urinary incontinence [123]. Artificial muscles
based on conductive polymer actuators have many advantages for biomedical applications as they
(1) can be electrically controlled; (2) have a large strain which is favorable for linear, volumetric,
or bending actuators; (3) possess great strength; (4) require low voltage for actuation (1 V or less);
(5) can be positioned continuously between minimum and maximum values; (6) work at room/body
temperature; (7) can be readily microfabricated and have light weight; and (8) can operate in body
fluids [123]. Although different materials are used as artificial muscles, most of them are polymers
based on electroactive PPy, ionic metal–polymer composites (IMPCs), hydrogels, or liquid crystal
elastomers (LCEs). Today, polymer actuators can even exceed the performance of natural muscle
in many respects, making them particularly attractive for use anywhere a muscle-like response is
desirable [124]. Each polymer system presents a specific mechanism for the electromechanical actuation
and for instance, electronically intrinsic conducting polymers such as PANi and PPy provide one
type of high-strain actuator based on dimensional changes produced by electrochemically inserting
solvated dopant ions into a conducting-polymer electrode [124]. Dielectric elastomers present actuation
through “Maxwell stress” due to the attraction between charges on opposite capacitor electrodes
and the repulsion between like charges [125]. The volume change of an electrolyte and electrostatic
repulsion can be further used as a mechanism such as in ionic polymer/metal composite actuator.
Depending on the conductive mechanisms, these polymers can be divided into two major groups:
(1) electroactive polymers (EAPs) such as intrinsic conductive polymers, dielectric elastomer actuators
(DEAs), ferroelectric polymers, and liquid crystal elastomers; and (2) ionic EAPs characterized by the
presence and movement of ions triggering the actuation [124].
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In ionic conducting polymers, an ion is mobile within the matrix and when a positive voltage
is applied to a conducting polymer electrode, electrons leave the polymer electrode and anions are
attracted to and inserted into the polymer to balance the electric charge, resulting in an expansion.
To complete the circuit, a second electrode is used which acts in the opposite direction, expelling
ions when it is negatively biased. This inclusion and exclusion of ions can create expansion and
contraction on opposite sides of a structure such as a catheter, producing bending [126]. For instance,
during oxidation of PPy films, electrons are extracted from the polymer chains, double bonds are
rearranged, and positive charges (polarons or bipolarons) are stored along the chains. To maintain the
electroneutrality, conformational movements of the chains stimulated by the electrochemical process
generate free volume, which is occupied by the counterions and water molecules, producing the film
swells. Otherwise, during reduction of the polymer, electrons are injected into the chains and positive
charges are compensated. The original structure of the double bonds is restored and counterions and
water molecules are expelled towards the solution by the electrochemically stimulated conformational
relaxation, promoting a shrinking [127]. Artificial muscles from these conducting polymers are fully
reliable Faradaic motors and the movement rate is under linear control of the flowing current and the
consumed charge [128]. Design of PPy electroactuators can use a monolithic, bilayered, or trilayered
structure, and while monolithic and bilayered implementations are primarily used in applications
involving a supporting liquid electrolyte (either aqueous or organic), trilayered ones are employed
with an ionic gel electrolyte sandwiched between two PPy films for operation in air. Bending bilayers
are one of the most efficient structures transducing reaction that drive from small volume variations
in the conductive polymer film to large bending movements [129]. In this case, the second layer is
required to translate the volume variation from the polymer film into mechanical stress gradient
across the bilayer, producing the macroscopic bending movement. Thus, the second layer is a passive
layer that must be bent, although it consumes a fraction of the applied electric energy for bending it.
As a result, the muscular energetic efficiency and the angular displacement, for the same consumed
charge, decreases [130]. Two layers of the same conducting polymer constituting an asymmetric bilayer
muscle can overcome this limitation as one PPy is expected to swell during oxidation by entrance
of anions pushing the bending movement while the second layer must shrink during oxidation
(simultaneously) by expulsion of cations pulling the bending movement. The improvement arising
from the asymmetric bilayer can be seven and four times that of the two layer artificial muscles [128].
A cooperative electro-chemo-mechanical actuation of each of the individual layers occurs in each
asymmetric bilayer.

A different kind of material broadly used for actuators in artificial muscles is the family
of ion-exchange polymer–metal composites (IPMCs) showing large deformation in the presence
of a low applied voltage. IPMCs consist of a solvent swollen ion-exchange polymer membrane
laminated between two thin flexible metal (typically percolated Pt nanoparticles or Au) or carbon-based
electrodes [131]. The mechanism in IPMCs is based on the characteristic of polyelectrolytes to possess
ionizable groups on their molecular backbone that can be dissociated to obtain a net charge in a variety
of solvent media. Therefore, the capacity of these polymers to interact with externally applied fields
as well as their own internal field triggers the electromechanical deformation of such polyelectrolyte.
For instance, polyelectrolytes filled with liquid containing ions can also deform under an external
electric field due to the electrophoretic migration of such ions inside the structure [132]. An IPMC
bends toward the anode if it is cationic under the influence of an imposed electric potential, and can
oscillate in response to an alternating input voltage. Furthermore, the appearance of water at the
surface of the expansion side and the disappearance of water on the contraction side occur near the
electrodes, meaning that charged particles drag water molecules parasitically with them when they
are electrophoretically transported within the IPMC. Therefore, the imposition of an electric field
produces an electrophoretic dynamic migration of the mobile cations that are conjugated with the
polymeric anions that can result in a local deformation of the material [132]. These composites are
produced in two steps: (1) a compositing process to metallize the inner surface of the polymer by
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a chemical-reduction where the metallic particles are concentrated predominantly near the interface
boundaries; and (2) a surface electroding process in which multiple reducing agents are introduced,
and where the original roughened surface disappears [133]. The particles improve the conductivity
between the polymer and the electrodes.

Another approach for artificial muscle is based on dielectric elastomer actuators that are essentially
compliant variable capacitors consisting of a thin elastomeric film coated on both sides with compliant
electrodes [131]. When an electric field is applied across the electrodes, the electrostatic attraction
between the opposite charges on opposing electrode and the repulsion of the like charges on each
electrode generate stress on the film causing it to contract in thickness and expand in area. This concept
extends toward the construction of flexible dielectric elastomers by the production of a soft dielectric
sandwiched between two soft conductors that are subject to a voltage producing electric charges
of the opposite polarities accumulate on the faces of the dielectric, causing the dielectric to reduce
thickness and expand area [134]. This approach can be further extended to soft robots, where an
encapsulated hydrogel serves as an ionically conductive electrode and surrounding tap water can
be used as the other electrode [135]. When a voltage is applied the positive and negative charges
accumulate on both sides of the dielectric elastomer, inducing Maxwell stress that deforms the
membranes. The net effect is a reduction of the body’s curvature, corresponding to the actuated
state. The resulting strain in these systems is proportional to the quadratic of the applied voltage
and the material electrical strength [136]. Indeed, by increasing the electrical breakdown strength,
lager range of input operating voltages and reduced probability of material degradation can be
obtained. Notably, the electrical breakdown and the dielectric losses can be changed by controlling
processing parameters of the polymer synthesis and fabrication procedure as recently shown for
Poly(vinylidenefluoride–trifluoroethylene–chlorotrifluoroethylene) terpolymer [136].

A much less studied material for electro-actuators are percolated electric conductive polymer
composites, where the mechanism is based on heating the polymer by the joule effect due to the current
passing through the conductive paths. This heating produces an observable expansion of the composites
and the buckling of the device when the boundaries are restricted [137]. Although these composites
can present low volume changes at high voltages, it depends on the materials used and a chitosan/CNT
composite can present larger electromechanical actuations [138]. Recently, environmentally friendly
electrothermal bimetallic actuators based on waterborne polyurethane and a silicone rubber matrix
filler with CNT presented an improved behavior. Under 7 V AC, the actuator achieved a bending
displacement up to 28 mm, which is greater than most of other electrothermal actuators reported [137].

Despite the potentiality of artificial muscles based on electroactive polymers and hydrogels,
they present a major drawback related with the small electrochemical stability window of aqueous
electrolytes (≈1.23 V) [139]. Beyond this window, electrolysis of water can lead to catastrophe due to
hydrogen and oxygen evolution reactions at the electrodes. Indeed, although these systems can be
stable in air, they exhibit slow response time. Moreover, it can be a drift in the bending amplitude which
may require correction by a feedback-loop control system. In hydrogels, the main drawback relates
with the relatively slow response time as well as chemical stability and performance degradation over
time [139].

6. Antimicrobial and Antifouling Polymers Based on Electrical Stimulation

6.1. Microbial Infections and Biofouling

Microorganisms are present at all time in different environments, so it is necessary for the
design of any kind of biomaterials to consider their antimicrobial properties [140]. Biofouling is
the formation of a microbial consortium which contributes to the development of biofilms capable
of adhering to the surface of materials, facilitating the adhesion of other microorganisms on wet
surfaces. The development of biofilms on different surfaces is a problem that affects several materials
in applications such as food, drinking water quality, and medicines, among others [141]. The bacterial
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colonies on the surface of a biomaterial, which are highly resistant to antibiotic treatments, are
difficult to be eliminated by conventional methods [142], leading to a chronic inflammatory response.
Once formed, biofilms cause serious and even fatal clinical complications. In biomedical applications,
bacterial infections can cause tissue destruction, premature device failure, and the spread of infection to
other areas [143,144]. For instance, bone implants are always associated with risks of bacterial infection
that leads to implant failure or, in critical cases, amputation or death of the patient [144,145]. In contact
with the eye lens this process causes serious eye infections [146]. Other examples of fouling formation
are in catheter-associated urinary tract infections [147,148], and dental implants cause periodontal
diseases and gingivitis [144]. Therefore, it is of great importance to eradicate biofilm formation avoiding
the reversible anchoring of bacterial colonies [149]. The formation of bacterial films on a surface can be
classified as follows: State 1—reversible anchoring of bacterial colonies; State 2—bacterial colonies
irreversibly anchored to the surface, losing the flagella that give spatial mobility; State 3—beginning
of the first maturation stage; State 4—completion of the maturation phase; and State 5—movement
of bacterial colonies and dispersal into microcolonies [140]. These states are summarized in Figure 6.
The different strategies for the control of biofilms are still under discussion, although some of them are:
inhibit microbial adhesion on the surface, interfere with the surface by molecules that modulate the
development of the biofilm, and the dissociation of the biofilm matrix [140].

Figure 6. States of biofilm (or biofouling) formation on a material surface (based on reference [140])
State 1: reversible anchoring of bacterial colonies; State 2: bacterial colonies are irreversibly anchored
to the surface; State 3: maturation; State 4: the maturation phase is completed and State 5: the bacterial
colonies begin to move again, dispersing in microcolonies.

6.2. Electrical Stimulation as an Antimicrobial Method

ES has been applied to promote the inactivation of different biofilms and bacterial strains, such as
S. aureus, Pseudomonas, and E. coli on different metals and amorphous carbon substrates, among
other types of electroactive materials [150,151]. Because all naturally occurring surfaces, including
those of bacterial cells, are generally negatively charged, the electrostatic force between bacteria
and a biomaterial surface is repulsive. These repulsive forces can be enhanced by application of an
electric current, thereby increasing the negative charge and consequently the repulsive force [152].
Therefore, this electrostatic repulsion between the resulting electrically charged material surface and
biofoulants such as soluble microbial product molecules and extracellular polymeric substances which
are negatively charged, and microbial cells can facilitate their removal [153]. An electric current
can further enhance the activities of antimicrobial agents such as aminoglycosides, quinolones, and
oxytetracycline against Pseudomonas aeruginosa, Klebsiella pneumoniae, Staphylococcus epidermidis,
Escherichia coli, and Streptococcus gordonii biofilms, a phenomenon referred to as the bioelectric
effect [154]. This effect can be related to pH modification, the production and transportation of
antimicrobial agents into the biofilm by an electrophoretic process, the genesis of additional biocidal
ions, or hyperoxygenation [155]. The bioelectric effect has been studied mainly in infections associated
with metal prostheses, although studies have also been conducted to the treatment of infections in
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the auditory canals, through non-invasive transcutaneous or minimally invasive applications such as
subcutaneous [154].

