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Jolanta Sereikaitė
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Editorial

Biodegradable Polymers and Textiles

Sandra Varnaitė-Žuravliova * and Julija Baltušnikaitė-Guzaitienė
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The increasing interest in developing biodegradable polymers through chemical treat-
ments, microorganisms, and enzymes highlights a commitment to environmentally friendly
disposal methods. These polymers are engineered to decompose within a specific period,
transforming into products that can be easily discarded. They are sourced from a variety
of waste materials and bioresources, including food and agricultural waste, starch, and
cellulose. Typically, bioplastics made from renewable resources are more cost-effective
than those derived from microbial sources, encouraging manufacturers to prioritize these
options [1,2].

In general, polymers are classified into natural (polysaccharides and proteins) and
synthetic (amides, esters, ethers, urethanes) biodegradable polymers, and synthetic-
biopolymers (or hybrid systems) [1]. Biodegradable polymers (also called biopolymers)
are materials designed to function for a defined period before breaking down into easily
disposable products through a controlled process [2].

The environmental benefits of biodegradable polymers are significant. They contribute
to the regeneration of raw materials, promote biodegradation, and help reduce carbon
dioxide emissions, which are major contributors to global warming. Key factors influencing
the biodegradation process include the material’s composition, polymer morphology,
structural characteristics, and molecular weight [1,2].

Both natural and synthetic biodegradable polymers are being developed to meet
specific physical and chemical requirements across various applications, such as cosmetics,
coatings, wound dressings, and gene delivery. Furthermore, modified biopolymers are
gaining traction in advanced fields like nanotechnology, medical implants, prosthetics,
cryopreservation, and sanitation products, including surgical sutures, indicating their
versatile potential for addressing environmental challenges [1,2].

The study by El-Fakharany, E. M. et al. [3] highlights the promising antiviral properties
of bacterial polymeric silk produced by Bacillus sp. strain NE (a petroleum-originated bac-
teria), specifically composed of fibroin and sericin proteins. These proteins demonstrated
significant inhibitory effects against various viruses, including herpes simplex virus type
1 (HSV1), adenovirus type 7 (ADV7), and hepatitis C virus (HCV). The research found
that these proteins effectively block viral entry and replication, with specific IC50 values
(representing the concentration at which 50% inhibition of cell lysis occurs) indicating their
potency. Additionally, the bacterial silk proteins showed a reduction in reactive oxygen
species (ROS) generation in HCV-infected cells, further supporting their antiviral efficacy.

The research [3] underscores the potential of bacterial silk proteins as a biopharmaceu-
tical candidate due to their ability to be produced in large quantities at low cost, offering a
sustainable option for antiviral drug development. These findings suggest that bacterial
silk proteins could play a crucial role in managing viral infections, including potential

J. Funct. Biomater. 2025, 16, 26 https://doi.org/10.3390/jfb16010026
1



J. Funct. Biomater. 2025, 16, 26

applications in controlling COVID-19, either alone or in combination with other antivi-
ral drugs. The high safety profile on normal cells also supports their consideration for
medicinal applications.

The investigation by Tyubaeva, P. et al. [4] focuses on the impact of natural and
synthetic porphyrins, specifically those containing the same metal atom, on the structure
and properties of poly(-3-hydroxybutyrate) (PHB) in electrospun fibrous materials. The
research highlights the potential of incorporating hemin (Hmi) and tetraphenylporphyrin
with iron (Fe(TPP)Cl) into PHB to enhance its properties for biomedical applications. It
was concluded that even small concentrations of porphyrins can significantly enhance the
antimicrobial properties (by 12 times) and improve the physical and mechanical properties
(by at least 3.5 times) of the PHB fibers. The additives affect the hydrophobicity of the
materials, altering it by at least 5%. The study used various analytical techniques such
as microscopy, X-ray diffraction, and differential scanning calorimetry to investigate the
structural changes in the materials. The porphyrin complexes influence the supramolecular
structure differently, affecting the crystalline and amorphous phases of PHB. The presence
of trivalent iron in the tetrapyrrole ring helps achieve an optimal balance of electrical
conductivity and viscosity for producing defect-free fibers.

These findings in the study [4] provide insights into designing PHB-based fibrous
materials with tailored properties, including enhanced mechanical strength, antibacterial
activity, and controlled wettability, through the strategic use of porphyrin additives.

The fashion industry, driven by consumerism and the rapid pace of trend cycles, has
become a significant contributor to excessive consumption and textile waste. The demand
for new products and materials is fueled by globalization and the increasing involvement
of new designers. This has led to a need for more sustainable alternatives, especially in the
face of growing concerns over environmental impacts. The study by da Silva Junior, C. J. G.
et al. [5] presented highlights the potential of bacterial cellulose (BC)-based vegan leather
as a sustainable option for fashion. The biopolymer, produced using plant-based natural
dyes extracted from Allium cepa L., Punica granatum, and Eucalyptus globulus L and
waterproofing agents from Melaleuca alternifolia essential oil and Copernicia prunifera
wax, demonstrates impressive mechanical properties, including high tensile strength and
flexibility, which are essential for durable fashion products. The material also exhibits
promising water resistance, with minimal water interaction, making it a viable option for
waterproof fashion. The research in [5] underscores the potential of BC as an alternative to
traditional animal leather, offering both environmental and ethical benefits. By utilizing
non-toxic, plant-based dyes, the process also reduces potential harm to both consumers and
the environment. While the waterproofing process needs further refinement, the results of
the investigations presented in [5] indicate a promising future for biotechnological materials
in sustainable fashion. As consumer demand for eco-friendly options continues to grow,
these innovations could lead to more efficient and cost-effective production methods,
contributing to a shift towards sustainability in the fashion industry. Further research in
this area will likely result in the continuous improvement of these materials, making them
increasingly viable for large-scale production and adoption by both manufacturers and
conscientious consumers.

Silver nanoparticles (AgNPs) possess remarkable plasmonic and antimicrobial prop-
erties, making them valuable for a wide range of industrial and consumer applications.
However, concerns about their toxicity, even at low doses, necessitate the development
of safer synthesis methods. Desai, A. S. et al. [6] explored the synthesis of AgNPs using
plant extracts, focusing on turmeric and aloe vera, and assessed their physico-chemical
properties, cytotoxicity, and wound-healing potential. Researchers in [6] revealed that
AgNPs derived from turmeric extract exhibited superior wound-healing properties and
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the least toxicity in both in vitro and in vivo studies. The in vitro analysis, using HEK-293
cells and a dose-dependent Drosophila model, demonstrated that turmeric-extract-derived
AgNPs promoted sustained cell growth without cytotoxic effects. Additionally, the in vivo
study using Drosophila showed no adverse effects, such as climbing disability, even at
high doses, highlighting the biocompatibility of these nanoparticles. The research also
showed that the choice of plant extract plays a crucial role in the synthesis process and the
resulting properties of the AgNPs. While aloe vera accelerated nanoparticle growth, it also
led to the formation of various silver oxides, which could affect the overall efficacy. Thus,
selecting the right plant extract is essential for optimizing the properties and biological
interactions of AgNPs. The study in [6] suggested that turmeric-extract-derived AgNPs are
a promising, environmentally friendly, and low-cost alternative to chemically synthesized
silver nanoparticles. The biocompatibility and minimal cytotoxicity of turmeric-derived
AgNPs make them an excellent candidate for further development and potential commer-
cialization. With additional research into toxicity analysis and synthesis standardization,
these nanoparticles could provide a safer, more sustainable option for various applications,
particularly in the biomedical field.

Vonnie, J. M. et al. [7] successfully developed a biodegradable composite film made
from cornstarch (CS) and eggshell powder (ESP) through a casting technique. The morpho-
logical and physicochemical properties of the ESP/CS film were thoroughly characterized,
revealing a smooth, crack-free surface with a spherical and porous irregular shape, in-
dicative of a large surface area. SEM and TEM analysis confirmed the uniform dispersion
of ESP particles within the CS matrix and highlighted the phase separation, contribut-
ing to the film’s enhanced characteristics. The addition of ESP significantly improved
several properties of the film compared to the pure CS film. The ESP/CS film exhibited
enhanced moisture content, swelling power, water absorption, and water solubility. These
improvements were attributed to the interactions between ESP and CS molecules, which
strengthened the film structure. Fourier Transform Infrared Spectroscopy (FTIR) analysis
confirmed the presence of carbonate minerals in the film and the formation of hydrogen
bonds, further enhancing the film’s compactness and potential for adsorption applications.
X-ray diffraction (XRD) analysis showed the semi-crystalline structure of the composite
film, with an increased peak intensity, demonstrating the strong interactions between ESP
and CS. The study in [7] also highlighted that ESP improved the mechanical strength,
hardness, and barrier properties of the film without the need for cross-linking agents. The
ESP/CS composite film, with its promising physicochemical and mechanical properties,
can serve as an effective adsorbent for various target analytes, such as contaminants in food
products, making it a potential candidate for sustainable and environmentally friendly
applications in the food industry and other sectors.

Bio-polymer fibers, particularly alginate, have garnered significant attention over the
past two decades due to their versatile applications in gene therapy, tissue engineering,
wound healing, and controlled drug delivery. Alginate’s unique properties, such as its
ease of sol–gel transformation, ion exchange capabilities, and acid stability, make it a
highly valuable material in various fields. The study of Zdiri, K. et al. [8] has provided
a comprehensive review of the modifications made to alginate fibers to enhance their
properties, including the incorporation of nanoparticles, adhesive peptides, and both
natural and synthetic polymers.

The authors in [8] highlighted the structure, source, and specific properties of alginate,
as well as the various spinning techniques and the impact of solution parameters on the
thermo-mechanical and physico-chemical properties of alginate fibers. The incorporation
of fillers, such as nanoparticles, has proven to be an effective strategy for improving the
physical, thermal, mechanical, and wound-healing properties of calcium alginate fibers,
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which hold substantial promise for specialized applications, particularly in the medical
field. While the potential applications of alginate composite fibers are vast, including
uses in cosmetics, sensors, drug delivery, tissue engineering, and water treatment, there
remains considerable room for further research. Future studies could focus on the mixed
spinning of alginate and other bio-polymers, such as chitosan, to explore new properties
and applications. The continued development of innovative, sustainable materials made
from alginate and other bio-polymers is crucial for expanding their use and enhancing their
performance in medical and environmental applications. Overall, alginate fibers offer a
promising, eco-friendly option for numerous advanced technologies, and their continued
modification and optimization will likely lead to even more impactful applications in the
future [8].

Egorov, A. et al. in their research [9] investigated various calcification methods for
collagen and collagen coatings, assessing their suitability for 3D printing and the production
of collagen-coated scaffolds. PCL scaffolds were printed and subsequently coated with
collagen using four different methods: direct addition of hydroxyapatite (HA) powder
to the collagen solution, incubation in Simulated Body Fluid (SBF), coating with alkaline
phosphatase (ALP), and coating with poly-L-aspartic acid (poly ASP). The results of these
methods were analyzed using ESEM, CT, TEM, and EDX.

The authors of [9] also found that the direct addition of HA powder to the collagen
solution caused a pH shift and an increase in viscosity, leading to clumping on the scaffold
surface. In contrast, incubation in SBF and with ALP resulted in an increase in HA layer
thickness, but no coating was apparent on the collagen layer with poly-L-aspartic acid.
Interestingly, only the poly-L-aspartic acid treatment led to the formation of nanocrystalline
HA within the collagen layer, as detected by ultrathin sections and TEM with SuperEDX.
Overall, the project demonstrated that HA layers could form at the surface of collagen-
coated PCL scaffolds with most calcification methods, except for poly-L-aspartic acid.
However, poly-L-aspartic acid treatment uniquely facilitated the incorporation of HA crys-
tals within the collagen layer, offering a promising approach for enhancing the properties of
collagen-based scaffolds for applications in tissue engineering and regenerative medicine.
These findings contribute to a better understanding of the methods for producing collagen-
coated scaffolds with controlled HA incorporation, which can be optimized for future
biomedical applications [9].

Medical gloves have long been essential in protecting healthcare workers and individ-
uals from infectious microorganisms and hazardous substances, playing a pivotal role in
infection prevention. During the COVID-19 pandemic, their importance was further em-
phasized as they became widespread preventive tools. Lovato M. J et al. in their review [10]
highlighted the evolution of medical gloves, beginning with the discovery of vulcanization
by Charles Goodyear in 1839, which laid the foundation for the industry’s development.
The paper [10] compared the properties, benefits, and drawbacks of various commonly
used gloves, including those made from natural rubber (NR), polyisoprene (IR), acryloni-
trile butadiene rubber (NBR), polychloroprene (CR), polyethylene (PE), and poly(vinyl
chloride) (PVC). Additionally, it addressed the environmental impacts of conventional
rubber glove production and discussed mitigation strategies such as bioremediation and
rubber recycling. To improve glove performance, the review [10] examined the potential
of biopolymers, biodegradable fillers, reinforcing fillers, and antimicrobial agents. These
materials, such as poly(vinyl alcohol), starch, cellulose, chitin, and silica, offer enhanced
properties for medical gloves, including biodegradability, antimicrobial effects, and im-
proved mechanical characteristics. The incorporation of antimicrobial agents, including
biguanides, quaternary ammonium salts, and metal nanoparticles (e.g., silver, copper, and
zinc oxide), has also shown promise in combating drug-resistant bacteria and preventing
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cross-contamination. The review [10] further emphasized the importance of sustainability
in medical glove production, particularly in terms of environmental, social, and financial
impacts. Using performance-enhancing materials such as bio-fillers and biodegradable
polymers presents a viable path to creating new gloves with better properties without
compromising functionality. The integration of these materials into rubber formulations or
through additional dipping processes offers a cost-effective and scalable solution for the
industry. It was summarized in a review [10] that the continued innovation in medical glove
production, including the optimization of manufacturing processes and the integration of
advanced materials, will ensure the development of high-quality, sustainable, and effective
gloves. These gloves will not only meet regulatory standards but also cater to the growing
demand for performance-enhanced personal protective equipment.

Celestino, M. F. et al. in their study [11] successfully developed scaffolds based on
poly(hydroxybutyrate) (PHB) and micronized bacterial cellulose (BC) through 3D printing.
The incorporation of varying concentrations of micronized BC (0.25%, 0.50%, 1.00%, and
2.00%) into the PHB matrix allowed for the production of biocomposite filaments that
predominantly retained the functional groups of PHB, as confirmed by Fourier Transform
Infrared Spectroscopy (FTIR). Thermogravimetric analyses (TG and DTG) indicated that
increasing the BC concentration lowered the peak temperature of PHB degradation, with
the lowest degradation temperature observed in the filament with the highest BC concen-
tration (PHB/2.0% BC). However, the thermal variation did not hinder the 3D printing
process, as the melting temperature of PHB remained above the degradation points. The
biological assays showed that the PHB/BC scaffolds were non-cytotoxic and provided
suitable cell anchorage sites, suggesting their potential for use in tissue engineering appli-
cations. Additionally, the optimal micronization of BC at 20 Hz was found to offer the best
granulometry and homogeneity for producing biocomposite filaments. X-ray diffraction
(XRD) analysis revealed that BC micronized at this frequency maintained a balanced crys-
talline and amorphous structure, which is crucial for tissue regeneration as it allows BC to
function as a reinforcing agent while also being biodegradable. The characterization tech-
niques, including TGA, FTIR, and SEM, confirmed the structural integrity of the filaments
and their suitability for 3D printing, with no significant thermal stability issues for the
intended application. Moreover, the use of BC industrial scraps in the production of these
filaments aligns with the principles of circular economy and sustainability, adding value to
waste materials.

Overall, the results of the research outlined in Ref. [11] demonstrate the promising
potential of PHB/BC-based biocomposite filaments for 3D printing applications in tissue
engineering. The successful integration of BC micronization and the resulting biocomposite
filaments not only highlight their mechanical and biological advantages but also contribute
to sustainable practices in material development. Further studies will be needed to explore
the full potential of these materials in clinical applications.

In the review [12] by Varnaitė-Žuravliova, S. and Baltušnikaitė-Guzaitienė, J., the
authors summarized that regenerated cellulose fibers (RCFs) offer a versatile and highly
valuable biomaterial with a range of medical applications due to their biocompatibility,
biodegradability, and mechanical strength. These fibers are widely utilized in wound care,
tissue engineering, and absorbable sutures, making them essential for medical textiles.
RCFs help create moist environments conducive to healing in wound care, support cell
attachment in tissue engineering, and eliminate the need for removal in suturing due to
their biodegradability. Additionally, their use in surgical garments and diagnostic materials
further highlights their importance in the medical sector. As the field progresses, the future
of RCFs in medical textiles will be shaped by advancements aimed at improving production
processes, such as closed-loop systems for solvent recovery and reducing environmental
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impact. Furthermore, the integration of nanotechnology promises to enhance the properties
of RCFs, including antimicrobial activity, increased surface area, and improved mechanical
strength. However, challenges remain in terms of the long-term clinical performance of
RCFs, especially in complex medical applications like tissue scaffolds and implants. Re-
search focusing on their degradation rates, mechanical stability, and tissue regeneration
over extended periods will be crucial for advancing their use in these areas. There is also
potential in developing reinforced RCF composites that can withstand higher mechanical
stresses while maintaining biodegradability, which would enable new applications in fields
such as orthopedics and cardiovascular surgery. Additionally, the functionalization of
RCFs with antimicrobial agents or drug-loaded fibers holds promise, though cost-effective
manufacturing processes for large-scale production need to be established to ensure af-
fordability in global healthcare markets. The development of smart textiles incorporating
RCFs and biosensors presents exciting opportunities, but challenges regarding scalability,
durability, and cost remain. Furthermore, the regulatory approval process for RCF-based
medical products, particularly in innovative areas like tissue engineering and drug delivery
systems, requires clearer frameworks to accelerate commercialization [12].

Overall, while regenerated cellulose fibers offer immense potential for medical appli-
cations, further research, technological advancements, and regulatory clarity are essential
to fully realize their capabilities and to ensure they can be effectively utilized in a wide
range of medical contexts [12].

This Special Issue with 10 papers covers reviews and investigations made in the areas
of biodegradable polymers, especially natural macromolecules, and textiles. Hopefully, all
contributions will bring practical benefits and encourage further research in this field.

We would like to express our sincere thanks to the authors, reviewers, and the MDPI
JFB editors, along with their teams, for their invaluable contributions.
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Abstract: Bacterial polymeric silk is produced by Bacillus sp. strain NE and is composed of two
proteins, called fibroin and sericin, with several biomedical and biotechnological applications. In
the current study and for the first time, the whole bacterial silk proteins were found capable of
exerting antiviral effects against herpes simplex virus type-1 (HSV-1), adenovirus type 7 (AD7), and
hepatitis C virus (HCV). The direct interaction between bacterial silk-like proteins and both HSV-1
and AD7 showed potent inhibitory activity against viral entry with IC50 values determined to be
4.1 and 46.4 μg/mL of protein, respectively. The adsorption inhibitory activity of the bacterial silk
proteins showed a blocking activity against HSV-1 and AD7 with IC50 values determined to be 12.5
and 222.4 ± 1.0 μg/mL, respectively. However, the bacterial silk proteins exhibited an inhibitory
effect on HSV-1 and AD7 replication inside infected cells with IC50 values of 9.8 and 109.3 μg/mL,
respectively. All these results were confirmed by the ability of the bacterial silk proteins to inhibit viral
polymerases of HSV-1 and AD7 with IC50 values of 164.1 and 11.8 μg/mL, respectively. Similarly, the
inhibitory effect on HCV replication in peripheral blood monocytes (PBMCs) was determined to be
66.2% at concentrations of 100 μg/mL of the bacterial silk proteins. This antiviral activity against
HCV was confirmed by the ability of the bacterial silk proteins to reduce the ROS generation inside
the infected cells to be 50.6% instead of 87.9% inside untreated cells. The unique characteristics of the
bacterial silk proteins such as production in large quantities via large-scale biofermenters, low costs
of production, and sustainability of bacterial source offer insight into its use as a promising agent in
fighting viral infection and combating viral outbreaks.

Keywords: bacterial silk; biopolymer proteins; antiviral; HSV-1; adenovirus; HCV

1. Introduction

Natural products have gathered special attention because of the surviving biodiversity
of flora worldwide and the luxury of obtaining extracts and crude forms from these sources
with the help of technological innovation [1,2]. In addition to collagen, polymeric silk is
one of the most plentiful naturally derived macromolecular protein polymers obtained
mainly from animal origins [3]. More than 120,000 metric tons of silks are manufactured
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worldwide annually, and the main manufacturers are located in China, India, and Japan [4].
Polymeric silk is a natural protein of importance in medical applications and commercial
life. Increased uses of bacterial polymeric silk-like proteins are expected in the near future
for several reasons such as low cost–effect, rapid secretion, and modest product recapture.
Silk proteins consist mostly of two types of proteins in a core–shell type shape: fibroin
composes the core and is enclosed by the glue-like sericin, which cements itself to the fibroin
fibers. Sericin, a major constituent of silk proteins, is selectively removed as waste material
from silk fiber throughout the silk manufacturing process to make silk more lustrous.
Commonly, the removal of sericin from fiber leads to the formation of industrial byproducts
that are disposed of as waste materials, causing environmental pollution and constituting
a huge waste of natural resources. Thus, sericin will need to be recovered and recycled
in an adequate manner to provide social and significant economic benefits [5]. Sericin is
easily hydrolyzed although it is considered an insoluble protein in cold water. Sericin is
an useful protein owing to its unique features such as oxidation resistance, antibacterial
potential, UV resistance, capacity to absorb and release moisture easily, and tyrosine kinase
inhibitory activity [6–12]. Sericin is also a glycoprotein that possesses many biological
characteristics, including antioxidation, immunomodulation, and inhibition of elastase and
tyrosinase activities. Recently, sericin was found to reduce reactive oxygen species (ROS),
protect normal cells from oxidative damage caused by UVB radiation, and inhibit tumor
progression, being a strong antibacterial candidate [13,14]. Meanwhile, researchers suggest
that viruses are the most abundant biological entities on the planet [15]. Currently, millions
of people are infected with different viruses, and many of these people are not receiving
treatment or vaccination such as infection with retroviruses [16,17]. Enveloped viruses
consist of a protein coat called a capsid that surrounds central genetic material, which is
either DNA or RNA and is unable to replicate without a host cell. Therefore, to survive,
viruses must infect cells and use these cells to replicate themselves. In the manner of doing
this, they can kill these cells and cause damage to the host organism, which is why viral
infections can make people ill. Hepatitis C virus (HCV), adenovirus type 7 (ADV7), and
herpes simplex virus type 1 (HSV1) infections are universal serious diseases, and they lead
to several hepatic sequels, death, and genital herpes [18–20].

The high cost of viral disease treatment and/or vaccinations leads to patients using
alternative remedies as a traditional medicine for viral infection control. There are many
examples of traditional medicine such as the use of camel milk for HCV treatment [21], as
camel milk contains many important proteins that play a crucial role in viral prevention [22–24].
In addition, there are many microbial metabolites are used as effective compounds in
viral treatment, including mushroom and cyanobacterial lectins [25–28]. Medical usage of
natural bioactive ingredients as a main source of treatment to date is well known, even
considering the great contribution of chemotherapeutic drugs to modern therapy. However,
there is no information on the potential effects of the silk proteins of animal or bacterial
origin on viral diseases such as infection with HCV, HSV-1, and AD7. If either one of these
proteins could be shown to be effective against pathogenic viruses, it might be a more
affordable source for use in medicinal/pharmacological applications, thus contributing to
providing a sustainable production and reduction in medical costs.

In this study, we evaluated the antiviral inhibitory activity of whole bacterial silk
proteins in an obtained silk of nonanimal origin, which was produced by Bacillus sp.
strain NE (a petroleum-originated bacteria) [10,29]. This antiviral effect was measured
to investigate the ability of the whole bacterial silk proteins as a nonanimal silk source,
produced by Bacillus sp. strain NE, to inhibit the infection of HSV-1, ADV7, and HCV,
viruses that cause a severe challenge to the worldwide public health system owing to their
limited vaccination or symptomatic treatment.
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2. Materials and Methods

2.1. Whole Bacterial Polymeric Silk-like Protein Isolation and Silk-like Protein Preparation

The bacterial polymeric silk-like proteins were produced by Bacillus sp. strain NE as
previously identified according to Kamoun et al. [29]. In brief, Bacillus sp. strain NE was
inoculated in 100 mL nutrient broth (SNB) medium (containing 500 mL of nutrient broth
and 500 mL mineral salt solution per liter). A 500 mL salt solution was prepared by mixing
various salts (K2HPO4, 5.0 g; KH2PO4, 20 g; NaCl, 0.1 g; (NH4)2SO4, 30 g; FeSO4·7H2O,
0.01 g; CaCl2·2H2O, 0.01 g; MgSO4·7H2O, 0.2 g; MnSO4·7H2O, 0.2 g; MnSO4·H2O, 0.002 g)
CaCl2·2H2O, 0.01 g; glucose, 0.03% (w/v) (Fluka Chemie, Gillingham, UK); and yeast
extract, 0.03% (w/v) [30], and it was incubated at 30 ◦C overnight in a shaker incubator at
150 rpm. Then, 5 mL of bacterial culture was inoculated in 100 mL TSM (containing per liter:
5 g of KNO3, 30 g trypticase soy broth, and 20 g of L-glutamic acid) production medium
and incubated for 5 days under the same conditions. The formed exo-biopolymer was
precipitated by centrifugation of the cultured media for 30 min at 8000 rpm. After the crude
supernatant was concentrated by a rotary evaporator and dialyzed against distilled water
at 4 ◦C overnight, about 30 mL cold ethanol was added to 10 mL of dialyzed concentrate.
Then, the precipitate was mixed with 10% cetylpyridinium chloride (CPC) during gentle
stirring. The obtained broth was left under room conditions for several hours to obtain
the polymeric precipitate by centrifugation at 5000 rpm for 30 min. The precipitate was
dissolved in 0.5 M of sodium chloride to obtain the polymeric broth. The polymeric broth
was lyophilized after washing three times with cold ethanol to obtain the purified bacterial
polymeric-like silk proteins [29].