In addition to the mechanism based on electrostatic repulsion, there are others not yet fully
understood [148,149]. For instance, the electric field causes an increase in the permeability of the
cell membrane, causing electropermeabilization or irreversible electroporation and the production
of reactive oxygen species (ROS) [156–164]. This electrolytic damage of the internal cell membranes
generates an irreversible loss of the semipermeable barrier function, the release of intracellular content,
a loss of motility, and synthesis of some enzymes such as lactate dehydrogenase and trypsin [160].
The effects of electroporation produced by low electric fields (1.5–20 V/cm) promotes biocidal action in
the different existing biofilms [160–162]. Free radicals and ROS are generated as hydrogen peroxide
and reactive nitrogen species (RNS) at low electric field and low current [155,164]. Moreover, electric
current, even at a low intensity, can cause an increase of hydrogen ion concentration inside the
cytoplasm and disorganization of membrane functionality, causing the alteration of cells. It has been
demonstrated that the use of AC causes the inhibition of yeast cell metabolism because it induces the
migration of electrons from the cell to the graphite electrode and the accumulation of H+ ions in the
cell, thereby modifying the membrane potential [160].

6.3. Electroactive Polymers as Antimicrobial and Antifouling Materials

Despite the relevance of electric field to avoid biofouling, its use in electroactive antimicrobial
polymers for biomedical applications has been barely reported. For instance, modified PPy membranes
coated with graphene derivatives were produced to enhance their electric conductivity and improve
biofouling suppression because of higher electrostatic repulsions [153]. In general, most of the
research has focused on antifouling membranes for bioreactors. The mechanisms of fouling prevention
and cleaning with conductive membranes are also mainly based on electrostatic interactions or
electrochemical redox reactions on the membrane surface [165]. For instance, during filtration of
charged macromolecules and particles, the charged conducting membrane pushes back the foulants due
to the electrostatic effect, and this reduces membrane fouling. In electrochemical fouling, the membrane
acts either as the electrode where direct or indirect oxidation of foulants takes place on the membrane
surface or at the electrode, where foulants are removed via bubble generation on the surface [165].
In this context, intrinsic conductive polymers are able to show antimicrobial behavior without any
external electric stimulus due to the oxidative stress that these polymers can generate on the bacterial
cells, suppressing the formation of the bacterial cell wall [165]. Nanocomposites of PANi with zinc
oxide (ZnO) nanorods, and epoxy resins with PANi, showed excellent antifouling properties [165,166]
By developing an electrically conductive membranes through a graphene (Gr) and PANi coating doped
with phytic acid (PA) on polyester filter cloth, a membrane with good conductivity was obtained,
presenting excellent antifouling properties. The membrane with a higher conductivity had better
antifouling property [166].

One of the first reports about polymer composites for electric antimicrobial effect in biomedical
applications used carbon particles where two modified catheters were placed vertically in a nutrient
agar plate and connected to an electric device with one catheter acting as a cathode and the other as an
anode [167]. The bactericidal activity possessed by negatively charged electroconducting polymers
was explained by the establishment of electrostatic repulsions between the negatively charged bacterial
cell wall and the polymer [168]. Recently, Arriagada et al., 2018 [169] achieved 100% antimicrobial
activity by applying 9V by means of an electroactive composite based on Poly(lactic acid) (PLA) with
Thermally Reduced Graphene Oxide particles (TrGO). The results are attributed to the electrostatic
effect and the transfer of electrons in conductive materials under an electric current, which causes the
death bacteria attached to the electroactive materials [169]. Future research should focus on polymeric
compounds capable of eradicating in the early states of microorganisms attaching to surfaces through
new smart electroactive biomaterials [170]. In Zhang et al., 2014 [170] Polypyrrol (PPy)/chitosan films
with a synergic effect of DC current and gentamycin treatment against biofilm bacterial were fabricated,
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and they were able to produce biofilm disruption by compromising the integrity of the cell wall by
an autolysis-induced cell disruption, i.e., through the action of enzymes produced under the applied
DC [170].

In hydrogels the effect of an electric current on the bacterial growth has also barely been reported.
For instance, a DC electric field was used as a practical nonthermal procedure to reduce or modify the
microbial distribution in alginate and agarose gel beads. The viability of bacteria entrapped in the
beads decreases as the field intensity and duration of electric field increase [171].

7. Conclusions

The flexibility of polymers makes possible the development not only of highly compatible and
degradable biomaterials, but also a broad set of conductive materials such as: intrinsically electric
conductive polymers, percolated electric conductive composites, and ionic conductive hydrogels.
This unique flexibility of polymers can be used for the design of electroactive materials for specific
biomedical applications such as ES of cells; drug delivery; artificial muscles; and antimicrobial materials.
While the use of ES in conductive polymers has been well documented for drug delivery and artificial
muscles, more research should take place regarding the potential use of these smart polymeric materials
for cell proliferation and antimicrobial scaffolds. For instance, additive manufacturing can extend the
range of possibilities for designing electroactive scaffolds that would certainly impact the applications
of electroactive polymers.
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Abstract: Herein, efficient antimicrobial porous surfaces were prepared by breath figures approach
from polymer solutions containing low content of block copolymers with high positive charge
density. In brief, those block copolymers, which were used as additives, are composed of a
polystyrene segment and a large antimicrobial block bearing flexible side chain with 1,3-thiazolium
and 1,2,3-triazolium groups, PS54-b-PTTBM-M44, PS54-b-PTTBM-B44, having different alkyl groups,
methyl or butyl, respectively. The antimicrobial block copolymers were blended with commercial
polystyrene in very low proportions, from 3 to 9 wt %, and solubilized in THF. From these solutions,
ordered porous films functionalized with antimicrobial cationic copolymers were fabricated, and the
influence of alkylating agent and the amount of copolymer in the blend was investigated. Narrow pore
size distribution was obtained for all the samples with pore diameters between 5 and 11 μm.
The size of the pore decreased as the hydrophilicity of the system increased; thus, either as the
content of copolymer was augmented in the blend or as the copolymers were quaternized with
methyl iodide. The resulting porous polystyrene surfaces functionalized with low content of
antimicrobial copolymers exhibited remarkable antibacterial efficiencies against Gram positive
bacteria Staphylococcus aureus, and Candida parapsilosis fungi as microbial models.

Keywords: antimicrobial coatings; porous surfaces; breath figures

1. Introduction

Healthcare-associated infections are a major problem nowadays, causing high morbidity and
mortality rates and substantial increase in health care costs. These infections are mainly associated
with surgery procedures and medical devices such as ventilators or catheters. Prescription of
antibiotics is typically used as a prevention method and/or treatment to avoid such transmissions of
nosocomial pathogens; however, antibiotic consumption is a primary cause of antibiotic resistance [1],
and consequently, there is an urgent need for alternatives, as well as strategies to prevent
healthcare-acquired infections [2]. Inhibition of bacterial growth on the surfaces of medical equipment
and devices is necessary to prevent the transmission of diseases by contact, and one promising
approach is the development of antimicrobial coatings. Many of these self-disinfecting coatings are
based on impregnating the surfaces with antimicrobial agents including antibiotics, silver compounds,
light active species, and antimicrobial polymers such as polycations [3–7]. Other strategies limit the
bacterial colonization of surfaces by inducing micro and nano-roughness, which modifies the surface
area of contact with the microorganisms [8–10]. Although in the past the effect of surface topography
on bacterial inhibition has received less attention, it is gaining popularity nowadays [11,12]. Many of
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these works study antifouling effects [13,14] based on superhydrophobic surfaces with reduced
surface contact [10,15]. Most of the antifouling surfaces are able to effectively reduce the initial
bacterial attachment, but only within a relatively short period. If adhesion occurs, the bacteria rapidly
proliferate, leading to the formation of the biofilm.

Alternatively, the introduction of roughness can produce the opposite effect, dramatically
increasing the contact adhesion area. Thus, combinations of surface roughness with chemical
biocidal functionalities can create more effective bactericidal properties than flat surfaces [16–18].
Nowadays, many techniques are available to create surfaces with finely controlled topography,
including lithography approaches and colloidal templates [19,20]. Most of these techniques usually
require multiple stages, expensive equipment and prefabricated masks. One of the most versatile
and simple methodologies to create polymeric porous surfaces with controlled pore size, and thus
tailored roughness, is the so-called breath figures approach [21–24]. This method prepares ordered
porous films with water droplets as the template. Basically, polymer solution is cast onto a substrate
under humid atmosphere. The solvent evaporation induces the condensation of water droplets,
which self-organize into a hexagonal array and after solvent evaporation, honeycomb-patterned films
are obtained. Although this technique can be used with a diversity of polymers and functionalities [25],
it is limited to polymers soluble in non-polar organic solvents such as CS2 or chloroform, which are
mostly hydrophobic polymers, polymers with polar end groups or some amphiphilic copolymers.
An alternative for obtaining porous surfaces functionalized with highly hydrophilic polymers or
polyelectrolytes is the use of polymer blends, consisting of incorporating low amount of hydrophilic
polymers into a hydrophobic polymeric matrix such as polystyrene [26]. Due to the formation
mechanism of the breath figures, the hydrophilic polymers tend to migrate towards the condensed
water droplets, which imply their localization at the surface, on the wall of the pores [26–28].
In this context, cationic antimicrobial polymers based on quaternary ammonium groups have been
incorporated into breath figures films by using blends [29]. However, only systems based on
copolymers with low positive charge density have been prepared due to the difficulty to dissolve
them in organic solvents [29,30]. In this work, we prepared porous films by a breath figures approach
functionalized with high charge density by the incorporation of antimicrobial cationic polymers
bearing two quaternary ammonium groups per monomeric unit. In fact, these structures are based
on methacrylic monomers with 1,3-thiazolium and 1,2,3-triazolium side-chain groups, and have
demonstrated a broad spectrum of antimicrobial activity in solution [31,32], and also when immobilized
onto a surface [16,33]. It is well known that surface positive charge density is an important parameter
for defining antimicrobial efficiency [33,34], and the incorporation of polymers with high charge density
as blend component will enhance the biocidal activity of the microstructured surfaces, maintaining the
physicochemical properties of the resulting coating.

2. Experimental Section

2.1. Materials

Film preparation: high molecular weight polystyrene (PS, Aldrich, Schnelldorf, Germany,
weight-average molecular weight, Mw = 2.50·× 105 g mol−1) was employed as polymeric
matrix and used as received. The block copolymers polystyrene-b-poly(4-(1-(2-(4-methylthiazol
-5-yl)ethyl)-1H-1,2,3-triazol-4-yl)butyl methacrylate) (Mn = 22,000 g/mol, Mw/Mn = 1.53) quaternized
with either butyl iodide (PS54-b-PTTBM-B44) or methyl iodide (PS54-b-PTTBM-M44) were synthesized
as previously reported [16]. Briefly, the first block of polystyrene was prepared by atom transfer
radical polymerization (ATRP) and then was used as macroinitiator for the synthesis of the
PTTBM block. This second block was obtained by combination of ATRP and copper-catalyzed
azide-alkyne cycloaddition (CuAAC) click reaction, using the same catalyst (CuCl/PMDETA).
The TTBM monomer was synthesized in situ during its ATRP polymerization by click chemistry
between 2-(4-methylthiazol-5-yl)ethanol azide and hex-5-yn-1-yl methacrylate. The cationic copolymers
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PS54-b-PTTBM-R44 (R = butyl or methyl) were finally obtained by quaternization of their thiazole and
triazole groups. 1H-NMR spectroscopy confirms that quaternization was achieved quantitatively [16].
Tetrahydrofuran (THF, Aldrich, St Quentin Fallavier, France, ACS reagent) was employed as organic
solvent for the preparation of the porous films without further purification. Round glass coverslips of
12 mm diameter were obtained from Ted Pella Inc (Redding, CA, USA).