2.2. Serum Sample Collection

HCV-4a patient serum samples used in this investigation were obtained from the
Institute of Medical Research, Alexandria, Egypt. Serum samples were stored at −80 ◦C
prior to viral inoculation experiments. The patients’ written consent and approval for this
study were obtained from the institutional ethics committee.

2.3. Human Peripheral Blood Mononuclear Cell Separation

Peripheral blood mononuclear cells (PBMCs) were separated from whole human
blood using gradient centrifugation by Ficoll-Paque Plus (MP Biomedicals, Illkirch, France)
as reported by Lohr et al. [31]. Briefly, whole blood sample was 5 times diluted using
freshly prepared PBS and then overlaid dropwise on Ficoll. The monolayer of PBMCs was
separated using gradient centrifugation at 2000 rpm for 30 min. The recovered cells were
collected and washed 3 times using PBS.

2.4. Cytotoxicity Assays

African green monkey kidney epithelial cell line (Vero cells) was obtained from Ameri-
can Type Culture Collection (ATCC) via VACSERA (Cairo, Egypt). Vero cells were cultured
in DMEM medium and used as adenovirus type 7 (ADV7) and herpes simplex virus type
1 (HSV-1) host cells. While PBMCs (hepatitis C virus (HCV) host cells) were cultured in
RPMI medium. Silk protein cytotoxicity was tested on both Vero cells and PBMCs using
MTT assay [32,33]. Briefly, both Vero cells and PBMCs were seeded in 96-well cell culture
plates at densities of 104 and 105 cells/well and incubated at 37 ◦C in 5% CO2 for 24 h.
After incubation, serial dilutions of the tested silk protein were incubated with Vero and
PBMCs for 72 h. Serial dilutions of the HSV-1 and ADV7 standard drugs (ribavirin and
acyclovir, respectively) were incubated with Vero cells for 72 h. At the end of incubation,
20 μL of 5 mg/mL MTT (Sigma, St. Louis, MO, USA) was added to each well and the plates
were incubated at 37 ◦C for 3 h. After discarding MTT solution, 100 μL DMSO (dimethyl
sulfoxide) was added and the dye intensity was quantified using the automated ELISA
microplate reader adjusted to 570 nm to quantify the cell viability [26,34]. The effective safe
concentration (EC100) doses (at 100% cell viability) of the tested protein were estimated by
the GraphPad Prism 9 InStat software.
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2.5. The Antiviral Activity of Silk Proteins against ADV7 and HSV-1

Ten-fold dilutions of ADV7 and HSV-1, separately, were incubated with a monolayer
of Vero cells in 96-well plates for 2 h in a 5% CO2 incubator. At the end of incubation,
the unabsorbed viruses were aspirated and replaced with DMEM containing 10% FBS.
Then, the plates were incubated in a 5% CO2 incubator for 3 days. MTT assay was used
to determine cell viability (%), as described above, in the infected and uninfected cells to
calculate TCID50 (50% tissue culture infectious dose) using the formula of the Ramakrishnan
method [35].

2.5.1. MTT and RT-qPCR Assays for Investigation of Antiviral Activity of Silk Protein

The utilized 100TCID50 (100 times the TCID50) viral inocula (10−4 and 10−3 for ADV7
and HSV-1, respectively) were used to test the mode of antiviral action of silk protein.
For assessment of the direct virucidal effect, different concentrations of silk protein and
standard drugs were incubated for 2 h with HDV7 and HSV-1, before being added to the
Vero cell monolayer in a 96-well plate. The adsorption inhibition effect was evaluated by
pretreating the host cells with serial dilutions of the tested protein and standard drugs for
2 h, and then the viruses were added to Vero cells for another 2 h. For the antireplicative
effect, serial doses of silk protein and standard drugs were added after incubating Vero
with viruses for 2 h. After 3 days, MTT assay was used as described above to determine the
percentage of cell lysis inhibition for each protein concentration to calculate the IC50 (using
GraphPad InStat software) at which silk protein causes 50% viral inhibition.

Moreover, quantitative real-time PCR (qPCR) was used to confirm the results of silk
protein antiviral mode action obtained from the MTT assay. Following the seeding of Vero
cells in 6-well culture plates for 24 h, the above-mentioned experiments were repeated
using 100 μg/mL and 10 μg/mL of silk protein against ADV7 and HSV-1, respectively,
and compared to the standard drugs with the same concentrations. After 72 h incubation
in CO2, the untreated and treated infected Vero cells, in each well, were collected for
total DNA extraction using Qiagen extraction kit. TaqMan-based real-time PCRs (CFX,
BIO RAD) were performed in accordance with [36,37]. The ADV7 qPCR primers were 5′-
GAGGAGCCAGATATTGATATGGAATT-3′ and 5′-AATTGACATTTTCCGTGTAAAGCA-
3′ with the probe 5′-6-carboxyfluorescein (FAM)-AAGCTGCTGACGCTTTTTCGCCTGA-6-
carboxytetramethylrhodamine (TAMRA)-3′. For HSV-1 qPCR, primers were 5′-CATCACCG
ACCCGGAGAGGGAC-3′ and 5′-GGGCCAGGCGCTTGTTGGTGTA-3′ and the probe was
5′-FAM-CCGCCGAACTGAGCAGACACCCGCGC-6-TAMRA-3′. The reaction mixture
contained Taq polymerase (0.05 U/μL) and reaction buffer (0.4 mM of dNTP, 250 nM probe,
400 nM forward/reverse primers, and 4 mM MgCl2). PCR program started with 95 ◦C for
15 min, followed by 45 cycles of 95 ◦C for 10 s, 55 ◦C for 30 s, and 72 ◦C for 20 s. Viral load
was estimated using standard curve.

2.5.2. Evaluation of the Inhibitory Impact of Silk Protein on DNA Polymerase Activity of
ADV7 and HSV-1

The inhibitory effect of silk protein on viral DNA polymerase activity was determined
using acid-precipitated radioactivity. The reaction mixture of ADV polymerase consisted
of 25 mM Tris-HCl pH 7.8, 7 mM MgCl2, 1 μg aphidicolin, 10 mM DTT, activated DNA,
and 40 μM deoxynucleotides with 1μ Ci radiolabeled [α-32P]dATP [38]. Meanwhile, the
reaction mixture of HSV polymerase contained 50 mM Tris-HCl pH 8, 0.5 μg/mL albumin,
100 mM ammonium sulfate, 8 mM MgCl2, 0.5 mM DTT, and 100 μM deoxynucleotides
with 1μ Ci radiolabeled [3H-dTTP] [39,40]. The above-mentioned mixtures of ADV7
and HSV-1 were incubated with serial concentrations of silk protein for 30 and 60 min,
respectively. After reaction termination by acid precipitation, radioactivity was measured
using a scintillation counter.
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2.5.3. The Antiviral Activity of Silk Protein against HCV

The inhibitory effect of silk protein on HCV in the isolated PBMCs of healthy donors
was recorded. A nontoxic concentration of silk protein was simultaneously incubated with
the virus (sterile filtered infected serum) for 90 min. Then, cells were infected with 100 μL
of the cotreated virus for 72 h at 37 ◦C and 5% CO2. At the end of incubation, the infected
cells were washed three times with 1 mL of PBS, and the total RNA was extracted using
Qiagen Kit. The positive control of the infected untreated cells and the negative control of
uninfected cells were included in the experiment.

2.5.4. Quantification of HCV Genomic and Antigenomic RNA Strands Using RT-PCR

To quantify HCV genomic and antigenomic RNA strands (minus strand), reverse tran-
scription nested PCR was carried out as described previously and with minor changes [31].
Briefly, the reaction was carried out in 25 μL with 20 U of reverse transcriptase (Clon-
tech, Mountain View, CA, USA) with 400 ng of the total extracted PBMC RNA, 40 U of
RNAsin (Clontech, Mountain View, CA, USA), dNTP (Promega, Madison, WI, USA, at final
concentration of 0.2 mmol/L) and the reverse primer 1CH (for plus strand, 50 pmol) or
forward primer 2CH (for minus strand, 50 pmol). The reaction was developed for 60 min
at 42 ◦C and then denatured for 10 min at 98 ◦C. The amplification of highly conserved
5′-UTR sequences was completed using two PCR rounds (with two pairs of nested primers).
The first-round amplification was conducted in 50 μL reaction mixture having 2CH for-
ward primer and P2 reverse primer (50 pmol from each), as well as dNTPs (0.2 mmol/L).
RT reaction mixture (10 μL) was used as a template with 2 U of Taq DNA polymerase
(Promega, Madison, WI, USA). The thermal cycling protocol was as follows: 94 ◦C for
1 min, 55 ◦C for 1 min, and 1 min at 72 ◦C for 30 cycles. The second amplification cycle
was similar to the first one, except for use of the nested reverse primer D2 and forward
primer F2 (50 pmol). Primer sequences for the 5′ HCV noncoding (NC) region amplification
were as follows: 1CH: 5′-ggtgcacggtctacgagacctc-3′, 2CH: 5′-aactactgtcttcacgcagaa-3′, P2:
5′-tgctcatggtgcacggtcta-3′, D2: 5′-actcggctagcagtctcgcg-3′, and F2: 5′-gtgcagcctccaggaccc-3′.
To overcome the false detection of negative-strand HCV RNA and known variations in PCR
competence, specific control assays and rigorous standardization of the reaction were com-
pleted: (1) cDNA was synthesized without RNA templates to avoid product contamination,
(2) cDNA synthesis was synthesized without RTase to avoid Taq polymerase RTase activity,
and (3) cDNA synthesis and PCR step were completed without any reverse or forward
primers to avoid the contamination from mixed primers. In addition, cDNA synthesis was
conducted using one primer followed by heat inactivation of RTase activity at 95 ◦C for
1 h, in an effort to reduce the false presence of negative strands before the addition of the
second primer. Finally, the RT-PCR was conducted using the final PCR product based on
the SYBR Green I dye and LightCycler fluorimeter [41]. An external standard curve was
done using 10-fold serial dilutions of a modified synthetic HCV 5′ NC RNA [42].

2.5.5. Quantification of the Induced ROS Using Oxidized DCFDA and Flow Cytometry

ROS and oxidative damage are assumed to have a vital role in many
human diseases. Using a cell-permeable fluorescent and chemiluminescent probe,
2′-7′-dichlorodihydrofluorescein diacetate (DCFH-DA), we quantified the induced ROS in
HCV-infected and treated cells using flow cytometry [43]. Briefly, after cellular treatment
with the nontoxic dose of silk protein, all silk-protein-treated, HCV-infected, and control
PBMCs were incubated with DCFH-DA at a final concentration of 10 μM for 30 min at 37 ◦C
and 5% CO2. After incubation, cells were washed with prewarmed PBS and suspended in
FAC buffer solution. The intensity of fluorescence was quantified by flow cytometry (Partec
GmbH, Germany), and the sample redox state was monitored by checking the increase in
fluorescence that could be measured at 530 nm when the sample is excited at 485 nm.
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2.6. Protein Modeling and Validation

Based on our previous data [10,29], there is a great similarity between the Bombyx mori
silk protein and the Bacillus silk protein. The analysis of the amino acid constituents
showed that the block protein is rich in Ala-Pro-Gly, while the molecular weight (Mwt) of
fibroin protein H-chain was around 400 kDa, which exceeded that of the natural silk of
Bombyx mori [44]. The bacterial silk-like nanofibers gave an adequate and uniform ribbon-
shaped structure with an average nanofiber diameter of around 110 nm. Meanwhile, the
block silk-like protein exhibited high thermal degradation monitored at 140–373 ◦C, which
is close to that of natural silkworms like Bombyx mori [45]. In our recently published
work [30], the fibroin H-chain exhibited a band at ~400 kDa, while the fibroin L-chain ex-
hibited a band at ~35 kDa and P25 proteins exhibited a band at ~30 kDa. However, sericin
proteins exhibited bands at 95, 66, 16, and 6.5 kDa. The Bombyx mori silk fibroin P25 protein
and sericin 1A’ were used in the current study for the docking analysis due to the availabil-
ity of their full sequences in the NCBI database. In addition, the Mwt of these proteins is
similar to those of our bacterial silk proteins. Therefore, the current study used Bombyx mori
silk fibroin p25 and sericin 1A’ for the in silico analysis due to the availability of their full
sequences in the NCBI database. The Protein Data Bank (PDB, Long Island, NY, USA,
https://www.rcsb.org/ (accessed on 6 October 2021) was used to derive the 3D structures
of HCV-NS5B (PDB: 3FQK, 576 res, chain A and B) and HSV1 DNA polymerase (PDB:
2GV9, 1193 res, chain A and B). However, the PDB of the unavailable 3D structures of
silk fibroin, silk sericin, and human ADV7 DNA polymerase were generated by the Swiss-
Model protein-modeling server (https://swissmodel.expasy.org/ (accessed on 13 October
2021) [46]. The amino acid sequences of silk fibroin (Accession: AAL83649, 262 amino acids),
sericin 1A’ (Accession: BAD00699, 722 amino acids), and ADV7DNA polymerase (Acces-
sion: ASK85767, 1193 amino acids) were retrieved from the NCBI protein database and
then submitted to the Swiss-Model for analysis. The validation of the generated structural
models was done by the PROCHEK Ramachandran plot [47,48]. The theoretical molecular
weight values of the two Bombyx mori silk protein subunits were predicted from the protein
amino acids by the EXPASY server (https://web.expasy.org/compute_pi/ (accessed on
14 October 2021) [49] to compare them with those obtained from the Bacillus strain.