Microbiological assays: Sodium chloride (NaCl, 0.9%, BioXtra, St Quentin Fallavier, France,
suitable for cell cultures) and phosphate-buffered saline (PBS, pH 7.4) were obtained from Aldrich.
Sheep blood (5%) Columbia Agar plates were purchased from bioMérieux (Madrid, Spain). American
Type Culture Collection (ATCC): Gram-positive Staphylococcus aureus (S. aureus, ATCC 29213)
bacteria and Candida parapsilosis (C. parapsilosis, ATCC 22019) fungi were obtained from Oxoid™
(Madrid, Spain).

2.2. Antimicrobial Film Formation

Porous films with antimicrobial activity were fabricated by a breath figures approach. For this
purpose, blends of polymers composed of commercial PS as the main component, and cationic
copolymers PS54-b-PTTBM-R44 (PS54-b-PTTBM-B44 or PS54-b-PTTBM-M44) as minor components were
prepared at different compositions: 3, 6 and 9 wt % of copolymer. The polymer mixtures were dissolved
in THF at a concentration of 30 mg mL−1. THF was selected as organic solvent because is compatible
with all the components. Then, polymer films of 1 cm diameter were obtained by drop casting of
30 μL of each solution onto glass substrate at room temperature in a closed chamber under controlled
humidity. The humidity conditions of the chamber were set to 60, 70 and 90% for each solution.

2.3. Film Characterization

The surface structures of the films were observed by a scanning electron microscope (Philips
XL30, Eindhoven, The Netherlands) with an acceleration voltage of 25 kV. The films were coated with
gold-palladium (80/20) prior to imaging. The pore diameters and the quantitative order of porous
patterns were analyzed by the image analysis software Image-J (NIHimage, National Institutes of
Health, Bethesda, MD, USA). Water contact angle measurements of the prepared films were carried
out in a KSV Theta goniometer (KSV Instruments Ltd., Helsinki, Finland) from digital images of 3.0 μL
water droplets on the surface. The measurements were made in at least quintuplicate.

2.4. Evaluation of Antimicrobial Activity in Films

Antimicrobial activities of the prepared films were evaluated following the E2149-01 standard
method from the American Society for Testing and Materials (ASTM) [35], which is a quantitative and
standardized method, typically used for the analysis of material surfaces in antimicrobial materials.
Firstly, the microorganisms S. aureus and C. parapsilosis were incubated on 5% sheep blood Columbia
agar plates for 24 h for bacteria and 48 h for yeast at 37 ◦C in a Jouan IQ050 incubator (Winchester, VA,
USA). Subsequently, the microorganism concentration was adjusted with saline solution to a turbidity
equivalent to ca. 0.5 McFarland turbidity standard, about 108 colony-forming units (CFU) mL−1.
The optical density of the microorganism suspensions was measured in a DensiCHEKTM Plus (VITEK,
bioMérieux, Madrid, Spain). Then, these suspensions were further diluted (1:200) with PBS to obtain
106 CFU mL−1. Each film was introduced in a sterile falcon tube containing 1 mL of the tested inoculum
and 9 mL of PBS to reach a working solution of ca. 105 CFU mL−1. Control experiments were also
carried out on films made exclusively with commercial PS, and also blank experiments with only the
tested inoculum in the absence of films. The suspensions were shaken for 24 h at 120 rpm. After this
period, 1 mL of each solution was taken and serially diluted. The dilutions, 1 mL, were placed on
5% sheep blood Columbia agar plates and incubated for 24 h for bacteria and 48 h for fungi at 37 ◦C.
Then, the number of bacteria in each sample was determined by the plate counting method [36].
The measurements were made at least in triplicate.
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3. Results and Discussion

Porous films were prepared by the breath figures method from blends containing antimicrobial
copolymers with high charge density as a minor component or additive. By this approach, bactericidal
films on contact with antimicrobial chemical functionalities at the surface and controlled microstructure
can be fabricated in a very simple and effective way. In addition, structural parameters, such as pore
size and pore density, can be easily controlled by selecting the experimental conditions of humidity,
concentration of the solution or the type of polymer [22]. In fact, the use of polymeric structures with
polar moieties, i.e., amphiphilic polymers, favors the formation of ordered porous arrays, because these
structures help the stabilization of the condensed water droplets. Herein, amphiphilic copolymers
based on a hydrophilic block with two quaternary ammonium moieties per monomeric unit (Figure 1)
were added to commercial polystyrene as a modifier and antimicrobial component. THF solutions of
these blends were cast onto glass substrates under controlled humidity. It has to be mentioned that
the cationic copolymers PS54-b-PTTBM-R44 are not soluble in the common organic solvents typically
used in the breath figures approach, such as CS2 and chloroform. Thus, THF was selected to be
more compatible with both components of the blend, although it is known that THF is not an ideal
solvent and typically leads to irregular arrays due to its miscibility with water. Nevertheless, THF only
allows the solubility of low content of copolymers. For this reason, THF solution was prepared with a
polymeric concentration of 30 mg/mL, with PS/PS54-b-PTTBM-R44 ratios of 97/3, 94/6 and 91/9 wt %.

Films were prepared from these THF solutions under different humidities: 60%, 70% and 90%.
As mentioned above, the relative humidity is a fundamental parameter in the preparation of porous
films by the breath figures approach and has a large impact on the morphology of the films. As shown
in Figure 1, when the humidity was set at 60%, only flat surfaces were obtained; thus, in this case,
higher humidity was necessary to fabricate porous films. In effect, at higher humidity values, such as
70% and 90%, porous films were found; however, films prepared at 90% show irregular patterns
containing large and heterogeneous pores mixed with smaller pores, resulting from the coagulation
of the rapidly condensing water droplets during the breath figure process, which leads to a dramatic
increase in the droplet size (Figure 1c,d) [37]. On the other hand, when the humidity was set at 70%,
more homogeneous patterns were obtained, as shown in Figure 1b. Thus, the following experiments
for the fabrication of antimicrobial surfaces were carried out under this relative humidity.

Films were prepared at 70% relative humidity from blend solutions composed of commercial
PS and a low amount of the antimicrobial copolymer quaternized with butyl or methyl iodide,
PS54-b-PTTBM-B44 or PS54-b-PTTBM-M44, respectively. It is well known that the alkylating agents
affect the efficacy of the antimicrobial polymers based on quaternary ammonium groups, because
they modify the hydrophobic/hydrophilic balance [31,38]. Additionally, the alkylating agents would
also influence the microstructure of the breath figure films. Figure 2 shows SEM images of the films
containing different contents of copolymer prepared at 70% humidity, in which porous films are
observed in all cases. Additionally, it is observed from the cross-section image that there is only a single
layer with pores. In these SEM images, the influence of the type of copolymer and its concentration on
the pore structure and morphology of the porous breath figure films can also be seen.

Previous works indicate that, in general, copolymers with large hydrophilic blocks produce poorly
ordered structures because the interfacial tension tends to decrease and, consequently, the coalescence
of the water droplets increases [29,37,39]. However, in this case, relatively ordered porous arrays are
obtained for all the blends, using both types of antimicrobial copolymers with large cationic segments
as additives. Table 1 shows the quantitative evaluation of the order obtained by using Voronoi polygon
construction on low-magnification SEM images. The images were processed and analyzed by the
software ImageJ to calculate the conformational entropy, which is compared with the entropy for an
ideal hexagonal array (S = 0) and a randomly organized array (S = 1.71) [40]. The large entropies
obtained between 1.17 and 0.86 indicate relatively poorly ordered arrays, although these values are
also substantially less than S = 1.71 for random packaging. It has to be mentioned that they are typical
values for breath figures made from water-miscible solvent such as THF [41–43]. Concerning the
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pore size, highly homogeneous pore diameters can clearly be seen for all the samples in SEM images.
When the different films are compared, in general, higher diameters are obtained in films containing
the copolymer quaternized with butyl, PS54-b-PTTBM-B44 (Figure 2a–c), which is more hydrophobic
than PS54-b-PTTBM-M44 quaternized with methyl groups. Nevertheless, the differences are slight,
as seen in Table 1, which summarizes the mean pore sizes of all prepared porous films, determined
by measuring at least 100 pores from the SEM images. Additionally, when the concentration of both
copolymers incorporated into the films is varied from 3 to 9 wt %, a slight influence is noted in the
pore size, which decreases when the content of copolymer increases.

Figure 1. Chemical structure of the antimicrobial block copolymer quaternized with butyl
(PS54-b-PTTBM-B44) or methyl (PS54-b-PTTBM-M44) iodides, and SEM images of the films of
PS/PS54-b-PTTBM-B44 blends, 97/3 wt % obtained from THF solutions at (a) 60%; (b) 70%; and (c,d)
90% relative humidity.
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Figure 2. SEM micrographs of films obtained at 70% relative humidity composed of
PS/PS54-b-PTTBM-B44 blends: (a) 97/3 wt %; (b) 94/6 wt %; (c) 91/9 wt %; and PS/ PS54-b-PTTBM-M44

blends: (d) 97/3 wt %; (e) 94/6 wt % (inset: cross-section); (f) 91/9 wt %.

Table 1. Average pore diameter ± SD (standard deviation), conformational entropy (S), and roughness
factor (rf) of porous films containing variable content of the cationic copolymers PS54-b-PTTBM-B44

and PS54-b-PTTBM-M44.

Cationic Copolymer Concentration (wt. %) S Pore Size (μm) rf

PS54-b-PTTBM-B44

3 1.16 11 ± 1 1.33
6 0.91 10 ± 1 1.42
9 1.17 7 ± 1 1.41

PS54-b-PTTBM-M44

3 0.86 7 ± 1 1.47
6 0.98 6 ± 2 1.48
9 0.94 5 ± 1 1.48

In general, we can conclude that as the hydrophilicity of the system is augmented, either by the
use of more hydrophilic copolymer or by the use of more percentage of the cationic copolymer, the size
of the pores decreases. It is well known in the breath figures approach that amphiphilic structures help
to stabilize the water droplets condensed at the surface of the polymeric solution; thus, in polymeric
blends, the content of amphiphilic copolymers significantly influences the porous structures [22].
As the content of copolymer increases in the blend, more droplets can be stabilized and, therefore,
more and smaller pores can finally be formed at the surface [22,44].

The surface wettability of the films and, then, their contact with culture media mainly depends
on both the chemical functionality and the roughness of the surface. The water contact angle
values of obtained films were found to be ~120◦ for all the samples measured, independent of the
copolymer content. However, as the cationic copolymer content increases in the sample, so does
the hydrophilicity, and the contact angle should decrease. Therefore, the roughness of the sample,
as expected, also contributes to the wettability of the films [45,46]. Table 1 summarizes the Wenzel
roughness factor, r f, defined as the ratio between the actual and the projected areas of the surface [47].
This factor is equal to one for flat surfaces and is greater than one for rough surfaces. It is observed
that the roughness of the films increases with the content of the copolymers, and in films containing
the copolymer quaternized with methyl iodide. Pore diameter slightly decreases with the content of
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the cationic copolymer, but at the same time, pore density also increases, which contributes to the
augmentation of the roughness. These contrary contributions to wettability, chemical functionality
and roughness could be the reason for the similar contact angles values found in the films. Therefore,
in principle, microbial contact with the surface would be rather similar for all the samples.

The antimicrobial activity of the prepared breath figure films was evaluated against S. aureus
Gram-positive bacteria and the fungi C. parapsilosis as model microbes, since they are common
pathogens responsible of many nosocomial infections. The shake flask method [36] was employed to
quantify the antimicrobial activity of the films under dynamic contact conditions. Table 2 summarizes
the cell killing percentage in microbial medium in contact with the films for 24 h, and then the growth
in agar plates for 24 h and 48 h for bacteria and fungi, respectively. The cell killing percentages were
expressed with respect to control experiments in which the microbial reduction was null (experiments
performed with films prepared from commercial PS, 0 wt % of copolymers, and without any films).

Table 2. Cell killing percentage of the breath figure films for S. aureus and C. parapsilosis microorganisms.

Cationic Copolymer Concentration (wt %)
Cell Killing (%)

S. aureus C. parapsilosis

PS54-b-PTTBM-B44

3 99.99 50
6 99.99 90
9 99.99 90

PS54-b-PTTBM-M44

3 99.99 90
6 99.99 90
9 99.99 90

It can be seen that all films exhibit high killing efficiency against S. aureus bacteria, with a reduction
of more than 99.99% in the culture medium. On the other hand, moderate activity was found against
C. parapsilosis fungi, with reduction of up to 90% for contents of copolymer higher than 6%. It is worth
mentioning that these films present relatively high antimicrobial activity even with very low content of
cationic copolymer; films containing only 6 wt % copolymers can reduce 99.99% of S. aureus and 90%
of C. parapsilosis exposure to the films. Thus, these results reveal that the preparation method provides
films with enough accessible active groups at the surfaces to kill the microorganisms by surface contact,
even when low amounts of copolymer are incorporated in the film. Remarkably, these breath figure
films provide better efficiencies than flat films prepared directly from the copolymer solution; that is,
100 wt % of PS54-b-PTTBM-B44, PS54-b-PTTBM-M44 [16]. These findings demonstrate the importance of
the surface roughness on the antimicrobial activity of contact-active films, which allows the use of very
low amounts of antimicrobial component in the coating while maintaining excellent biocidal activity.

4. Conclusions

In summary, efficient antimicrobial porous coatings were fabricated by the breath figures
approach from blends containing very low contents of antimicrobial polymers. Highly active
amphiphilic copolymers with a large cationic block bearing a flexible side chain with 1,3-thiazolium
and 1,2,3-triazolium groups were used as antimicrobial polymers with high charge density. Due to
the high biocidal effectiveness of the copolymers and the controlled roughness of the porous surfaces,
the resulting films exhibit high killing efficiency against the studied microorganisms. Thus, we can
conclude that this breath figures approach, using only a low content of cationic polymers, allows the
formation of surfaces with accessible polycationic chains for killing the microorganisms S. aureus and
C. parapsilosis by surface contact.
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Abstract: Polymeric thin films patterned with honeycomb structures were prepared from
poly(x-chlorostyrene) and statistical poly(x-chlorostyrene-co-styrene) copolymers by static breath
figure method. Each polymeric sample was synthesized by free radical polymerization and its
solution in tetrahydrofuran cast on glass wafers under 90% relative humidity (RH). The effect of the
chorine substitution in the topography and conformational entropy was evaluated. The entropy of
each sample was calculated by using Voronoi tessellation. The obtained results revealed that these
materials could be a suitable toolbox to develop a honeycomb patterns with a wide range of pore
sizes for a potential use in contact guidance induced culture.

Keywords: poly(x-chlorostyrene); honeycomb; breath figures; conformational entropy

1. Introduction

The control over water condensing phenomenon is a useful approach to form highly ordered
honeycomb structures from polymer by condensation of water droplets onto a drying polymer solution.
These honeycomb polymer thin films have attracted much attention due to the increasing range of
applications, such as energy storage [1,2], membranes [3–7], catalytic surfaces [8,9], and sensing
materials [10], among others. The effectiveness and low cost of these methods in comparison to other
techniques, such as photolithography or templating methods, have stimulated interest on breath
figures to fabricate substrates for biological applications [11–13].

In brief, the breath figures were formed when a polymer solution in a high volatile solvent was
cast onto a substrate under adequate humidity (Figure 1). The evaporation of the solvent induced a
cooling at the solvent/air interface. This process favored the condensation of water from the humidity
in the solution. Condensed water droplets formed a honeycomb pattern on the surfaces [14].
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Figure 1. Mechanism of breath figure formation.

The formation of the breath figures could be performed by different approaches, such as dip
coating, spin coating, air-flow or dynamic technique, and solvent cast or static method, with the last
two techniques more extended (Figure 2). On the one hand, in the static breath figure technique,
a polymer solution is cast dropwise on a solid substrate under a controlled relative humidity, where the
experiment is placed in a close chamber that allows the control over temperature and RH. On the other
hand, in the dynamic method, the polymer casting is carried out under airflow, with controlled flow
and humidity. This flow forces the rapid evaporation of the solvent due to the formed temperature
gradient between the solution and the bulk [15,16]. In this study, a static breath figure method was used.

 

Figure 2. (A) Air flow or dynamic technique, and (B) solvent cast or static technique.

Several factors could affect the breath figure method, such as humidity, solvent, concentration,
polymer, or substrate, among others. For example, an increase on the RH usually induces an increase
on the pore size, whereas a solvent with a higher volatility produces a lower pore size. These effects
were summarized in several reviews devoted to breath figures [17,18].

Cell-material interaction is considered one of the fundamental fields in biomaterials [19–21].
Apart from the chemical composition of the surfaces, physical factors, such as pore size and stiffness,
are important in cell adhesion, spreading, and proliferation [22]. Studies indicate that a reduction
of the cell adhesive sites on a substrate could be a key factor in the design of the surface structure
of cell culture substrates [11]. In this context, recently 2D and 3D patterns have been fabricated,
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from submicrometer to less than one hundred of micrometer, capable of modeling in vivo topographic
microenvironments of cells inducing the contact guidance [20,23–25].

Several researchers have demonstrated the successful adhesion of the most common cells
to honeycomb structures [26–30]. It has been demonstrated as a promotion of the adhesion for
most common cells when using honeycomb patterns, including hepatocytes [28,31] or endothelial
cells [27,32], among others. As an example, Arai et al. [33] have reported the influence of the pore
size on the incubation of cardiac myocytes. They fabricated poly(ε-caprolactone)–based honeycomb
structures with diameters ranging from 4 to 13 μm. This range could be divided in subcellular (around
4.00 μm), cellular (8 μm), and overcellular (12.5 μm), by comparison with the cellular size (7–10 μm
for cardiac myocytes). These authors observed that the pore size could crucially affect both cellular
adhesion and morphologies. Similar results were reported by Tsuruma and co-workers for neural cell
stems [12,34]. Considering these honeycomb patterns could be used to successfully grow several types
of cells. However, some studies also reported an excellent growth when unidirectional/anisotropic
patterns were used as scaffolds [35]. Besides, the cost of this technique, added to it ease to perform,
could arise interest in its industrial fabrication.

The present study reports the fabrication and characterization of highly ordered honeycomb films
of polystyrene and poly(x-chlorostyrene)s, their copolymers, and polystyrene/poly(x-chlorostyrene)
blends by using the static breath figure method. The polymer solutions were cast on glass wafers
under 90% relative humidity (RH). We show that the use of different chlorine substitutions allowed
varying the pore size of the surface, in order to obtain topographies with subcellular, cellular, and
overcellular diameter (compared to an average cellular diameter of 7 μm), as a potential toolbox in
the development of surfaces for contact guidance induced culture. The polystyrene was chosen as a
reference material since it is a very commonly used polymer and not expensive, so its use as a template
could be highly interesting from an industrial point of view. On the other hand, the synthetic process
of these chloro-substituted polymers is quite similar to the polystyrene, and their synthesis could
be considered cost-effective when compared to the polymers that have been used for breath figure
applications obtained from time–consuming reactions, such as atom transfer radical polymerization or
reversible addition–fragmentation chain-transfer polymerization.

2. Materials and Methods

2.1. Materials

Styrene (S), 2-chlorostyrene (2ClS), 3-chlorostyrene (3ClS), 4-chlorostyrene (4ClS), and the
initiator, α,α′-azobisisobutyronitrile (AIBN), were obtained from Sigma Aldrich. Polystyrene (PS,
weight-average molecular weight (Mw) = 3 × 106 g·mol−1) was purchased from Polysciences
(Warrington, PA, USA). Tetrahydrofuran, HPLC grade, (Scharlab, Sentmenat, Spain) was used without
further purification. The polymer solutions were cast in round glass coverslips of 20 mm diameter
purchased from Marienfeld (Lauda-Königshofen, Germany).

2.2. Synthesis of the Homopolymers and Random Copolymers

Phenolic inhibitors from the 2, 3 or 4-chlorostyrene monomers were first removed by washing
with sodium hydroxide (0.1 M) solution, then with hydrochloric acid solution, and finally, with distilled
water until neutral pH. The monomers were dried over anhydrous MgSO4 and filtered. The initiator,
AIBN, was purified by crystallization from methanol.

Homopolymers and statistical copolymers of styrene and x-chlorostyrenes were prepared by
free radical bulk polymerization, at 60 ◦C, under nitrogen atmosphere, with 0.5 mol% AIBN with
respect to the total amount of monomer. Copolymers were synthesized at low conversions to prevent
composition drifts.

The polymers were precipitated into excess methanol, re-dissolved in chloroform, and
re-precipitated in methanol. Finally, the purified samples were vacuum dried at 70 ◦C for two days.

301



Materials 2019, 12, 167

The copolymer compositions were determined by Fourier Transform Infrared spectroscopy (FTIR)
and Elemental Analysis. FTIR spectra were recorded using a Nicolet Nexus FTIR spectrophotometer
(Thermo Fisher Scientific, Loughborough, UK), in KBr pellets with a resolution of 4 cm−1, and a total
of 32 scans were averaged in all cases. The copolymer compositions were obtained from the FTIR data
collected for the copolymers, using a calibration curve obtained by measuring the absorbance ratio
of two characteristic peaks for each homopolymer, for known homopolymer composition mixtures.
Elemental Analysis was carried out using the Eurovector EA3000 (Eurovector, Milan, Italy) analyzer.
Copolymer compositions were obtained from the chlorine content.

Molecular weights of all polymer samples were determined by gel permeation chromatography
(GPC), using a Waters chromatograph (Mildford, MA, USA) and THF as the eluent. Mw values
reported in Tables 1 and 2 are relative to polystyrene standards.

Table 1. Molecular weight of the studied polymer samples.

Sample Mw (104) (g mol−1) Mw/Mn

Polystyrene 300 1.8
Poly(2-chlrostyrene) 23.3 1.3

Poly(3-chlorostyrene) 17.1 1.5
Poly(4-chlorostyrene) 11.7 1.2

Table 2. Molecular weight and fraction of styrene in the copolymer for the different samples.

Sample Mw (104) (g mol−1) Mw/Mn FS

Polystyrene 300 1.80 1
Poly(2-chlrostyrene-co-styrene) 11.3 1.9 0.526

Poly(3-chlorostyrene-co-styrene) 11.2 1.6 0.608
Poly(4-chlorostyrene-co-styrene) 13.9 1.5 0.619

2.3. Preparation of the Films

The polymer solutions were prepared by dissolution of the homopolymers or copolymers in THF.
The polymer concentration used in this study was 30 mg mL−1. The films were prepared from these
solutions by casting (50 μL) onto glass wafers under controlled humidity in a closed chamber. The
relative humidity (RH) was controlled by a saturated salt solution of KNO3 in water to obtain 90% RH.
Round films of 150 ± 2 mm diameter and 0.04–0.05 mm thickness were obtained.

2.4. Characterization

The morphology of the honeycomb patterned films on a glass substrate was studied by a scanning
electron microscopy (SEM). The samples were coated with gold, prior to the SEM measurements,
using a Fine Coat Ion Sputter JFC-1100 (JEOL, Tokyo, Japan). SEM micrographs were taken using a
Hitachi S-4800 (Hitachi, Tokyo, Japan). The images were processed and analyzed using image analysis
freeware ImageJ to obtain pore size (mean diameter) and size distribution of the patterned surfaces.
The regularity of the obtained honeycomb-like patterns shown in the SEM images was evaluated by
Voronoi tessellation of the images, also performed by ImageJ.