2.7. Molecular Docking Analysis

The predicted mechanism of the silk sericin and silk fibroin inhibitory impact on the
activity of HCV-NS5B and the DNA polymerase of HSV1 and ADV7 was assessed using
molecular docking. The docking of the highest C-score proposed 3D structure models of
silk sericin and silk fibroin, individually with each of the studied viral polymerases, was
established by the GRAMM-X Protein-Protein Docking Server (http://vakser.compbio.ku.
edu/resources/gramm/grammx/ (accessed on 14 October 2021) [50]. Then, the binding
pocket atoms of the created docked structural complexes were visualized and analyzed
using the Discovery Studio 2020 Client program (v20.1.0.19295, Dassault Systèmes, Vélizy-
Villacoublay, France).

2.8. Assessment of the Binding Affinity in the Docked Complexes

The PDBePISA (Proteins, Interfaces, Structures, and Assemblies) website
(https://www.ebi.ac.uk/msd-srv/prot_int/pistart.html (accessed on 15 October 2021) [51]
was used to analyze the interface of the docked complexes. The numbers of interface
residues and hydrogen bonds, along with the change in Gibbs free energy (ΔG, solvation
free energy) gained upon interface formation, are provided by this platform. The ΔG value
indicates the docked complex’s binding affinity.

2.9. Active Site Prediction

The PDBsum web-based database (http://www.ebi.ac.uk/pdbsum (accessed on
19 October 2021) [48] was used in the current study to retrieve the active site residues
of the HCV and HSV1 polymerases. The PDB IDs of these viral enzymes were required
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by this website; hence, it provides structural data on PDB database entries. However, the
active site residues of ADV7 polymerase, which has no PDB ID, were predicted using the
GASS-WEB server (https://gass.unifei.edu.br/ (accessed on 23 October 2021) [52].

2.10. Statistical Analysis

All data are expressed as mean ± standard error of the mean (SEM). The unpaired
two-tailed Student’s t-test of SPSS 16.0 was used. Statistical differences were expressed as
p-value < 0.05 *, <0.001 **, <0.0001 ***.

3. Results

3.1. Cytotoxicity Assay

Cytotoxicity assay was used to quantify both IC50 and nontoxic dose of silk protein on
PBMCs and Vero cells using MTT assay protocol. The obtained results indicated that the
nontoxic dose (EC100) of silk protein on PBMCs and Vero cells reached 100 μg/mL with
IC50 determined to be 460 and 743.3 μg/mL, respectively. So, we selected a 100 μg/mL
dose for completion of the antiviral assay (Figure 1). The recorded safe doses of silk protein,
ribavirin, and acyclovir on Vero cells were 1000, 284.3, and 266.1 μg/mL, respectively.

Figure 1. The safety patterns of silk protein on PBMCs (A) and Vero cells (B); different concentrations
of silk protein (from 1500 to 62.5 μg/mL) were tested on PBMCs to detect the nontoxic dose and IC50

value of silk protein.

3.2. Antiviral Assays
3.2.1. Antiviral Assays on ADV7 and HSV1

The antiviral mode of silk protein was investigated, at 100TCID50 (10−4 and 10−3 of
ADV7 and HSV-1, respectively), by quantifying the percentages of cell lysis inhibition and
viral elimination using MTT and qPCR, respectively. This was achieved by preincubating
the tested proteins with viruses before application to host cells (direct virucidal), pretreat-
ment of host cells before adding viruses (antiadsorption), and addition after infection
of host cells (antireplicative). Figure 2 illustrates that silk protein inhibited cell lysis in
a dose-dependent manner. From these curves (Figure 2), IC50 values, representing the
concentration at which 50% inhibition of cell lysis occurs, were calculated for each antiviral
mode, and the lowest value refers to the most effective action mode(s) of this protein for
combating ADV7 and HSV-1. The estimated IC50 values of silk protein for ADV7 inactiva-
tion were 46.4 ± 0.5 μg/mL, 222.4 ± 1.0 μg/mL, and 109.2 ± 2.1 μg/mL by direct virucidal,
antiadsorption, and antireplicative modes of action, respectively. The values of IC50 for
HSV-1 inactivation were 4.1 ± 0.7 μg/mL, 12.5 ± 0.1 μg/mL, and 9.8 ± 0.3 μg/mL by direct
virucidal, antiadsorption, and antireplicative modes of action, respectively. These IC50
values and the highest percentage of cell lysis inhibition indicate that silk protein can inhibit
virus-mediated cell lysis mainly via a direct virucidal effect with the lowest antiadsorption
effect on both viruses. This protein exhibited a comparable antireplicative effect on both
viruses. Standard drugs (ribavirin and acyclovir) only exhibited antireplicative effects
with IC50 equivalent to 48.9 ± 1.6 μg/mL and 30.9 ± 0.7 μg/mL, respectively, but IC50
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values for other effects could not be determined because their maximum safe concentration
did not reach 50%. Accordingly, the anti-ADV and anti-HSV efficacy of silk protein is
mainly achieved by direct virucidal and antireplicative manner, respectively. Therefore,
these modes were selected for the following evaluation of its antiviral activity using more
specific parameters.

Figure 2. Percentage lysis inhibition of adenovirus (ADV7)- and herpes simplex virus (HSV-1)-
infected Vero cells after treatment with silk protein with modes of action illustrated. (A) Direct
virucidal, (B) antiadsorption, and (C) antireplication effects of silk protein against ADV7 in com-
parison with standard drug (ribavirin) in the term of % cell lysis inhibition. (D) Direct virucidal,
(E) antiadsorption, and (F) antireplication activity of silk protein against HSV1 in comparison with
standard drug (acyclovir) in the term of % cell lysis inhibition. All data are expressed as mean ± SEM.
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Data of qPCR for cellular virus contents supported MTT results of cell lysis inhibition.
As shown in Figure 3, this protein eliminated 85.7% and 89.9% of ADV7 and HSV1, respec-
tively, by direct virucidal activity, while its antireplication effect caused viral elimination by
63.2% and 77.5%, respectively. On the other hand, standard drugs achieved viral elimina-
tion (77.9% and 62.9%, respectively) only via their antireplicative effect. Figure 3 also shows
that silk protein had significantly stronger direct ADV7 and HSV1 virucidal effect and
anti-HSV1 replicative potential than standard drugs. Meanwhile, no significant difference
in anti-ADV7 replicative activity was recorded between silk protein and ribavirin.

Figure 3. Percentage of adenovirus (ADV7) and herpes simplex virus (HSV-1) eliminated by direct
virucidal and antireplication potentials of silk protein in comparison with standard drugs (ribavirin
and acyclovir). All data are expressed as mean ± SEM and considered significantly different at
p < 0.05 *, p < 0.005 **.

The antireplicative activity of silk protein was further assessed by estimating the IC50
for inhibition of viral DNA polymerases (Figure 4). It was found that silk protein can inhibit
these viral polymerases at 164.1 ± 11.1 μg/mL and 11.8 ± 0.6 μg/mL for ADV7 and HSV1,
respectively, with no significant difference when compared to standard drugs (Figure 4).

3.2.2. Anti-HCV Activity of Silk Protein

The ability of silk protein to inhibit HCV replication on PBMCs was quantified using
qPCR. The obtained results indicated that silk protein at 100 μg/mL showed the ability
to inhibit HCV replication on the PBMC model by 66.2% via reducing the viral load from
1.36 × 106 to 0.9 × 105 copies/mL (Figure 5 and Table 1).

16



J. Funct. Biomater. 2022, 13, 17

Figure 4. IC50 values of silk protein for inhibiting DNA polymerases of ADV and HSV. All data are
expressed as mean ± SEM.

Figure 5. Quantification of HCV viral replication inhibition in PBMCs using RT-qPCR. All data are
expressed as mean ± SEM and considered significantly different at p < 0.0005 ***.

Table 1. Determination of HCV viral count in PBCs using RT-qPCR.

Samples Fluor Cq Virus Conc. (Copies/mL) Inhibition%

Treated cells SYBR 23.89 0.9 × 105 66.2

Positive control SYBR 28.33 1.36 × 106 0.0

Negative control SYBR 4.69 - -

3.2.3. Quantification of the Induced ROS Using Flow Cytometry in HCV-Infected Model

The induced cellular ROS in PBMCs after HCV infection and treatment were quantified
using flow cytometry (Figure 6). The obtained results indicated a great induction of cellular
ROS in PBMCs after HCV infection (87.9) compared with the uninfected cells (9.5). After
treatment, silk protein dramatically reduced the induced ROS from 87.9 to 44.5 with 50.6%
inhibition (Figure 7). It is also worth mentioning that silk protein did not induce a significant
ROS induction (6.6) in PBMCs compared with the negative untreated cells.

17



J. Funct. Biomater. 2022, 13, 17

Figure 6. The flow cytometry analysis of the cellular induced ROS in untreated control cells (A),
positive control HCV infected cells (B), silk-protein-treated cells (C), and silk-protein-treated HCV-
infected cells (D). RN1 is the gating region for parameter number 1 using red laser and RN2 is the
gating region for parameter number 1 using blue laser.

Figure 7. The fluorescence intensity in HCV-infected PBMC models after silk protein treatment. All
data are expressed as mean ± SEM and considered significantly different at p < 0.05 *, p < 0.005 **,
p < 0.0005 ***.

3.2.4. 3D Predicted Structure Models

The 3D structures of the two silk protein subunits and ADV7 polymerase were mod-
eled by the Swiss-Model server. The protein sequences in Fast Adaptive Shrinkage Thresh-
old Algorithm (FASTA) format were submitted to this online tool to supply the most
accurate predictions for their structure. Model 1, with the highest quality and a good
C-score value, was established (Figure 8A–C). The molecular weight values of the Bombyx
mori silk fibroin and sericin 1A’ were computed using the Expasy online server. The results
showed a great similarity between them (27.6 and 69.9 kDa, respectively) and those ob-
tained from Bacillus sp. (30 and 66 kDa, respectively) in our recently published work [10].
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Therefore, these two types of Bombyx mori silk protein subunits were chosen here for the
computational studies.

Figure 8. The 3D predicted structures of the silk protein subunits, fibroin and sericin, and ADV7 poly-
merase and their validation. (A–C) Backbone structure of silk fibroin, sericin, and ADV7 polymerase,
respectively, as given by Swiss-Model protein-modeling server (https://swissmodel.expasy.org/
(accessed on 13 October 2021). (D–F) Ramachandran plots of silk protein fibroin, sericin, and ADV7
polymerase, respectively.

The quality of the predicted structures was confirmed by the Ramachandran plot
(Figure 8D–F), which analyzed psi (ψ) and phi (F) torsion angles of the structural backbone.
The residues of the ADV7 polymerase 3D structure in the most favored, allowed, and
disallowed regions were 74.7%, 24.0%, and 1.3%, respectively. For the 3D structure of
silk fibroin, these values were 89.5%, 10.5%, and 0%, respectively. For the 3D structure of
silk sericin, these values were 76.2%, 23.8%, and 0%, respectively. The overall G-factors
(measurement of unusualness for main-chain dihedral angles and covalent forces) of the
predicted models of ADV7 polymerase, fibroin, and sericin were −0.41, −0.27, and −0.31,
respectively. These results indicated that the dihedral angles, ψ and F, in the selected model
backbone were reasonably accurate.

3.3. The Predicted Inhibitory Mechanism of Silk Fibroin and Sericin on ADV7, HCV, and HSV-1
Polymerases

To predict the inhibitory mechanism of the silk protein on the polymerase activity of
the target viruses, the silk fibroin or sericin was docked separately with the viral polymerase
(Figures 9 and 10). Then, the docked complex was analyzed by the PDBePISA tool to explore
the binding affinity, interface residues, and other details. The outcomes of PDBePISA
showed that fibroin interacted with chain A of ADV7 polymerase (47 res, 6 hydrogen
bonds) and both chains A and B of HCV (48 res, 4 hydrogen bonds) and HSV-1 (29 res,
3 hydrogen bonds) polymerases. Sericin bound to chain A of ADV7 polymerase (48 res,
7 hydrogen bonds), chain B of HCV polymerase (32 res, 11 hydrogen bonds), and chains
A and B of HSV-1 polymerase (27 res, 4 hydrogen bonds). Furthermore, the binding
affinity of fibroin and sericin to the studied polymerases was deduced from the predicted
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ΔG values. These values were −23.0 (ADV7 polymerase), −11.2 (HCV polymerase), and
−14.4 kcal/mol (HSV-1 polymerase) for fibroin and −17.6, −10.5, and −9.0, respectively, for
sericin. The ΔG p-value was also provided by the PDBePISA and indicated that the interface
surface in the studied fibroin– or sericin–polymerase docked complexes was interaction-
specific (p-value < 0.5). The active site residues of ADV7, HCV, and HSV-1 polymerases
were compared with the interface residues in the fibroin– or sericin–polymerase docked
complexes. The results showed that either fibroin or sericin interacted with the active site
residues of the examined viral polymerases, except for HCV polymerase, for which fibroin
bound to R200A only (Figure 9B).

Figure 9. Molecular docking of ADV7, HCV, and HSV-1 polymerase (POL) and silk fibroin. (A–C)
The docked complexes of ADV7 POL (shown in light blue), HCV POL (shown in light green “chain
A” and purple “chain B”), and HSV-1 POL (shown in blue “chain A” and gray “chain B”) with fibroin
(shown in dark red), respectively, as provided by the GRAMM-X Protein-Protein Docking platform
and visualized by Discovery Studio software. The interacting pocket residues of the docked complex
are indicated by yellow space-filling spheres style, magnification of these regions shows the interface
residues on the viral polymerase (shown in pale yellow-gray surface), and the red-colored residue
represents the matched residue with the enzyme active site.

20



J. Funct. Biomater. 2022, 13, 17

Figure 10. Molecular docking of ADV7, HCV, and HSV-1 polymerase (POL) and silk sericin. (A–C)
The docked complexes of ADV7 POL (shown in light blue), HCV POL (shown in light green “chain
A” and purple “chain B”), and HSV1 POL (shown in blue “chain A” and gray “chain B”) with sericin
(shown in dark red), respectively, as provided by the GRAMM-X Protein-Protein Docking platform
and visualized by Discovery Studio software. The interacting pocket residues of the docked complex
are indicated by yellow space-filling spheres style, and magnification of these regions shows the
interface residues on the viral polymerase (shown in pale yellow-gray surface).

4. Discussion

There are essential requirements for the discovery and exploration of novel natural
agents against both RNA and DNA viruses. A variety of natural compounds derived
from microorganisms and plants as medicinal products have been investigated for the
management and control of numerous viral diseases. Silk is considered one of the most
important natural fibrous proteins and is mainly obtained from animal origins, including
silkworms and spiders. Therefore, the most popular studies in this field have focused
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on the production of polymeric silk proteins from animal origins or using genetically
engineered bacteria [53–55]. We identified a previously isolated bacterial strain from
petroleum oil origin called Bacillus sp. strain NE (MK231249) with the ability to form an
exo-biopolymeric extract. Using molecular identification and exo-polymer chemical and
physical characterizations, this bacterial exo-polymeric extract was identified as a bacterial
silk-like protein [29]. In a previous study, El-Fakharany et al. revealed that the extracted
sericin from bacterial silk was found to be like that isolated from animal origin, with potent
biological activities, including antioxidant, anticancer, and antibacterial activities [10]. Silk
proteins of animal origin have many biological and pharmacological properties, including
antioxidant, antitumor, antimicrobial, and anti-inflammatory functions. The available stud-
ies on silk proteins show that these proteins may reduce the free radicals in the surrounding
media and contamination by microbial pathogens such as bacteria and fungi. Therefore,
silk proteins can be used in numerous applications, such as in the treatment of fabrics for
medicinal uses and the preparation of wound healing gels. A particular coating of sericin
on polyamide or polyester had been used as media for air filters, which were found to assist
in sanitizing the contaminated air [9,52,53]. In the literature, there are several studies about
the investigation of the antibacterial and antifungal activities of silk proteins, but reports on
their antiviral properties are relatively rare. The present study, for the first time, was aimed
to investigate the action of bacterial silk-like proteins against different types of viruses. For
this purpose, the whole bacterial silk-like proteins were checked for their potential antiviral
activity against HSV-1, ADV7, and HCV infectivity in Vero cells and PBMCs. The obtained
results revealed that the bacterial silk-like proteins can display a direct virucidal effect on
HSV-1 and ADV7, which might be through their amino acid structure and the action of
secondary metabolites such as polyphenols and flavonoids [8]. In fact, the bacterial silk-like
proteins were able to inhibit and neutralize the infection of HSV-1 and ADV7 upon entry
into Vero cells with IC50 values of 4.1 ± 0.7 μg/mL and 46.4 ± 0.5 μg/mL, respectively. At
similar conditions, the IC50 values of adsorption inhibitory effect on HSV-1 and ADV7
were estimated to be 12.5 ± 0.1 μg/mL and 222.4 ± 1.0 μg/mL, respectively. Furthermore,
the bacterial silk-like proteins showed potent antireplication activities against HSV-1 and
ADV7 with IC50 values of 9.8 ± 0.3 μg/mL and 109.3 ± 2.1 μg/mL, respectively. Results of
the present study indicated that the bacterial silk proteins had the ability to eliminate ADV7
and HSV-1 by direct virucidal activity determined to be 85.8% and 89.9%, respectively,
using qPCR and MTT methods. We showed that the antireplication effect of these proteins
exhibited viral elimination of about 63.2% and 77.5%, respectively. However, ribavirin
and acyclovir exhibited an antireplicative effect determined to be 77.9% and 62.9%, respec-
tively. On the other hand, the bacterial silk proteins showed inhibitory mechanisms of viral
polymerases with IC50 estimated to be 164.1 ± 11.1 μg/mL and 11.8 ± 0.6 μg/mL against
ADV7 and HSV-1, respectively, similar to the inhibitory effect of the standard drugs.

For the anti-HCV inhibitory effect of bacterial silk proteins, the replication of HCV
was inhibited by 66.2% inside infected PBMCs, as determined using RT-qPCR technique, at
a concentration of 100 μg/mL. Furthermore, the bacterial silk proteins showed a potent
reduction in cellular ROS inside the HCV-infected PBMCs with an inhibition percentage of
50.6%, as compared to untreated HCV-infected cells which showed ROS activity determined
to be 87.9%. The docking analysis revealed that silk fibroin and sericin can interact with
ADV7, HSV-1, and HCV polymerases by hydrogen bonds and salt bridge interactions,
and the interface surface in the obtained docked complexes is interaction-specific (ΔiG
p-values < 0.5). From the ΔiG values, we can deduce that the binding affinity of silk fibroin
to ADV7 and HSV-1 polymerases was greater than that of silk sericin. Both silk proteins
had nearly the same binding affinity to the HCV polymerase. The computational findings
also demonstrated the inability of either silk fibroin or sericin to bind to the predicted
active site residues of ADV7, HSV-1, or HCV polymerases. So, these viral polymerases can
be inhibited by silk fibroin or sericin in an uncompetitive or noncompetitive manner [56].
This can be attributed to the distinctive capability of binding regions to be engaged in
multiple interactions with various binding partners of bacterial silk proteins. One of the
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main possible mechanisms for this antiviral potential could be related to the relatively high
cationic nature of the silk polymer, which enables it to bind to the infected host cells and
block the viral particles from entry.

The biological activities of silk-like proteins are attributed to their unique composi-
tion of amino acids; in particular, their structures contain hydroxyl groups of serine and
threonine, which chelate many essential elements like iron. In addition, silk sericin has
many aromatic amino acids in its structure, which provide an electron-donating property,
besides the action of secondary metabolites such as flavonoids and polyphenols [8,57]. Fur-
thermore, alteration in pH of protein during the extraction process (e.g., using base or acid
environment with heating) changes the ionization of amino acid, consequently producing
sericin proteins with different lengths which contain large proportions of β-sheets, α-helix,
turns, and random coils [58]. Additionally, percentages of random coils and β-sheets reflect
the amorphous nature or crystallinity of sericin protein, respectively [59]. Moreover, the
bacterial silk-like protein was found to contain unique amino acids such as glycine and
proline and contain aliphatic hydrophobic amino acids such as alanine, valine, leucine, and
isoleucine with overall composition of 32% [29]. The bacterial silk-like biopolymer can be
developed into medicinally useful lead candidates for antiviral therapeutics and control.

5. Conclusions

The results obtained from the present study confirm that the bacterial silk-like proteins
have potent antiviral activity against both DNA and RNA viruses. Considering the other
biomedical properties and various biotechnological uses of bacterial silk-like proteins, our
findings establish the further significance of these proteins as a biopharmaceutic candidate
that may be incorporated with other potent drugs for delivery enhancement and achievable
treatment. In vitro studies revealed that the bacterial silk-like proteins showed efficient
antiviral activities using many molecular mechanisms with high safety on normal cells.
Consequently, these results indicate that bacterial silk-like proteins can also be widely
applied in controlling and managing viral infection and pandemics (especially in the
control of COVID-19) alone or incorporated with other viral drugs. Furthermore, the
demand for efficient antiviral drugs with high safety might prompt the consideration of
the use of the bacterial silk proteins as a potent candidate in medicinal applications.
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Abstract: The comparison of the effect of porphyrins of natural and synthetic origin containing
the same metal atom on the structure and properties of the semi-crystalline polymer matrix is of
current concern. A large number of modifying additives and biodegradable polymers for biomedical
purposes, composed of poly(-3-hydroxybutyrate)-porphyrin, are of particular interest because of
the combination of their unique properties. The objective of this work are electrospun fibrous
material based on poly(-3-hydroxybutyrate) (PHB), hemin (Hmi), and tetraphenylporphyrin with
iron (Fe(TPP)Cl). The structure of these new materials was investigated by methods such as optical
and scanning electron microscopy, X-ray diffraction analysis, Electron paramagnetic resonance
method, and Differential scanning calorimetry. The properties of the electrospun materials were
analyzed by mechanical and biological tests, and the wetting contact angle was measured. In this
work, it was found that even small concentrations of porphyrin can increase the antimicrobial
properties by 12 times, improve the physical and mechanical properties by at least 3.5 times, and
vary hydrophobicity by at least 5%. At the same time, additives similar in the structure had an
oppositely directed effect on the supramolecular structure, the composition of the crystalline, and the
amorphous phases. The article considers assumptions about the nature of such differences due to the
influence of Hmi and Fe(TPP)Cl) on the macromolecular and fibrous structure of PHB.

Keywords: poly(3-hydroxybutyrate); porphyrin complex; hemin; tetraphenylporphyrin with iron;
electrospun fibrous materials; molecular mobility; supramolecular structure; antibacterial effect

1. Introduction

One of the most effective ways to create binary compositions based on biocompatible
polymers for biomedical purposes is electrospinning (ES) [1]. Electrospun materials have
an extremely high specific surface area, which is a big advantage for biomedicine [2]. ES is
a unique technique used for the effective introduction of various modifying additives of
natural and synthetic origin [3]. The use of a large number of different additives makes
it possible to solve many problems associated with obtaining materials with controlled
properties and structure [4]. Of particular interest is the selection of such additives, which
can significantly increase the characteristics of known biocompatible polymers, even at
low concentrations.

Among different additives, close attention is paid to porphyrins, which a widely
used in tumor and gene therapy [5–7], biomedicine [8,9], chemotherapy [10], and drug
delivery [11]. Due to their chemical structure, porphyrins possess excellent chemical
and thermal stabilities, photophysical and electrochemical performances, and biological
compatibility [12]. Moreover, close attention should also be paid to the antimicrobial
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and antiviral activities of porphyrins [13]. In terms of the chemical origin and structural
differences, two classes of porphyrins—natural and synthetic—can be distinguished [14].

Both of these classes are widely used in composition with biocompatible, biodegrad-
able polymeric materials because of the ease of producing, simplicity, and lower investment
costs compared to other nanoparticulate systems [15]. There is a wide variety of approaches
to creating a porphyrin-polymer system: weak interactions, such as hydrophobic, electro-
static forces, coordination interaction, and hydrogen bonding [16].

Among a wide sample of polymer matrices, poly(3-hydroxybutyrate) (PHB) is of
particular interest as a promising polymer for therapeutic applications. PHB is characterized
by a high melting point, a high degree of crystallinity, and low permeability to oxygen,
water, and carbon dioxide [17]. This bio-based polymer is biocompatible [18], obtained
from renewable sources [19], and degrades in the biologically active environment [20].

There is a wide number of PHB-based composites biomaterials with poly(ethylene
glycol) [21], polylactide [22], polycaprolactone [23], chitosan [24], elastomers [25], nanopar-
ticles [26], carbon nanotubes [27], catalysts and enzymes [28], and bioactive molecules [29].
There are several works in which electrospun PHB-porphyrin composite materials were
obtained: Polystyrene/Polyhydroxybutyrate/Graphene/Tetraphenylporphyrin [30], Poly-
hydroxybutyrate/Hemin [31], Polyhydroxybutyrate/Tetraphenylporphyrin with iron [32],
and Polyhydroxybutyrate/5,10,15,20-tetrakis(4-hydroxy-phenyl)-21H,23H-porphine [33].

In a large number of works it was shown that PHB-based materials are immunologi-
cally inert, which allows using these materials as biocompatible for different biomedical
applications [34–37]. Composites based on PHB and various additives did not cause
any inflammatory reaction accompanied by leukocyte migration [38] and they had no
hemolytic effect on the red cell suspension, so were they suitable for the blood-contacting
applications [39].