3. Results

In this study, the influence of the chlorine substitution and the geometrical positioning of the Cl
substituent on the topography and conformational entropy of the honeycomb surfaces were studied.
Highly ordered patterns were successfully fabricated from polystyrene and its derivatives by the static
breath figure method, using THF as the solvent at 90% RH, at room temperature. The regularity of
the patterned films was quantified by measuring the conformational entropy calculated by Voronoi
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polygons. This method has not only been used to assess the regularity of the surface patterns, but also
to describe defects in the membranes [36–38].

A Voronoi polygon is defined as the smallest convex polygon surrounding a point whose sides
are perpendicular bisectors of the lines between a point and its neighbors [39]. The conformational
entropy, which can be related to the degree of order of the arrays, is defined as (Equation (1)):

S = −∑
n

Pn ln Pn (1)

where n is the coordination number of each Voronoi, i.e., the number of sides of the polygon, and
Pn is the fraction of the polygons having the coordination number n. That is, Voronoi tessellation
method calculates the probability of the occurrence of four (P4), five ((P5), six—which is a perfectly
hexagonal lattice—(P6), seven (P7), or eight (P8) As a reference, for a perfectly ordered hexagonal array,
i.e., an ideal hexagonal lattice, the conformational entropy is 0, whereas the entropy of a completely
random pattern is 1.71 [18,39–43].

The formation of the patterns was carried out by exploiting the static breath figure method
from different samples at 30 mg mL−1 and 90% RH. First, the formation of honeycomb arrays in
poly(x-chlorostyrene) and polystyrene homopolymers were studied. After, the formation in the
patterns obtained for random copolymers of poly(x-chlorostyrene-co-styrene) and, finally, their blends
of the polystyrene and poly(x-chlorostyrene) were analyzed.

3.1. Formation of Breath Figures in Poly(x-chlorostyrene) Isomers and Polystyrene

The poly(x-chlorostyrene)s were synthesized by free radical polymerization (0.5 mol% AIBN,
60 ◦C). The weight average molecular weights (Mw) and the polydispersity index (Mw/Mn) of
poly(x-chlorostyrene) and polystyrene used in this study were determined by GPC and are summarized
in Table 1.

The homopolymer samples were cast on a glass substrate, and the obtained arrays were analyzed
by SEM. As shown in Figure 3, all samples present cavities at this condition. However, honeycomb
patterns based on poly(x-chlorostyrene) samples seem to be less homogenous than polystyrene. These
changes could be induced by the change on the chlorine substitution, so different parameters, such as
pore size or surface entropy, have been analyzed to evaluate these variations.

 

Figure 3. SEM images for (A) poly(styrene), (B) poly(2-chlorostyrene) (C) poly(3-chlorostyrene), and
(D) poly(4-chlorostyrene). (Scale bar = 100 μm).
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The pore diameter and their standard deviation (SD) for x-chloro-substituted samples were
4.1 ± 0.45, 5.25 ± 0.35 and 6.26 ± 0.20 μm for poly(2-chlorostyrene) (P2ClS), poly(3-chlorostyrene)
(P3ClS) and poly(4-chlorostyrene) (P4ClS), respectively. Thus, pore size increases from ortho to
para substitution, with the cavity diameter of the 4-chloro-substitued polymer similar to that of
polystyrene, 6.15 ± 0.38 μm. Size distribution diagrams are presented in Figure S1 of the Supporting
Information (SI).

Several authors reported that an increase of the polymer molecular weight usually leads to larger
pore sizes [44,45]. However, in our poly(x-chlorostyrene) systems there was no significant variation
between the diameters of the polystyrene and the chlorine substituted polymers. That is, the presence
of the chloro-substitution could have increase the pore size, due to the influence of the side groups,
avoiding the use of high molecular weight polystyrene samples to obtain similar pore size.

The conformational entropy based on the Voronoi tessellation (Figure 4) indicated that the
maximum order was reached for poly(4-chlorostyrene), with a value of entropy equal to 1.035, similar
to that obtained for polystyrene (S = 1.033). The other two isomers showed higher entropy values, being
equal to 1.294 and 1.112 for P2ClS and P3ClS, respectively. As expected, the irregular chemical structure
of the polymer leads to highly disordered structures. The chlorine substituent in poly(4-chlorostyrene)
samples are in the less hindered position, and this makes P4ClS similar to polystyrene, considering
both pore size and conformational entropy, even if the molecular weight of the 4-chloro-substituted
homopolymer is one magnitude order lower than molecular weight of polystyrene.

 

Figure 4. Voronoi tessellation for (A) poly(styrene), (B) poly(2-chlorostyrene) (C) poly(3-chlorostyrene),
and (D) poly(4-chlorostyrene). (Orange = P4, Blue = P5, Green = P6, Purple = P7, Brown = P8).

3.2. Formation of Breath Figures with Poly(x-chlorostyrene-co-styrene) Copolymers

Similar to the homopolymers, statistical copolymers of x-chlorostyrene and styrene, i.e.,
poly(x-chlorostyrene-co-styrene) were synthesized by free radical polymerization (0.5 mol% AIBN,
60 ◦C), at the average molecular weight of poly(x-chlorostyrene)s and the fraction of styrene (Fs) in the
copolymer, summarized in the Table 2.

The SEM images of the breath figure arrays for the statistical copolymers are compared to
polystyrene in Figure 5. As shown in this Figure, the patterns obtained from the copolymers were more
homogeneous compared to those of the corresponding homopolymers. As for the homopolymers,
polystyrene and poly(4-chlorostyrene-co-styrene) (P(4Cl-co-S)) present more similarities between them.
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Figure 5. SEM images for (A) poly(styrene), (B) poly(2-chlorostyrene-co-styrene), (C)
poly(3-chlorostyrene-co-styrene), and (D) poly(4-chlorostyrene-co-styrene). (Scale bar = 100 μm).

All of the patterns obtained from the copolymers showed a significant decrease in pore diameter
when compared to the homopolymers (Table 3). It is important to notice the improvement in the
homogeneity of the honeycomb arrays of the copolymers based on 2-chlorostyrene and 3-chlorostyrene
(Figure 5B,D) when compared with those formed from the homopolymers (Figure 3). In addition, these
two copolymers with greater steric hindrance groups (with ortho and metha substitutions) presented
similar molecular weight, slightly below of the 4-chloro-substituted copolymer, which in this case
could have enhanced the slight reduction on pore size. The size distribution diagrams (Figure S2 in
the Supplementary) showed a broad distribution that also affected the standard deviation of the pore
size diameter that could be attributed to the aforementioned decrease in the size. Homopolymer and
copolymer samples presented a good pore distribution in the film surface lower than several cell sizes
(commonly, around 10 μm), and these kinds of patterns have been successfully used by several authors
for a contact guidance in a cellular growth [12,23,33,34].

Table 3. Pore diameter of poly(x-chlorostyrene-co-styrene) samples compared to the homopolymers.

Copolymer Sample Pore Diameter (μm) Homopolymer Sample

Polystyrene 6.15 ± 0.38 Polystyrene

P(2ClS-co-S) 3.47 ± 0.44 4.1 ± 0.45 P2ClS
P(3ClS-co-S) 2.9 ± 0.46 5.25 ± 0.35 P3ClS
P(4ClS-co-S) 4.36 ± 0.55 6.26 ± 0.20 P4ClS

The reduction of the pore size causes a drastic increase in the number of holes present in the
patterns. This fact could induce an increase in the disorder of the system. In order to evaluate the
influence of the chloro-substitution on the disorder of obtained structures, the conformational entropy
was calculated from the Voronoi tessellation (Figure 6). Values are tabulated in Table 4 and compared
to those of the homopolymers.
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Figure 6. Voronoi tessellation for (A) poly(styrene), (B) poly(2-chlorostyrene-co-styrene), (C)
poly(3-chlorostyrene-co-styrene), and (D) poly(4-chlorostyrene-co-styrene). (Orange = P4, Blue =
P5, Green = P6, Purple = P7, Brown = P8).

Table 4. Pore diameter of poly(x-chlorostyrene-co-styrene) samples compared with the homopolymers.

Copolymer Sample Conformational Entropy Homopolymer Sample

Polystyrene 1.033 Polystyrene

P(2ClS-co-S) 1.061 1.291 P2ClS
P(3ClS-co-S) 1.089 1.112 P3ClS
P(4ClS-co-S) 1.133 1.035 P4ClS

The reduction in pore size positively affected the conformational entropy when P(2ClS-co-S)
and P(3ClS-co-S) was studied. For these copolymers, the order of the obtained patterns increased
significantly when compared to the homopolymer samples. However, the variation on the
4-chlorostyrene–based samples presented an opposite behavior, and a considerable increase on the
entropy was obtained, so in these samples the reduction in the pore size induced an increase on the
surface disorder.

The octanol–water partition coefficient (Pow) is a well-known indicator of the hydrophobicity of
an organic compound that could be used for comparing the benzene and chlorobenzene substitution.
These compounds present a Pow of 2.16 and 2.84, respectively [46,47]. The higher hydrophobicity
of the x-chlorosubstituted samples could increase the interface tension, inducing a reduction in the
drop size and, therefore, a reduction in the pore size when compared to the polystyrene. In addition,
this effect is more relevant to compounds where substitution results in greater steric hindrance.

3.3. Formation of Breath Figures in Poly(x-chlorostyrene) Isomers and Polystyrene Blends

Several authors have reported the use of blends to develop breath figures [48–50]. In view of
this, blends of polystyrene with poly(x-chlorostyrene) homopolymers were used to fabricate breath
figure patterns. A 90/10 PS/poly(x-chlorostyrene) composition was chosen, considering that most
commonly used approach for breath figure used a polymer matrix (polystyrene) and an additive
polymer in order to vary the formed patterns [9,49,51,52]; in this case, poly(x-chlorostyrenes)s were
used as additives. Both polymers are miscible [53,54] and their miscibility was analyzed by Differential
Scanning Calorimetry (DSC) and the obtained glass transition temperatures were summarized in the
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Supporting Information (Tables S1–S3). However, as shown in Figure 7, even if the polymers were
miscible at this composition, the obtained patterns were less regular when compared to the polystyrene
matrix. Therefore, this approach, traditionally used for several systems to improve the honeycomb
patterns, was not adequate for these materials.

 

Figure 7. SEM images for (A) poly(styrene) and blends (90/10) (B) polystyrene/poly(2-chlorostyrene,
(C) polystyrene/poly(3-chlorostyrene), and (D) polystyrene/poly(4-chlorostyrene). (Scale bar = 100 μm).

However, a regular pattern was obtained for polystyrene/poly(3-chlorostyrene) blends, with
a pore size of 10.62 ± 1.53 μm and conformational entropy equal to 1.18 (Figure S3). The entropy
value of this sample was similar to that reported for the homopolymers, but the pore size was found
to be even higher than for polystyrene. This discrepancy on the behavior of P3ClS has been also
observed when properties of P2ClS, P3ClS and P4ClS were studied. In this line, investigations devoted
to the study of local dynamic of poly(x-chlorostyrene)s reported by Casalini et al. [55] described that
segmental relaxations depend on the chloro-substitution in the phenyl ring, leading to unexpected
results for 3-chlorostyrene. Indeed, this work asserts that the reorientation of pendant of P4ClS was
independent of the movement in the main chain of the polymer, and for P2ClS, the rotation of the side
group was restricted by the coupling to rotation of the backbone. However, when P3ClS was evaluated,
clear results could not be observed, given the constraints of the pendant group intermediate, between
P2ClS and P4ClS. In our case, it was observed (Figure 7) that this side group induced a change in the
water/polymer interaction. In the case of PS/P2ClS, the lack of mobility of the 2-chloro substitution
prevented a uniform rearrangement of the chains forming irregular patterns (Figure 7B). On the other
hand, the absence of hindrance for PS/P4ClS blends induced the coalescence of the water droplets
forming domains with higher pore size and other domains with smaller pores (Figure 7D). However,
in the case of PS/P3ClS, similar to the behavior observed for dielectric relaxation, an intermediate
characteristic of 3-chloro substitution allowed the formation of regular arrays (Figure 7C). Moreover,
the patterns obtained for polystyrene/poly(3-chlorostyrene) (Figure 7C) presented an average pore
size, higher than 10 μm, that could be useful for the culture of larger cells [27].

In order to apply this procedure to larger areas, it is important to notice that the use of raw
materials, such as homopolymers or statistical copolymers, leads to homogeneous surfaces of adequate
diameter range to be used for future cell cultures. However, in these systems, contrary to many
other studies, the use of a polymer blend was not successful. Thus, x-chlorosubstitution and random
copolymerization are preferred routes rather than traditional approaches, such as blending.
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4. Conclusions

In the present study, a series of honeycomb films presenting different pore sizes and
conformational entropies were developed using the static breath figure method. This simple film
fabrication technique added to the variety in pores’ sizes, making these systems highly suitable for cell
culture uses.

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1944/12/1/
167/s1, Figure S1: Pore size distribution in THF at 90% RH for: (A) polystyrene, (B) poly(2-chlorostryrene),
(C) poly(3-chlorostyrene) and (D) poly(4-chlorostyrene), Figure S2: Pore size distribution in THF at 90%
RH for: (A) polystyrene, (B) poly(2-chlorostryrene-co-styrene), (C) poly(3-chlorostyrene-co-styrene) and (D)
poly(4-chlorostyrene-co-styrene), Figure S3: Voronoi tessellation for polystyrene/poly(3-chlorostyrene blend.
(Orange = P4, Blue = P5, Green = P6, Purple = P7, Brown = P8). Table S1: Glass transition temperatures of PS
and P(xClS)s, Table S2: Glass transition temperatures of P(S-co-xClS)s, Table S3: Glass transition temperatures of
PS/P(xClS) blends 90/10.
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Abstract: A nanosecond green laser was employed to obtain both superhydrophobic and
superhydrophilic surfaces on a white commercial acrylonitrile-butadiene-styrene copolymer
(ABS). These wetting behaviors were directly related to a laser-induced superficial modification.
A predefined pattern was not produced by the laser, rather, the entire surface was covered with laser
pulses at 1200 DPI by placing the sample at different positions along the focal axis. The changes were
related to the laser fluence used in each case. The highest fluence, on the focal position, induced a
drastic heating of the material surface, and this enabled the melted material to flow, thus leading to
an almost flat superhydrophilic surface. By contrast, the use of a lower fluence by placing the sample
0.8 μm out of the focal position led to a poor material flow and a fast cooling that froze in a rugged
superhydrophobic surface. Contact angles higher than 150◦ and roll angles of less than 10◦ were
obtained. These wetting behaviors were stable over time.

Keywords: nanosecond laser surface modification; ABS (Acrylonitrile-Butadiene-Styrene);
surface wettability; superhydrophobic; superhydrophilic

1. Introduction

The wettability of solid surfaces is of particular interest because of the wide range of applications
derived from the control of this property, which is directly related to the surface structure or roughness,
and the chemical interactions with a liquid. Nature has provided some examples of structures that
affect the wettability properties, such as self-cleaning superhydrophobic surfaces on the Lotus leaf [1],
hierarchical structures on plants [2], butterflies that exhibit directional wettability properties [3], or the
adhesion properties of the Gecko toe [4]. The surface interaction of a water drop deposited on a surface is
characterised by a contact angle (CA). This angle, θ is measured between the solid/liquid and liquid/air
interfaces. A surface is considered to be hydrophilic if its static CA is below 90◦, and superhydrophilic
if this CA is lower than 10◦. By contrast, surfaces with a static CA higher than 90◦ are hydrophobic,
and if the CA is higher than 150◦, the surface can be considered as superhydrophobic [5]. Additionally,
a non-equilibrium situation is measured by defining the advancing and receding angle of a drop sliding
on a vertical surface. The contact angle hysteresis (CAH) measures the difference between the two
angles. A low CAH is exhibited by a surface on which the drop descends easily. In contrast, a surface
with a relatively high CAH has a strong interaction with the drop (i.e., the drop tends to adhere to the
surface) [6,7]. The roughness of the surface influences the wettability according to either the Wenzel
model [8], where the liquid fills all of the space, or the Cassie-Baxter model, which considers that some
air bubbles are trapped between the drop and the surface [9].

Control of the wettability properties of materials is widely studied and applied in numerous
fields [10]. For example, there is special interest in surfaces that have self-cleaning properties [11],
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anti-frosting and ice-resistance behavior [12,13], anti-fouling [14,15], anti-corrosion [16,17],
or transparent and anti-reflective properties [18,19]. Different chemical coatings or physical patterning
processes have been used to mimic surfaces with these properties, especially on polymeric materials.
The proposed methods usually work properly at a laboratory scale, but are challenging when
implemented for mass production. However, in the last two decades, an increasing number of
techniques have demonstrated the potential of scale-up material processing for the control of surface
properties [20]. One interesting industrial strategy to change the surface topography is the use of a
laser beam as a micromachining tool [21].

Lasers have been widely used to tune the wettability properties of materials like metal [22–27],
silicon [28,29], or different polymeric materials [30–32]. Various approaches have been employed to
change polymer wetting behavior using lasers, in particular, the chemical activation of the surface [33],
controlled isomerisation of photoresponsive moieties [34], or nano- and micro-patterning [35–38].
Different strategies can be studied to modify the material surface in a controlled way using a patterning
approach [39]. For example, ultra-short lasers are used to produce very precise ablation, thus reducing
the thermal impact and enabling highly defined patterns [40,41] or the creation of ripples [42,43].
However, the use of these lasers does not extend to the manufacturing industry, because of their high
cost. Other proposed techniques involve processes like beam shaping control [44] or micro-machining
of the injection mold [45,46]. The use of nanosecond pulse-width lasers to modify the wettability of
polymers, particularly ABS, has not been widely reported. These lasers have the advantage of a low
cost compared with the ultra-short lasers. In the work described here, a nanosecond green laser was
used to modify the roughness of a commercial ABS—and thus its wetting properties—in order to
obtain both superhydrophobic and superhydrophilic behaviour.

2. Materials and Methods

The laser used was a Nd:YVO4 nanosecond laser (Trumark 6230 from Trumpf, Ditzingen,
Germany). The laser generates a gaussing beam with no defined polarization at a wavelength of 532 nm.
A 100 mm lens was used to provide a beam spot size with a focus of 30 μm. The pulse width was
8 ns, operating at a pulse frequency of 15 kHz. The power of the laser was 3.5 W, providing a fluence
in focus of 34.4 J/cm2, that is, far above the ablation threshold of the ABS, which is 0.3 J/cm2 [47].
The laser source was attached to a motorised arm that was able to move the system in the vertical axis
with micro-scale precision. Furthermore, the system had a beam scanner controlled by CAD software
(TruTops Mark 2.6).

The material selected was a white commercial ABS employed in the automotive and home
appliance industries (Elix P2H-AT, ELIX Polymers, La Pineda, Spain); in particular, in this last industrial
sector, the control of the wettability properties can be of interest for different applications. The ABS
samples were cleaned with isopropanol prior to irradiation. The material surface was analyzed
using a confocal microscope (Sensofar Plu 2300, Barcelona, Spain), which allows for 3D images to
be obtained as well as for the measurement of the physical dimensions of the superficial structures.
Environmental scanning electron microscopes (ESEM, QUANTA FEG 250, Thermo Fisher Scientific,
Waltham, MA, USA) was also used to provide information about the topography. Information of
the chemical modification after laser treatment was obtained by employing X-ray photoelectron
spectroscopy (XPS). The equipment was a Kratos AXIS Ultra DLD (Manchester, UK, Mono Al Kα,
Power: 120 W (10 mA, 15 kV)). The binding energies were calibrated using the C 1s signal (284.6 eV) of
adventitious carbon. The wettability of the material and the stability of the wetting properties were
measured using a contact angle goniometer (Theta Lite Optical Tensiometer from Biolin Scientific,
Gothenburg, Sweden). The samples were stored under controlled environmental conditions for at least
six months (temperature ~22 ◦C and relative humidity ~40%, UV light (below ~400 nm) was avoided,
and special protection against dust was not taken).
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3. Results and Discussion

The topography and wetting properties of the material can be tuned by irradiation and by
controlling the laser parameters such as the overlap between the pulses, the number of spots per area
(DPI), and/or the laser fluence over the material [38,48]. The study described here was carried out at
a constant value of 1200 DPI (consequently, the total energy deposited on the surface was constant),
and the fluence of each laser pulse was modified by placing the sample in different positions along
the focal axis. Specifically, a distance of 2 mm up and down out of the focal plane in successive steps
of 0.1 mm was employed. Thus, the fluence ranged from 5 to 35 J/cm2. As a consequence of this
approach, the overlap of the laser pulses changed depending on the sample position.

3.1. Topographical Characterization

The material surface was studied by confocal microscopy before and after the laser treatment.
Two types of topography were created, depending on the deposited fluence. Although a clear transition
was not detected, a change was observed when the samples were irradiated at around 0.6 mm out
of focus. The two general types of generated surfaces corresponding to the irradiation in focus and
±0.8 mm out of the focal position (the results were similar in both directions) are shown in Figure 1,
together with the unmarked material. The surface prior to marking was flat (Figure 1a,b). After green
laser treatment in focus (Figure 1c,d), the topography that was detected was characterised as being
almost flat, although small ripples could be observed (changes from green to pale blue in Figure 1c,d).
The presence of some small holes was also observed. Thus, the total surface area had increased slightly
in comparison to the unmarked material. By contrast, the ABS treated ±0.8 mm out of the focal
position (Figure 1e,f) had a rugged topography characterized by the presence of peaks and valleys in
the irradiated area. In this case, the increase in the surface area was significantly higher than in the
previous case.

A more detailed image was obtained using ESEM. The images taken by this technique on the
unmarked material surface and of the materials marked in focus and 0.8 mm out of focus are presented
in Figure 2 (at three different magnifications). Once again, clear differences between the analyzed
surfaces were observed. The unmarked material (Figure 2a–c) exhibited a smooth surface. White dots
were visible in the image taken at 24,000 × magnification, and these mainly correspond to the TiO2

particles (used as a whitening additive), according to the EDX (Energy Dispersive X-ray spectroscopy)
analysis (the intensity of the Ti signal was around three times higher than in the rest of the material).
When the surface was observed at the highest magnification, a wavy area was evident, probably
due to the injection process. The ABS marked in focus (Figure 2d–f) also had a smooth surface.
However, as observed by confocal microscopy, this surface had some holes distributed throughout the
area. The presence of white dots corresponding to the TiO2 particles was also observed. In addition,
the appearance of a sub-micron dotted structure was detected using the highest magnification, probably
associated with the laser treatment. The diameter of these points was less than 100 nm. Finally,
the surface of the material marked 0.8 mm out of focus (Figure 2g–i) had a rugged topography.
The surface was characterised by the presence of peaks in all directions. A slight tilting of the samples
clearly showed that the surface was chaotic and that holes and channels had formed in some of the
areas. These areas may be associated with the material filaments that were melted during the laser
treatment, and then rapidly solidified. The sub-micron structure of the points was also visible in this
sample. Finally, the presence of white points associated with the TiO2 particles was also detected,
although these were difficult to observe because of the high roughness of the surface.