The purpose of this work was to compare the effect of two porphyrins of natural
and synthetic origin, containing the same metal atom in order to identify the possibilities
of creating highly effective materials for biomedicine. As objects for polymer-porphyrin
systems, the following hemin (Hmi) and tetraphenylporphyrin with iron (Fe(TPP)Cl)
were selected.

Hmi is thermally stable [40], antimicrobial active against Staphylococcus aureus [41],
biocompatible, and can be used for medical purposes [42,43]. Moreover, there are several
successful works of creating electrospun materials with Hmi [44,45]. Materials containing
Hmi can be successfully used for different biomedical applications [46], including the
containers for drug delivery systems [47] because of their biocompatibility. The most
important properties of hemin include the catalytic functions of heme and its oxidized
form [48] and thermal stability [49]. Owing to the functionality of the porphyrin ring
composed of a tetrapyrrole scaffold, Hmi can easily coordinate with many transition metal
ions [48] and its redox properties could be easily controlled [50].

On the other hand, Fe(TPP)Cl is known for its catalytic effect [51,52]. This porphyrin
complex is used in various fields of chemistry and biomedicine [53]. The magnetic prop-
erties of Fe(TPP)Cl are good enough for biomedical and therapeutic application [54]. It
is antimicrobial active against Gram-positive Staphylococcus aureus and Gram-negative
Escherichia coli [55]. Fe(TPP)Cl has low toxicity to eukaryotic cells [13]. Investigating the
geometry of this complex allows us to significantly influence its electronic and electrical
properties [51].

2. Materials and Methods

2.1. Materials

Poly(3-hydroxybutyrate) (PHB) 16F series (BIOMER, Frankfurt am Main, Germany)
with molecular weight of 206 kDa, density of 1.248 g/cm3, and crystallinity of 59% was
used (Figure 1a) as a polymeric matrix. Hemin (Hmi) isolated from bovine blood (Moscow,
Russia) was used as a modifying additive of natural origin (Figure 1b) [56]. Tetraphenyl-
porphyrin with iron (Fe(TPP)Cl) (Moscow, Russia) was used as a modifying additive of
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synthetic origin (Figure 1c) [56]. Both tetrapyrroles are coordination complexes of iron
(oxidation state: III) [57].

Figure 1. Structural formulas of PHB (a) [31], where * is the designation of the chiral carbon atom,
Hmi (b) [31], Fe(TPP)Cl (c).

2.2. Preparation of the Electrospun Materials

Polymer nanofibrous materials based on PHB-porphyrin composition were obtained
by electrospinning method (ES) on a single-capillary laboratory unit EFV-1 (Moscow,
Russia). A photo and schematic view of the laboratory unit are shown in Supplementary
Materials Figure S6. The diameter of the capillary was 0.1 mm. The collector was stable,
300 × 300 mm. The consumption of the forming solution was 5–7 × 10−5 g/s.

The PHB forming solution was prepared by dissolving the well-dispersed powder
in chloroform at 60 ◦C. The content of PHB was 7% wt. The electrical conductivity of the
7% PHB in chloroform was 8 μS/cm and the viscosity was 1.0 Pa s.

The PHB-Fe(TPP)Cl materials were obtained from the forming solution with a content
of Fe(TPP)Cl—1, 3, and 5% wt. of the PHB. Fe(TPP)Cl was dissolved in chloroform in the
PHB solution at 25 ◦C. The electrical conductivity of the PHB-Fe(TPP)Cl forming solution
was 12–15 μS/cm and viscosity was 1.0–1.2 Pa s [32]. The voltage of the ES for the PHB-
Fe(TPP)Cl solution was 17–19 kV, the distance between the electrodes was 200–210 mm,
and the gas pressure on the solution was 5–10 kg(f)/cm2.

The PHB-Hmi materials were obtained by the method of double-solution electrospin-
ning [58,59]. Hmi was dissolved in N,N-dimethylformamide at a temperature of 25 ◦C and
homogenized with the PHB solution. The electrical conductivity of the forming solution
was 10–14 μS/cm and the viscosity was 1.4–1.9 Pa s [31]. The voltage of the ES for the
PHB-Hmi solution was 19–20 kV, the distance between the electrodes was 210–220 mm,
and the gas pressure on the solution was 5–7 kg(f)/cm2.

2.3. Methods
2.3.1. Microscopy

Primary data of morphology and topology of the fibrous materials with different
content of Fe(TPP)Cl and Hmi was obtained by optical microscope Olympus BX43 (Tokyo,
Japan) and Scanning electron microscopy (SEM) by Tescan VEGA3 microscope (Wurttem-
berg, Germany) in order to characterize the morphology. Optical microphotographs were
obtained in the reflected light at a magnification of 200 times. The SEM microphotographs
were obtained at an accelerating voltage of 20 kV at a magnification of 500 times. PHB-
Fe(TPP)Cl and PHB-Hmi samples 10 × 10 mm were covered with a platinum layer for the
SEM method.
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2.3.2. Morphology and Density Analysis

The structure of fibrous materials was evaluated by the counting method using the
software Olympus Stream Basic (Tokyo, Japan). PHB-Fe(TPP)Cl and PHB-Hmi samples
100 × 100 mm were used for the counting method.

The average diameter of fibers was determined manually for each fiber on the z-stack
at 10 different points of the sample excluding defective areas.

Average density characterizes the mass per unit volume of the material. The data were
averaged over 10 samples. The density, δ, was defined as:

δ =
m

lxBxb
, (1)

where m is the mass; l is the length; B is the width; and b is the thickness.
Theoretical porosity is the percentage of the mass of the material and the fiber-free

volume. The data were averaged over five samples.

2.3.3. Differential Scanning Calorimetry

Thermal properties of the PHB-Fe(TPP)Cl and PHB-Hmi samples were studied using
differential scanning calorimeter (DSC) by Netzsch 214 Polyma (Selb, Germany), in an
air atmosphere, with a heating rate of 10 ◦K/min and with a cooling rate of 10 ◦K/min.
The results of scanning in the air atmosphere corresponded to the values of scanning in
the argon atmosphere due to the low oxidation of the samples. The samples weight was
6–7 mg. The samples were heated from 20 ◦C to 220 ◦C and then cooled to 20 ◦C twice. The
average statistical error in measuring thermal effects was ±2.5%.

Enthalpy of melting, ΔH, was calculated by NETZSCH Proteus software according to
the standard technique [60].

Crystallinity degree, χ, was defined from the melting peak as:

χ =
ΔH

HPHB
× 100%, (2)

where ΔH is the melting enthalpy; HPHB is the melting enthalpy of the ideal crystal of the
PHB, 146 J/g [61]; C is the content of the PHB in the composition.

2.3.4. Electron Paramagnetic Resonance

The state of the amorphous phase of PHB in the polymer matrix was studied using
electron paramagnetic resonance (EPR) by EPR-V automatic spectrometer (Moscow, Russia).
The modulation amplitude was < 0.5 G. The spin probe was 2,2,6,6-tetramethylpiperidine-
1-oxyl (TEMPO). TEMPO was introduced into the samples from the gas phase at 50 ◦C.

Radical concentration in the polymer was determined by the Bruker WinEPR software
(the reference was CCl4 with the radical concentration not exceeding 10–3 mol/L). The
average statistical error in measuring thermal effects was ±5%.

The experimental spectra of the spin probe in the region of slow motions (τ > 10–10 s)
were analyzed within the model of isotropic Brownian rotation using the program described
in [62]. Probe rotation correlation time, τ, in the region of fast rotations (5 × 10–11 < τ < 10–9 s)
was found based on the ESR spectra from the formula [63]:

τ = ΔH +×
(√

I+
I−

–1

)
× 6.65 × 10–10,

(3)

where ΔH+ is the width of the spectrum component located in a weak field and I+
I− is the

ratio of the component intensities in the weak and strong fields.

2.3.5. X-ray Diffraction Analysis

The state of the crystalline phase of PHB in the polymer matrix was studied by X-ray
diffraction analysis. The intensity of wide- and small-angle X-ray scattering was measured
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in transmission geometry on a diffractometer with optical focusing of the X-ray beam
and a linear coordinate (position-sensitive) detector [64,65] (X-ray tube with a copper
anode, Ni filter) and was corrected for background scattering. The intensity of wide-angle
X-ray scattering was also measured in Bragg–Brentano reflection geometry on an HZG4
diffractometer (Freiberger Präzisionsmechanik, Germany) with a diffracted beam graphite
monochromator (CuKα radiation).

Degree of crystallinity of PHB, ξ, was calculated with the diffraction patterns obtained
in transmission geometry, as [66]:

ξ = (Iexp − Iam)/(Iexp − Ib) ×100% (4)

where Iexp is the integral experimental intensity of the diffractogram of the sample; Iam is
the integral intensity of the hypothetical diffractogram of the amorphous phase passing
through the points of minima between the diffraction maxima, Ib is the integral intensity of
a baseline underlying experimental diffractogram.

Average sizes of PHB crystallites were calculated from diffractograms obtained with
the Bragg-Brentano method using the Selyakov-Scherrer formula as:

Lhkl = λ/(βhkl · cos θhkl), (5)

where Lhkl is the average size of the crystallites calculated with the diffraction line (hkl),
λ is the wavelength of X-ray radiation, βhkl and θhkl are the integral width (in radians on
the 2θ scale) corrected for instrumental broadening and half of the scattering angle for the
diffraction line (hkl), respectively.

2.3.6. Mechanical Analysis

Mechanical properties were examined by a tensile compression testing machine Devo-
trans DVT GP UG 5 (Istambul, Turkey). The stretching speed was 25 mm/min. The preload
pressure was absent. PHB-Fe(TPP)Cl and PHB-Hmi samples size were 10 × 40 mm. The
data were averaged over five samples.

Tensile strength was registered automatically by Devotrans software. The average
statistical error in measuring thermal effects was ±0.02 MPa.

Elongation at break, ε, was calculated as:

ε =
Δl
l0

× 100%, (6)

where Δl is the difference between the final and initial length of the sample; l0 is the initial
length of the sample. The average statistical error in measuring thermal effects was ±0.2%.

2.3.7. Wetting Contact Angle Measurement

The wettability and degree of hydrophilicity of the surface of the PHB-Fe(TPP)Cl
and PHB-Hmi samples were evaluated by measuring the contact angle of wetting formed
between a drop of water and the surface of the sample. Water drops (2 μL) were applied to
three different areas of the film surface by an automatic dispenser.

The marginal wetting angle of the surface of the samples was measured using an
optical microscope M9 No. 63649, lens FMA050 (Moscow, Russia). Image processing was
done using Altami studio 3.4 software. The result is the average of three measurements
from different parts of the sample. The relative measurement error was ±0.5%

2.3.8. Biological Analysis

The antimicrobial activity of PHB-Fe(TPP)Cl and PHB-Hmi samples was studied by
biomedical tests on cellular material. Staphylococcu. aureus p 209, Salmonella. typhimurium,
and Escherichia coli 1257 were used as test cultures. Samples of initial PHB were served
as a control. Cultures of test microorganisms were transplanted onto meat-peptone agar
and incubated for 24 h at 37 ◦C. Then, a suspension of each microorganism was prepared
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in saline solution and the concentration of microbial cells was determined according to
the turbidity standard of 104 mk/mL. PHB-Fe(TPP)Cl and PHB-Hmi samples size were
20 × 20 mm. Samples were placed in sterile Petri dishes, to which 1 mL of a test culture
suspension was added and kept at room temperature for 30 min. After that, 10 mL of
sterile saline solution was poured into the cup and kept for 15 min to elute the test culture
from the samples of the test material. After the exposure, the suspension from the cups in
the amount of 100 mL was sown on the surface of meat-peptone agar, previously poured
into Petri dishes. The crops were incubated for 48 h at 37 ◦C. In parallel, the test culture
suspensions used in the experiment were seeded to control the concentration of viable
microorganisms. Then, the colonies of viable microorganisms grown on the surface of the
agar were counted.

3. Results and Discussion

Poly(-3-hydroxybutyrate) has many advantages, which are enhanced by the develop-
ment of the electrospinning method: the material degrades rapidly in the soil, remaining
stable in the air [67]; the fibrous structure compensates for the fragility of the semicrys-
talline polymer [68]; it is possible to introduce modifying additives evenly into the fiber’s
structure [31]. Therefore, three levels of structural organization for electrospun materials
could be distinguished: macroscopic (whole system), mesoscopic (fiber contact area), and
microscopic (structure of the fiber) scale [69].

3.1. Electrospun Material Structure

To describe the morphology and mutual orientation of fibrous materials, it is conve-
nient to use parameters that reliably characterize it: density; average diameter of the fibers;
and porosity [31]. The formation of a unique highly developed structure of electrospun
materials is influenced by a complex of parameters and depends on the type of polymer
solution, processing parameters, and environmental conditions [70]. The introduction
of additives into the polymer solution made it possible to significantly affect electrical
conductivity, viscosity (which also affected the voltage), flow rate, Taylor’s cone shape, and
the evaporation rate of the solvent. All these aspects had a great impact on the appearance
of the produced fibers: color, surface character, morphology, the presence of inclusions,
and defects.