314



Materials 2018, 11, 2547

 

Figure 1. Topographical images of the ABS surface roughness observed by confocal microscopy:
(a,b) before laser irradiation; (c,d) after green laser irradiation in focus; (e,f) after green laser irradiation
0.8 mm out of focus.
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Figure 2. ESEM images of the ABS surface roughness: (a–c) before laser irradiation; (d–f) after green
laser irradiation in focus; (g–i) after green laser irradiation 0.8 mm out of focus. Magnification: (a) 2800×
scale bar 30 μm; (b) 24,000×, scale bar 3 μm; (c) 80,000×, scale bar 1 μm.

These changes can be explained by the fluence differences on the surface. The highest fluence used
(i.e., in focus) causes the heating of the material, which leads to a quasi-pure ablation effect together
with the formation of some melted surface. The material was heated up very rapidly and it then
began to flow before cooling down, which led to bubbles being trapped within the material, giving the
appearance of small holes. By contrast, on positioning the sample out of focus, the temperature reached
at the surface was lower and the temperature of the material was not sufficient to achieve flow before it
dropped again. Furthermore, the laser generated additional pressure and this led to bubble formation
and the ejection of the material. The cooling of the surface caused the freezing of this rugged structure.

In addition to the topographical properties, an XPS analysis was carried out to study the
chemical changes on the ABS surface after the laser irradiation. No significant modification on the
total percentages of the total atomic percentages was detected after the marking process. However,
the signal intensity corresponding to the Ti peak, detected at 455 eV, was higher (around five times)
compared with the other peaks after the laser treatment. High-resolution experiments of the region
of the binding energies correspond to Ti 2p (Figure 3) showed changes after the laser treatment,
while negligible differences were observed between the treated surfaces on and out of focus. Two main
peaks were detected, at 459 eV and at 464 eV (although this one is barely visible in the unmarked
sample) corresponding to Ti4+ 2p3/2. After the laser irradiation (Figure 3b), another peak at lower
binding energies was detected, around 454 eV. According to the literature, this peak can be ascribed
to TiC [49–51]. No significant evidence of other peaks after the laser treatment were detected on the
analysed samples.
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Figure 3. XPS high-resolution spectrum of the Ti region of the ABS: (a) before laser irradiation; (b) after
green laser irradiation.

3.2. Wetting Properties

The wetting properties of the irradiated materials were studied by employing a contact angle
goniometer. The contact angles cannot be simulated because of the chaotic topography of the structures
created. As a result of the high CA obtained in some cases, the CAH was also measured. For this
purpose, the plane containing the droplet was tilted, and the advancing and receding contact angles
(θA and θR) were measured when the droplet started to slide down [7]. The CA of the unmarked
material was 62.8 ± 1.7◦.

The most significant results were obtained after the surface had been processed with the laser
in terms of the position along the focal axis, and the corresponding fluence is shown in Table 1.
Although only two differentiated structures were observed using confocal microscopy, three different
wetting behaviors were detected. The samples marked close to the focus (less than ±0.5 mm from the
focal position) exhibited superhydrophilic behaviour [52]. The water drop wetted the entire surface,
and, consequently, the CA was considered to be lower than 10◦. By contrast, when the material was
treated slightly further away from the focus (±0.8 mm or ±0.9 mm), dramatic changes in the wetting
properties of the surface were observed. The CA increased to values higher than 150◦, and the surface
was considered to show superhydrophobic behavior [52]. Furthermore, the measured CAH was less
than 10◦; the drop did not adhere to the surface and tended to slide when the plane was slightly tilted.
Finally, the samples marked out of the focal position by more than ±1.2 mm also exhibited a high CA
value (i.e., close to superhydrophobic behaviour), although in this case, the drop was pinned to the
surface and did not slide down upon tilting, even to the vertical position. The temporal evolution of the
CA was studied for a period of six months, but significant changes were not detected in the samples.

Table 1. The CA and CAH measured on some of the structures created with the green laser.

Position Respect to
Focus (mm)

Fluence
(J/cm2)

Overlap between Pulses Topography Observed CA CAH

0 34.4 29.4 smooth <10◦ -
±0.4 30.1 34.1 smooth <10◦ -
±0.6 26.0 38.7 slightly rugged unstable -
±0.8 21.8 43.9 rugged 168 ± 3◦ <10◦
±0.9 19.9 46.4 rugged 170 ± 3◦ <10◦
±1.2 14.9 53.5 rugged 153 ± 5◦ pinned
±1.3 13.6 55.7 rugged 143 ± 5◦ pinned

The images of the water drops on the ABS surfaces irradiated with the green laser and observed by
the contact angle goniometer camera are shown in Figure 4. The behavior of a water drop deposited on
the untreated material is shown in Figure 4a as a reference. Figure 4b corresponds to a surface treated
with the green laser 0.9 mm out of the focal position, and this image represents superhydrophobic
behavior. The behavior of a water drop on the surface marked 1.3 mm out of focus is shown in

317



Materials 2018, 11, 2547

Figure 4c, and the images were taken at different tilt angles (0◦, 45◦, and 90◦). The water drop exhibited
a high adhesion and was pinned to the surface, as can be seen for a tilt angle of 90◦. Finally, time-lapse
images of a drop on the surface marked by the laser in focus are shown in Figure 4d. The water was
dispersed on the surface within one second, thus revealing superhydrophilic behavior. A slow-motion
video sequence of water drops falling on the superhydrophilic and on the superhydrophobic surfaces
is provided in the Supplementary Materials.

 

Figure 4. Images of a water drop deposited on ABS: (a) untreated surface; (b) surface irradiated by
laser 0.9 mm out of focus; (c) surface irradiated by laser 1.3 mm out of focus and taken at different tilt
angles (the camera rotated simultaneously with the surface); (d) time-lapse images of a drop on the
surface treated by the laser in focus.

It is clear that the wettability of the ABS can be changed by irradiation with a green laser, and three
different wetting behaviors can be obtained depending on the irradiation conditions, as follows:
a region of superhydrophilic behavior and two regions characterised by high CAs, one associated
with low CAH and the other one exhibiting a high adhesion to the surface. These different behaviors
(Figure 5) can be achieved depending on the sample position along the focal axis and the corresponding
spot width and fluence of the green laser. The superhydrophilic region was associated with the focal
position. The topography observed (Figure 1c,d) was characterised as being almost flat. This region is
characterised by the highest fluence values (i.e., above 25 J/cm2). The surfaces treated in the transition
zone to the adjacent region showed unstable behaviour; initially, the surface seemed to be hydrophobic,
but under a small perturbation (or after several seconds), the drop began to wet the surface in a manner
consistent with superhydrophilic behavior, probably because of the inhomogeneous topography
observed. The adjacent region showed a high CA together with a low CAH. Also, the fluence associated
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with this region was less than in the case of the superhydrophilic region, and the laser fluences in the
approximate range between 15 and 25 J/cm2 seemed to produce this behavior. The transition samples
to the next region displayed heterogeneous behavior, in which adhered and non-adhered drops were
observed on the same marked surface. Finally, the last region showed hydrophobic behavior and a
high CAH. The lowest fluence studied gave rise to this behavior, namely values below 15 J/cm2.

Figure 5. Different wetting behaviors in terms of the sample position along the focal axis compared
with the spot width (dashed line, units on the left axis) and fluence (continuous line, units on the right
axis) of the green laser.

It is possible to correlate the topography of the surfaces analysed with their wetting properties.
The superhydrophobic surface (Figure 2g) had a rugged topography with numerous peaks and
holes, which caused a reduction in the top material surface area. Thus, following the Cassie-Baxter
approach, this reduction leads to an increase in the CA, and superhydrophobic behaviour is observed.
Furthermore, the water did not adhere to the material and it slid easily upon the surface. By contrast,
the material that presented a high CA but with a high hysteresis behaviour also had a rough surface,
but with a lower peak density. In this case, the water was able to penetrate slightly into the topography,
thus leading to a high adhesion to the surface. Finally, the superhydrophilic surface (Figure 2d) had a
structure characterised by smooth hills, which increased the ratio of the surface area when compared
to the unmarked material. According to the Wenzel approach, the CA, in this case, should be lower
than that for the untreated surface.

4. Conclusions

The use of a green laser in the range of nanosecond pulses provided an effective method to
control the final wettability of ABS, with both superhydrophilic and superhydrophobic behaviors
being observed. These wetting properties were reliant on the surface topography created, and this
was directly related to the laser parameters such as the fluence. Three types of topographies were
created—one smooth surface that exhibited superhydrophilic behavior and two surfaces with a rugged
topography that showed superhydrophobic behavior, one with a low CAH and the other with a high
adhesion effect. No significant chemical differences were detected between the marked samples that
could affect to the wetting properties. All of the structures were stable over time.
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Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1944/11/12/
2547/s1, Video: A slow-motion video sequence of water drops falling on the superhydrophilic and on the
superhydrophobic surfaces.
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Abstract: We report a facile method to prepare gradient wrinkles using a controlled-gradient light
field. Because of the gradient distance between the ultraviolet (UV) lamp and polydimethylsiloxane
(PDMS) substrate during UV/ozone treatment, the irradiance reaching the substrate continuously
changed, which was transferred into the resulting SiOx film with a varying thickness. Therefore,
wrinkles with continuously changing wavelength were fabricated using this approach. It was found
that the wrinkle wavelength decreased as the distance increased. We fabricated 1-D wrinkle patterns
and ring wrinkles with a gradient wavelength. The ring wrinkles were prepared using radial stresses,
which were achieved by pulling the center of a freely hanging PDMS film. The resulting wrinkles with
changing wavelength can be used in fluid handling systems, biological templates, and optical devices.

Keywords: gradient wrinkles; UV/ozone; irradiance

1. Introduction

Wrinkling and buckling are common phenomena in nature, e.g., surface patterns of plants, skin
wrinkles, and mountain ranges [1–3]. Surface wrinkling has recently attracted attention as a useful
method to fabricate micro- and nanostructures because it is facile, cost effective, and does not use
conventional lithography [4–7]. The most commonly used model for surface wrinkling is a bilayer
membrane composed of a rigid, thin elastic surface layer on top of a soft, thick elastic substrate.
When depositing a metal film, or conducting oxygen or ultraviolet (UV)/ozone (O3) treatment of a
pre-stretched polydimethylsiloxane (PDMS) substrate, sinusoidal wrinkles are formed after release of
the pre-strain because of the strain mismatch between layers with different elastic moduli [8–10].

Many applications of wrinkles have been reported, such as tunable diffraction gratings,
microlenses, mechanical property measurement of thin films, and microfluidic channels based on
anisotropic wetting [4,11–15]. In these applications, wrinkle patterns with different feature sizes exhibit
different surface properties such as transmittance and anisotropic wetting characteristics. Therefore,
there is a demand for various wrinkle groove structures with different feature sizes. There have
been many attempts to fabricate gradient wrinkle patterns [16–18]. Claussen et al. [19] presented a
method to continuously change the elastic modulus of PDMS. Yu and co-workers achieved different
symmetry breaking of the wrinkle patterns caused by the tunable thickness gradient in metal films
deposited on soft elastic substrates [20]. Lee et al. [21] generated a stepwise gradient wrinkle pattern
on a PDMS substrate in which the wavelength could be spatially controlled in each distinct region
with a clear boundary.

In this paper, we report a new facile method to fabricate wrinkles with continuously changing
wavelength based on a controlled gradient light field. We inclined the PDMS substrate to fabricate

Materials 2018, 11, 1571; doi:10.3390/ma11091571 www.mdpi.com/journal/materials323



Materials 2018, 11, 1571

gradient 1-D wrinkle patterns. The period of wrinkles is indirectly controlled by simply changing
the distance between the UV lamp and PDMS substrate. Based on the conclusion of this experiment,
we exposed a PDMS substrate to UV/O3 using a cone to provide radial stretch, which in turn enables
the thickness of the SiOx thin film along the radial distribution to be controlled. Then we obtained
variable-period ring wrinkles.

2. Experimental Section

2.1. Materials

The PDMS we used was Sylgard 184 of DOW Corning (Dow Corning, Midland, TX, USA),
which consisted of two parts: one was the silicone elastomer; the other was the curing agent.
Silicone elastomer was mixed with the curing agent at a 10:1 weight ratio [22], cured at 100 ◦C
for 2 h, and then naturally cooled in air. The cured PDMS with a thickness of 0.5 mm was cut into
a circular substrate with a diameter of 20 mm. The PDMS substrate was exposed to UV/O3 using a
UV lamp (low-pressure mercury lamp, BHK, Claremont, NH, USA) that emitted 185- and 254-nm
radiation in atmospheric oxygen (O2).

2.2. Film Fabrication

The film samples were prepared by UV/O3 treatment at room temperature in the presence of
atmosphere oxygen [23]. The 185-nm radiation from the lamp produced O3, while the 254-nm radiation
decomposed the O3 into O2 and atomic oxygen (O). The atomic oxygen was the chief reactant with
PDMS. The oxidation was initiated at the PDMS surface and gradually penetrated into the PDMS.
Oxidation converted the organic portion of PDMS to carbon dioxide, water, and some volatile organic
compounds that escaped from the PDMS. In contrast, the silicon components did not form volatile
compounds under these conditions, thus forming a residual hard layer of SiOx. The exposure time was
80 min. The film thickness was easily tuned by changing the distance between the lamp and PDMS
substrate. To fabricate SiOx thin films with a thickness gradient, the PDMS substrate was held on an
incline or stretched by cones with different angles.

2.3. Characterization

The surface morphologies of the samples were observed by an optical microscope (10XB-PC,
Shanghai Optical Instrument Factory, Shanghai, China) equipped with a charge-coupled device camera.
The profiles of the wrinkle structures were scanned by a white light interferometer (Contour GT-KO,
Bruker, Tucson, AZ, USA).

3. Results and Discussion

3.1. Fabrication of Gradient 1-D Wrinkle Patterns and Sample Characterization

The wrinkle wavelength λ of a buckled bilayer system can be calculated for high strains according
to Equation (1) [24]:

λ =
2πh f(

1 + εpre
)
(1 + δ)

1
3

⎡
⎣ Ef

(
1 − νs

2)
3Es

(
1 − ν f

2
)
⎤
⎦

1
3

, (1)

where δ = 5
32
[
εpre

(
1 + εpre

)]
represents the large deformation and geometrical nonlinearity in the

substrate, hf is the thickness of the SiOx film, εpre is the prestrain, and E and ν are the Young’s modulus
and Poisson’s ratio of the substrate (s) and film (f ), respectively. Therefore, λ can be controlled by
changing hf, εpre, or Es. In our experiment, λ was tuned by changing the thickness of the SiOx film
exposed to the UV/O3 treatment. It is well known that in UV/O3 treatment, O3 is not the primary
reactant; instead atomic oxygen produced by the photodissociation of O3, reacts with PDMS to form
the SiOx film. Therefore, the thickness of the SiOx film is related to the concentration of atomic oxygen,
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which is influenced by the irradiance (E). In our experiments, the UV lamp was a line source. Therefore,
E can be expressed as follows:

E =
dΦ
dA

=
I
d

cos θ, (2)

where dΦ is the radiation flux on facet dA, and I is the radiation intensity of the radiation source. θ is
the angle between the facet and radiation source, and d represents the distance between the illuminated
surface and radiation source. The thickness of the SiOx film and the concentration of the atomic
oxygen have a logarithmic relationship [25]. Therefore, the thickness of the SiOx film can be tuned by
E. According to Equation (1), λ ∝ h f . Thus, at a fixed radiation intensity and the same exposure time,
the continuously changing λ can be easily tuned by controlling d.

The SiOx film with a thickness gradient was prepared by inclining the PDMS substrate during
UV/O3 exposure, as shown in Figure 1. The UV lamp was uniformly scanned by the stepper motor to
illuminate the substrate. The sinusoidal wrinkling of the sample with a continuously changing λ was
fabricated by exposing an inclined PDMS substrate subjected to 20% pre-strain to UV/O3 treatment
for 80 min. At a fixed exposure time, when d was smaller, the irradiance was greater and the film
was thicker. As a result, a film with a thickness gradient formed on the inclined PDMS substrate.
The thickness gradient reflected the slope of the film and strongly depended on the dip angle θ.

Figure 1. Schematic view of the cross section of a film with a thickness gradient prepared by inclining
the PDMS substrate during exposure.

To investigate the wrinkle surface of the thickness-gradient film in more detail, corresponding
optical images of the wrinkles at different positions were collected, as presented in Figure 2. Sample
position (a) corresponds to hmax. It was found that λ decreased significantly from (a) to (c) as d
increased. Because of the uniform λ at each measuring spot, these optical images were representative
of the topography at the specific sample positions.

Figure 2. Optical images showing the profiles of wrinkle patterns with different wavelengths at sample
positions of (a) 0.6 mm, (b) 3.0 mm and (c) 4.5 mm. Corresponding distances between the lamp and
PDMS substrate d were (a) 7.83 mm, (b) 9.15 mm and (c) 9.98 mm.

Figure 3 plots λ as a function of the sample position. λ changed continuously from 75 to 39 μm as
the sample position changed. λ at different positions was obtained by a white light interferometer.
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The experimental values showed that the gradient λ could be attributed to d. We proposed the
following correlation between the wavelength and some variables.

k =
2π(

1 + εpre
)
(1 + δ)

1
3

⎡
⎣ Ef

(
1 − νs

2)
3Es

(
1 − ν f

2
)
⎤
⎦

1
3

, (3)

λ ∼ k·lg
(

I
d

cos θ

)
= k·lg

(
I

x sin θ + b
cos θ

)
, (4)

where k is related to εpre, x is the sample position, I is the radiation intensity of radiation source, and d,
θ, and b are shown in Figure 1. The data for λ showed excellent agreement with the prediction of
Equations (3) and (4). Therefore, we realized the modulation of λ by controlling the irradiance.

0.0 0.6 1.2 1.8 2.4 3.0 3.6 4.2 4.8 5.4 6.0
30

35

40

45

50

55

60

65

70

75

80

pre= 20%
 Fitting Curve for 20% pre-strain

W
rin

kl
e 

W
av

el
en

gt
h 

(
m

)

Sample Position (mm)

Figure 3. Wrinkle wavelength λ as a function of sample position at 20% pre-strain. The red curve
represents the fit according to the relation between λ and the distance d using Equations (3) and (4).

3.2. Variable-Period Ring Wrinkles Fabrication and Characterization

From the 1-D stretching experiment, we know that the wrinkles were perpendicular to the
direction of compressive stress. Based on this principle, we produced ring wrinkles using radial
stresses [26,27]. In our experiment, ring wrinkles were achieved by pulling the center of a freely
hanging PDMS film, as shown in Figure 4. In the pulling device, a Teflon cone with a semi-spheroidal
tip pushed the center of the PDMS film from below to stretch the film. We moved the cone by rotating
a screw underneath it, so that the cone itself did not rotate to avoid friction with the PDMS film and
decrease unwanted strain in the azimuthal direction. The cone was made of Teflon to lower the friction
between the cone and PDMS film.
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Figure 4. (a) Schematic diagram of the experimental device used to prepare ring wrinkles with a
continuously changing wavelength. The PDMS membrane was fixed between two plates with round
holes and then stretched by a Teflon cone. The UV lamp evenly scanned the substrate. (b) Photograph
of the experimental setup.

The ring wrinkle fabrication procedure is shown in Figure 5a. First, the PDMS membrane was
fixed between two plates with round holes. The PDMS membrane was 0.5 mm thick. Then the Teflon
cone pushed the center of the PDMS membrane. The radius of the stretched membrane was 10 mm.
The stretched PDMS substrate was then evenly exposed to UV/O3. Ring wrinkles were generated after
releasing the pre-strain. According to the theory behind the gradient 1-D wrinkle pattern formation,
a SiOx film with a thickness gradient could be generated in this experiment (Figure 5b). Therefore,
variable-period ring wrinkles could be fabricated by this process. The approximate stretching ratio
(SR) can be calculated using Equation (5),

SR =

√
OA2 + R2

R
, (5)

where the OA is the height of the cone and R is the effective radius of the PDMS membrane (Figure 5b).

Figure 5. Schematic illustration of the production of concentric ring wrinkles with continuously
changing wavelength. (a) The center of the substrate was extended upward using a cone and
simultaneously treated with UV/O3. Concentric wrinkles with continuously changing wavelength
were generated after the removal of the cone. (b) The thickness gradient of the film was controlled by
the distance between the lamp and PDMS substrate d.

The ring wrinkles with continuously changing λ were fabricated by exposing UV/O3 for 80 min
on a PDMS substrate subjected to 20% pre-strain generated by the cone. As shown in the optical
micrograph in Figure 6b, nonuniformly oriented patterns in the central region were produced because
of the friction between the membrane and semi-spheroidal tip of the cone. The size of this region is
related to the radian of the cone. Ideally, if the top of a cone does not have a radian, it should avoid the
formation of disordered wrinkles in the central region. In the other regions of the membrane, there was
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no stretching in the circumferential direction, and the strain was directly determined by the percentage
of radial stretching. Similar to the 1-D stretching experiment presented above, the distance from the
center of the membrane pushed by the cone to the edge d gradually increased. Figure 6c–f reveals that
λ decreased from 102 to 69 μm with increasing d.

 

Figure 6. After releasing the pre-strain, the resulting ring wrinkles were observed by an optical
microscope. (a) The whole membrane in ambient light. (b) Optical image of the center of the membrane.
(c–f) Concentric ring wrinkles with continuously changing wavelength from the center of the membrane
to the edge in the blue rectangle of Figure 6a corresponding to the gradual increase of d.

To explore the effect of different pre-strains on λ of the resulting wrinkles, we stretched the PDMS
membrane by the cone with different SR. The UV/O3 exposure time was fixed at 80 min. The distance
between the lamp and the top of the PDMS membrane was the same in all samples. The λ values of the
samples were measured by a white light interferometer starting from the boundary of the disordered
center of each sample. The measured results are presented in Figure 7. The data for λ showed excellent
agreement with the prediction of Equations (3) and (4). At each pre-strain, the experimental values
showed that λ was influenced by the distance d between the lamp and the PDMS substrate; that
is, λ gradually decreased as d increased. Figure 7 reveals that for different SR, λ decreased as SR
increased at the same sample position. The larger θ corresponded to the larger pre-strain shown in
Figure 5b. According to Equations (3) and (4), λ decreased as the pre-strain increased. In the same way,
λ decreased as θ increased. Thus, at the same sample position, larger pre-strain resulted in smaller λ.
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Figure 7. Continuously changing wrinkle wavelengths obtained at different SR are schematically
depicted as a function of the sample position. The solid lines correspond to the fits according to
Equations (3) and (4).
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4. Conclusions

In summary, we developed a facile method to produce gradient wrinkles using a gradient light
field. The continuously changing distance between the lamp and PDMS substrate influenced the
irradiance during UV/O3 treatment, which then resulted in SiOx films with varying thicknesses.
Therefore, wrinkles with continuously changing λ can be fabricated using this approach. We fabricated
gradient 1-D wrinkle patterns using a gradient light field. In addition, we also prepared variable-period
ring wrinkles by using a cone to stretch the PDMS membrane. Our results demonstrated that the
gradient wavelength of wrinkles can be easily controlled by modulating the distance between the lamp
and PDMS substrate. The experimental technique presented in this paper can be further developed to
effectively control pattern formation, which may be beneficial to provide patterned surfaces for use in
optical devices, diffraction gratings, hydrophobicity, fluid handling systems, and biological templates.
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