3.1.1. Optical Microscopy

The microphotographs of the material based on the PHB with a different content of
hemin and tetraphenylporphyrin with iron are shown in Figure 2.

The introduction of small concentrations (1, 3, and 5% wt. of PHB) of porphyrins
of natural and synthetic origin containing a trivalent iron atom had a significant effect
on the formation of the fibrous layer. Characteristics of the fibrous layer are presented in
Table 1. It is important to note the formation of black inclusions 4–32 μm for 1% wt. of
Hmi, 0.7–17 μm for 3% wt. of Hmi and 1% wt. of Fe(TPP)Cl. In the case of 5% wt. of Hmi
(Figure 2c), inclusions are practically absent, their size was 1–4 μm. And in the case of 3
and 5% wt. of Fe(TPP)Cl (Figure 2e,f) inclusions are completely absent.

Table 1 shows that the presence of additives leads to a decrease in the density of the
material: porosity increases markedly by 9–15% depending on the additive, and the density
decreases by an average of 30–45% depending on the additive. At the same time, the trend
of density changes coincides for both PHB-Hmi and PHB-Fe(TPP)Cl, but the trend of the
change in the average size of the fibers differs significantly. The addition of Hmi leads
to a decrease in the average diameter of the fibers by 42–50%. The addition of 1% wt. of
Fe(TPP)Cl leads to a decrease in the average diameter of the fibers by 40% and the addition
of 3 and 5% wt. of Fe(TPP)Cl leads to a small increase in the average diameter of the fibers
by 1–2%, which is an extremely small impact.
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Figure 2. The microphotographs of PHB with different content of Hmi [31]: 1% wt. (a), 3% wt.
(b) and 5% wt. (c) and Fe(TPP)Cl: 1% wt. (d), 3% wt. (e) and 5% wt. (f).

Table 1. Average values of the characteristics of the fibrous layer of PHB-Hmi and PHB-
Fe(TPP)Cl composites.

Sample
Concentration
of Additive, %

Density, g/cm3

(±S.D., n = 10)

Average
Diameter, μm

(±S.D., n = 100)

Porosity, %
(±S.D., n = 50)

PHB 0 0.30 ± 0.01 3.50 ± 0.08 80 ± 2.0

PHB-Hmi 1 0.20 ± 0.02 2.06 ± 0.07 92 ± 1.5

PHB-Hmi 3 0.20 ± 0.01 1.77 ± 0.04 92 ± 1.5

PHB-Hmi 5 0.17 ± 0.01 1.77 ± 0.04 94 ± 1.2

PHB-Fe(TPP)Cl 1 0.21 ± 0.02 2.07 ± 0.07 93 ± 1.4

PHB-Fe(TPP)Cl 3 0.20 ± 0.02 3.55 ± 0.04 95 ± 1.2

PHB-Fe(TPP)Cl 4 0.16 ± 0.01 3.54 ± 0.04 89 ± 1.2

3.1.2. Scanning Electron Microscopy

A detailed study of the fiber’s surface was carried out by the SEM method. The SEM
microphotograph of the material based on the initial PHB is shown in Figure 3.

Figure 3 shows that the initial PHB electrospun material is characterized by a large
number of defects: thickenings, fiber irregularities, and gluings. There are areas where the
fibers are unevenly distributed or glued together. The size of the pear-shaped thickenings
is 14–25 μm in diameter and their length is 20–70 μm on average. Such defects are mainly
due to the insufficient balance of viscosity and electrical conductivity of the polymer
forming solution [32]. Imbalanced polymer solution unevenly passes through the capillary,
forming local thickenings on the surface of the fibers. Such fibers do not have time to
fully cure at the stage of movement from the capillary to the collector, as a result of which
glues and individual thickenings are formed. It is important to note that such areas can
negatively affect the mechanical and diffusion properties. Moreover, such areas make the
properties of the whole material inhomogeneous along the surface of the web, preventing
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reliable prediction of operational characteristics. Based on this, the effect of the porphyrins
considered on the morphology of PHB electrospun materials can be assessed as positive.

Figure 3. The SEM microphotograph of PHB electrospun material.

The SEM microphotographs of the material based on the PHB with different content
of hemin and tetraphenylporphyrin with iron are shown in Figure 4.

Figure 4. The microphotographs of PHB with a different content of Hmi: 1% wt. (A), 3% wt. (B) and
5% wt. (C) and Fe(TPP)Cl: 1% wt. (D), 3% wt. (E) and 5% wt. (F).

Figure 4 shows that Hmi and Fe(TPP)Cl contribute to the formation of smooth uniform
fibers, reducing the number of defects. With the introduction of 1 and 3% wt. of Hmi, the
number of defects and glues is reduced by 50–60%, and the introduction of 5% wt. of Hmi
allowed to obtain completely faultless fibers. The thickness and tortuosity of the fibers
decreased with an increase in the concentration of Hmi, which has a positive effect on the
uniformity of operational properties. Fe(TPP)Cl in all concentrations had a strong effect
on the fibrous structure, making the fibers uniform and smooth without snagging and
thickening. A total of 1% wt. of Fe(TPP)Cl allowed obtaining thinner fibers than 3 and 5%
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wt. of Fe(TPP)Cl, which differed little from each other. However, those fibers (Figure 4D)
were characterized by a large thickness difference with local thickness distinctness of
70–75%.

3.2. Supramolecular Structure

Semi-crystalline polymers have a metastable structure, where various nanophases can
be crystalline, liquid, glass, or mesophase. This multi-level structure is installed during
material processing [71]. In biomedical applications, the supramolecular structure plays a
significant role in the degradation, stability, and properties of the final product [70]. The
predicted control of different parameters of the supramolecular structure is very important
for constructing biomedical material with regulated properties.

The supramolecular structure of PHB is well known. PHB crystallizes into α-form
crystal modification from the melt, which has an orthorhombic unit cell with a = 5.76 A◦,
b = 13.20 A◦, c (fiber axis) = 5.96 Å [72]. Crystallites of PHB tend to be laid in lamellae [73]
and PHB spherolites are possible in case of sufficient time and optimal conditions for
repeated cold crystallization [74]. The ES process promotes rapid curing of the dissolved
polymer. The polymeric fibers are fixed in the material, having a predominant orientation
if an optimal balance of electrical conductivity, viscosity, and molding conditions is found
for the polymer [75].

3.2.1. X-ray Diffraction Analysis

By X-ray diffraction analysis, it was found that the introduction of additives did not
affect the parameters of the orthorhombic crystal lattice of PHB (a = 0.576 nm, b = 1.320 nm,
c = 0.596 nm, space group symmetry of P212121). The values of the long period were
close to each other, which were between 5.2 and 5.4 nm for samples containing Hmi and
between 5.7 and 5.9 nm for samples containing Fe(TPP)Cl. As a result of the analysis of
X-ray diffractograms, the values characterizing the crystalline phase of PHB were obtained
(Figure 5). X-ray diffractograms are shown in Supplementary Materials Figures S2 and S3
for the PHB-Hmi system and X-ray diffractograms for the PHB-Fe(TPP)Cl system were
discussed in previous work [32].

Figure 5. Dependence of the degree of crystallinity (a) and average sizes of PHB crystallites L020

(b) on the amount of porphyrin according to X-ray diffraction analysis for PHB-Hmi (blue) and
PHB-Fe(TPP)Cl (orange).
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Figure 5 shows that the effect of Hmi and Fe(TPP)Cl on PHB was significantly different.
The gradual decrease in the proportion of crystallites of PHB-Hmi samples was between
6 and 17%, and the gradual decrease in the proportion of crystallites of PHB-Fe(TPP)Cl
samples was between 3 and 17%. Addition of 1% wt. of Fe(TPP)Cl has a low effect on
the degree of crystallinity of PHB. The introduction of Hmi contributes to a slight increase
in the size of PHB crystallites by 14–20%, while the introduction of Fe(TPP)Cl leads to a
decrease in their size by 40% (Figure 5b). It should be mentioned that the longitudinal
size of PHB crystallites L020 in PHB-Fe(TPP)Cl did not change with different content of
additive (Figure 5b). However, at the same time the transverse size of the PHB crystallites
L002 in PHB-Fe(TPP)Cl increased from 9.8 (0 and 1% wt.) up to 12.7 nm (3% wt.) and
12.5 nm (5% wt.).

3.2.2. Electron Paramagnetic Resonance Analysis

The EPR method was used for characterizing the amorphous phase. EPR spectra of
the spin probe TEMPO in structure of samples PHB-Hmi and PHB-Fe(TPP)Cl are shown in
Supplementary Materials Figure S4.

Figure 6 shows that the effect of Hmi and Fe(TPP)Cl on PHB’s amorphous region
was consistent with the effects shown previously by the X-ray diffraction method. The
correlation time of the probe in PHB-Hmi samples decreases. TEMPO mobility becomes
less by 18–80%. At the same time in the same conditions the correlation time of the probe
in PHB-Fe(TPP)Cl samples increases by 19–140% (Figure 6a). These results are related to
the concentration of the radical entering the samples of the material (Figure 6b). Fe(TPP)Cl
most likely occupies space in the amorphous phase and prevents the penetration of the
radical into the material, reducing the concentration of the radical by 40–70%. At the same
time, Hmi does not prevent the penetration of TEMPO into the amorphous region. The
more of the radical enters, the less mobility it has in the PHB-Hmi composition. The main
reason for such an effect is the localization of Hmi in the amorphous phase, as there are no
obstacles filling it with a radical.

Figure 6. Dependence of the correlation time of the spin robe TEMPO in the structure of the samples
(a) and the concentration of the spin probe in relation to the mass of the material’s sample (b) on the
amount of porphyrin according to EPR analysis for PHB-Hmi (blue) and PHB0-Fe(TPP)Cl (orange).

3.2.3. Differential Scanning Calorimetry Analysis

The structure of many semi-crystalline polymers, including PHB, cannot simply be
described by a conventional two-phase model consisting of crystalline and amorphous
phases [76]. Decoupling between the crystalline and amorphous phases is generally incom-
plete due to the length of the polymer molecules, which far exceeds the dimensions, at least
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in one direction, of the crystalline phase, and due to possible geometric limitations [77]. The
intermediate phase is non-crystalline and includes amorphous sections of macromolecules,
whose mobility is hindered by near-crystalline structures [77].

The DSC method is an effective instrument for studying whole crystalline structure
including even near-crystalline structures, which melt at temperatures, close to the melting
temperature of PHB crystallites. DSC thermograms of PHB-Hmi and PHB-Fe(TPP)Cl are
shown in Supplementary Materials Figure S1.

Table 2 shows that the melting temperature changes very slightly, with 3–6 ◦C, which
is consistent with the assumption that PHB crystallites do not change much in size, since
it significantly depends on this parameter. Of great interest are the values of crystallinity,
with trends fully consistent with the results of the X-ray diffraction method (Figure 7).

Table 2. Results of the DCS analysis, where χ—crystallinity degree Δ ± 2.5%, ΔH – melting enthalpy
Δ ± 2.5%, Tm—melting temperature Δ ± 2%.

Sample
Concentration
of Additive, %

First Heating Run
χ PHB, %

Second Heating Run
χ PHB, %

Tm, ◦C ΔH, J/g Tm, ◦C ΔH, J/g

PHB 0 175 93.1 65.2 170 90.8 63.9

PHB-Hmi 1 172 81.8 57.0 168 78.7 54.9

PHB-Hmi 3 173 77.8 53.1 170 75.4 51.5

PHB-Hmi 5 174 75.3 50.4 170 72.7 48.6

PHB-
Fe(TPP)Cl 1 170 92.9 65.5 148 67.4 41.5

PHB-
Fe(TPP)Cl 3 169 96.8 68.3 157 73.2 51.6

PHB-
Fe(TPP)Cl 5 169 119.0 84.5 156 76.3 53.7

Figure 7. Dependence of the degree of crystallinity of samples on the amount of porphyrin according
to DSC analysis for PHB-Hmi (blue line) and PHB-Fe(TPP)Cl (orange line) and X-ray diffraction
analysis for PHB-Hmi (blue dots) and PHB-Fe(TPP)Cl (orange dots).

As the degree of crystallinity in DSC is understood as the total fraction of the crystalline
phase in a semi-crystalline polymer, which includes both well-crystallized crystallites and
uncrystallized, defective and paracrystalline formations, it is seen that crystallinity in DSC
decreases by 13–25% for PHB-Hmi and increases by 2–28% for PHB-Fe(TPP)Cl at the first
heating.
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3.3. Properties of Electrospun Materials
3.3.1. Mechanical Analysis

The physical and mechanical properties of composite materials are an important class
of operational properties, but they are also to a large extent an indicator of the state of
the polymer-additive molecular system. The results of the mechanical tests are shown in
Table 3. Stress-strain curves are shown in Supplementary Materials Figure S5.

Table 3. Results of the mechanical analysis.

Sample
Concentration of

Additive, %
Tensile Strength, MPa

±0.02 MPa
Elongation at Break, %

±0.2 %

PHB 0 1.7 3.6

PHB-Hmi 1 0.7 4.7

PHB-Hmi 3 1.9 4.7

PHB-Hmi 5 5.5 6.1

PHB-Fe(TPP)Cl 1 2.1 3.5

PHB-Fe(TPP)Cl 3 1.6 3.5

PHB-Fe(TPP)Cl 5 1.4 3.6

Table 3 shows that high results in improving physical and mechanical properties were
provided by 5% wt. of Hmi and 1% wt. of Fe(TPP)Cl. All other combinations of additives
led to a reduction of the mechanical parameters of the material.

Mechanical properties are complex characteristics that depend on all levels of organi-
zation of nonwoven fibrous material. The contribution is made by defects of the fibrous
layer, fiber bondings, and features of the supramolecular structure. There are two com-
ponents that cause the growth of physical and mechanical characteristics. Firstly is the
contribution of porphyrin with an atom of the metal to the formation of well-cured fibers
without defects. These fibers form the layer with a higher possibility of withstanding loads
due to the mobility of fibers in the whole system. Secondly, the addition of the porphyrin
complexes affect the crystallization process, which can lead to a greater flexibility of the
amorphous phase in the fiber and is capable of compensating for the high fragility of the
initial PHB.

3.3.2. Wetting Contact Angle Analysis

Wetting contact angles of the fibrous materials were determined to evaluate the hy-
drophobicity of the surface area. The results are shown in Figure 8.

Figure 8. Contact wetting angles of the fibrous materials with a different amount of additives.
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PHB is hydrophobic [78]. This property persists after the ES process. The introduction
of porphyrin complexes allowed to influence this property of the material to some extent.
Interestingly, in both cases, the greatest effect was found for 1% of the additive, regardless
of its nature.

3.3.3. Biological Analysis

Biological tests made it possible to test the effectiveness of Hmi and Fe(TPP)Cl against
Gram-positive and Gram-negative cultures. The results of the biological analysis tests are
shown in Table 4.

Table 4. Results of the biological analysis.

Test Culture

Initial Test Culture,
CFU/mL

Sample, CFU/mL Control, CFU/mL

PHB with 3% wt. Hmi

S. aureus p 209 2.1 × 104 1.8 × 103 8.6 × 103

E. coli 1257 2.0 × 104 <1 × 102 9.8 × 103

S. typhimurium 2.0 × 104 2.1 × 103 8.1 × 103

PHB with 3% wt. Fe(TPP)Cl

S. aureus p 209 2.0 × 104 1.8 × 103 4.0 × 103

E. coli 1257 2.0 × 104 <1 × 102 9.0 × 103

S. typhimurium 2.2 × 104 1.0 × 103 6.0 × 103

The antibacterial properties of the Hmi and Fe(TPP)Cl are similarly high. In the PHB-
Hmi and PHB-Fe(TPP)Cl, porphyrins are primarily associated with their effect on the cell
walls of microorganisms by changing the charge of the bacterial cell. As a consequence,
porphyrin molecules can suppress the function of adhesion and colonization of pathogens.
Apparently, metal complexes are capable of disrupting the ionic balance of a living cell. In
particular, this effect is enhanced in nanoscale fibrous materials. In addition, complexes
containing metals of variable valences, such as iron, stimulate the formation of reactive
oxygen species in aqueous media, which in turn also negatively affects the viability of
pathogenic microorganisms. In general, the data obtained suggest that in the case of creating
an antimicrobial material for biomedical purposes, the inclusion of Hmi or Fe(TPP)Cl in
the composition positively affects the ability of the material to suppress the viability of
bacteria and fungi.

4. Discussion

At the stage of the ES process, the introduction of both modifying additive at low
concentrations (1, 3, and 5% wt.) can have a significant effect on the formation of the
material’s structure. The addition of Hmi to the forming solution of PHB increases viscosity
by 40–90% and electrical conductivity by 25–75%. These parameters let the jet of forming
solution move fast enough to form regular uniform fibers during the ES process. As a result,
the optimum of balance viscosity-electrical conductivity is obtained at a concentration
of 5% wt. of Hmi (Figure 4C). The addition of Fe(TPP)Cl to the forming solution of PHB
increases viscosity by 20% and electrical conductivity by 50–87%. As a result, the optimum
of balance viscosity-electrical conductivity is obtained at a concentration of 1, 3, and 5% wt.
of Fe(TPP)Cl (Figure 4D–F). Both additives provide such an effect, mostly because of the
atom of the metal in its structure (Figure 1b,c), and serves as a good current conductor to
ensure higher efficiency of the ES process.

Hmi and Fe(TPP)Cl contribute to the reduction of the density of the fibrous layer by
34–44% and by 30–47%, respectively, increasing the porosity no less than by 9%, which
is a great advantage for producing material with a higher developed surface area. The
change in average diameters occurs differently, but the main aspect is reducing the number
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of caverns, pear-shaped defects, smudges, and other negative consequences of insufficient
forming properties of the forming solution.

Of interest are the black inclusions found on the surface of the 1 and 3% wt. of Hmi on
the surface PHB-Hmi and 1% wt. of Fe(TPP)Cl on the surface PHB-Fe(TPP)Cl. In previous
work [31] EDX elemental analysis showed that these inclusions were particles of Hemin.
A lower concentration of Hmi and Fe(TPP)Cl leads to the formation of agglomerates
during the curing of the solution. They can diffuse onto the surface of the fibers with a
high probability, due to their small size, sticking together into larger formations. With
an increase in their concentration, agglomerates of particles remain in the structure of
the polymer fiber, discovered using X-ray diffraction, which showed the presence of a
large-crystalline phase of hemin (crystallite sizes more than 50–100 nm) in 5% wt. of Hmi.

These changes are closely related to the supramolecular structure of PHB [79]. PHB
preserves the order of the crystal lattice. At the same time, we see noticeable changes in the
structure of the crystalline phase.

PHB macromolecules could be considered as the alternation of sections of the crys-
talline and amorphous phases that affect a number of physical and mechanical properties
of PHB fibers [80]. The addition of the additives leads to an introduction of the crystal-
lization centers into the polymer system. These centers allow macromolecules of PHB
to take an advantageous position, which lets the crystalline phase form better organized
structures. For both additives, the realization of this effect is observed. In the case of Hmi,
the crystallites have a larger size with a smaller number of them (Figure 5). In the case of
Fe(TPP)Cl, the crystallites have a larger number and a smaller size (Figure 5). This may
indicate the different nature of the interaction of porphyrin particles with each other during
the formation of a PHB fiber from a solution.

A significant increase in the degree of crystallinity of PHB (detected by X-ray method)
in the system PHB-Fe(TPP)Cl was accompanied by a significant increase in the number of
irregular crystal formations that contributed to the DSC signal. It must be the structures that
most likely affect the decrease in physical and mechanical properties of the material. Such a
large proportion of the crystalline phase leads to embrittlement of the fibers, despite the fact
that they have fewer defects compared to the initial ones and a more refined morphology.

These assumptions are in good agreement with the EPR results. An increase in
the number of crystallites leads to a decrease in the proportion of a loose and mobile
amorphous phase, into which a radical can enter and rotate. In the case of Fe(TPP)Cl, the
diffusion of the radical into the amorphous phase was hindered, most likely by particles of
tetrapyrrole rings, which could most likely occupy the free volume of the amorphous phase
(Figure 6). At the same time, Hmi contributes to the free rotation of the radical and its
greater concentration in the fiber structure (Figure 6). This effect increases with the increase
of the Hmi concentration. Considering the detected Hmi crystal formations, they are most
likely localized at the boundary of the crystalline phase of the PHB or in the zones of rigid
amorphous areas.

Hmi and Fe(TPP)Cl are thermally stable, so they have no contribution to the melting
behavior of PHB, except for their important role in the formation of the supramolecular
structure. The first heating shows the state of the PHB structure as a consequence of the
ES process, while the second heating shows the initial polymer structure. This explains
the decrease in temperature and enthalpy of melting by 3–5% on average for both. Each
subsequent heating leads to a decrease in the fraction of regular crystallites that have
managed to crystallize well even during fast cooling (10 ◦K/min during 20 min), converting
poorly crystallized areas into a low-molecular fraction. Changes in the supramolecular
structure and in the morphology and surface of fibers significantly affect the properties
of materials.

The wetting angle changes slightly with the introduction of additives, however, hy-
drophobic PHB, most likely due to a change in the state of the surface, is slightly hy-
drophilized by 3–5% with the introduction of Hmi. The effect of Hmi should be due to the
polar groups –COOH (Figure 1b) located in the structure of the tetrapyrrole ring. This can
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be a notable advantage for planning certain types of biomedical materials. At the same time,
Fe(TPP)Cl slightly decreases the contact wetting angle by 2–4%, which leads to an increase
in the hydrophobicity of the material. The absence of polar groups and the localization of
Fe(TPP)Cl lead to an improvement in the morphology of the surface, providing a more
complete and organized structure with slightly higher hydrophobicity.

The antimicrobial tests show antimicrobial activity against drug-resistant and Gram-
negative E. coli and Gram-positive S. aureus and S. typhimurium. These results are a second
very important advantage of these new materials based on biocompatible PHB.

The third advantage is the growth of physical and mechanical characteristics of ma-
terials with the 3 and 5% wt. of Hmi and 1% of Fe(TPP)Cl. The effects of Hmi are
certainly higher than those of Fe(TPP)Cl, but for biomedical purposes where an increase in
the strength of a non-woven material is not required, Fe(TPP)Cl could be recommended
as well.

5. Conclusions

The effect of natural and synthetic molecular complexes on the structure and properties
of the electrospun composite materials based on PHB was investigated. The possibility of
obtaining fibrous materials with high mechanical properties, high antibacterial activity, and
controlled wettability was shown in the work. The introduction of 1–5% wt. of hemin and
tetraphenylporphyrin with iron has an effect on the supramolecular structure, morphology,
and properties of PHB-based fibers due to crystallization processes occurring at the stage
of forming and curing of the fiber. The addition of metal atom (trivalent iron) contained in
the tetrapyrrole ring of chosen complexes makes it possible to obtain an optimal balance of
electrical conductivity and viscosity for forming defect-free uniform fibers. However, the
influence of porphyrin complexes on the supramolecular structure had the opposite effect,
with similar trends. This observation serves as a basis for the modification and directional
design of the supramolecular structure of semi-crystalline polymers and properties of the
fibrous material.
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//www.mdpi.com/article/10.3390/jfb13010023/s1, Figure S1: DSC thermograms of PHB-Hmi com-
posites: first heating run (a), second heating run (b) and PHB-Fe(TPP)Cl composites: first heating
run (c), second heating run (d.; Figure S2: X-ray diffractograms of PHB-Hmi composites: 0% wt.y
(b), 3% wt. (c), 5% wt. (d); Figure S3: Small Angle X-ray Scattering of PHB-Hmi composites: 0% wt.
(1), 1% wt. (2), 3% wt. (3), 5% wt. (4); Figure S4: EPR spectra of the spin probe TEMPO in structure
of samples PHB-Hmi (a) and PHB-Fe(TPP)Cl (b), where 1–0% wt., 2–1% wt., 3–3% wt., 4–5% wt. of
the additive; Figure S5: Mechanical tests curves of samples PHB-Hmi (a) and PHB-Fe(TPP)Cl (b),
where blue—0% wt., yellow—1% wt., grey—3% wt., red—5% wt. of the additive. Figure S6: Photo (a)
and schematic view of the single-capillary laboratory unit for the electrospinning process (b), where:
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4—stable precipitating electrode, 5—air pressure regulator.
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Abstract: Consumerism in fashion involves the excessive consumption of garments in modern
capitalist societies due to the expansion of globalisation, especially at the beginning of the 21st Century.
The involvement of new designers in the garment industry has assisted in creating a desire for new
trends. However, the fast pace of transitions between collections has made fashion increasingly
frivolous and capable of generating considerable interest in new products, accompanied by an
increase in the discarding of fabrics. Thus, studies have been conducted on developing sustainable
textile materials for use in the fashion industry. The aim of the present study was to evaluate the
potential of a vegan leather produced with a dyed, waterproof biopolymer made of reconstituted
bacterial cellulose (BC). The dying process involved using plant-based natural dyes extracted from
Allium cepa L., Punica granatum, and Eucalyptus globulus L. The BC films were then shredded and
reconstituted to produce uniform surfaces with a constant thickness of 0.10 cm throughout the entire
area. The films were waterproofed using the essential oil from Melaleuca alternifolia and wax from
Copernicia prunifera. The characteristics of the biotechnological vegan leather were analysed using
scanning electron microscopy (SEM), thermogravimetric analysis (TGA), flexibility and mechanical
tests, as well as the determination of the water contact angle (◦) and sorption index (s). The results
confirmed that the biomaterial has high tensile strength (maximum: 247.21 ± 16.52 N) and high
flexibility; it can be folded more than 100 times at the same point without breaking or cracking. The
water contact angle was 83.96◦, indicating a small water interaction on the biotextile. The results
of the present study demonstrate the potential of BC for the development of novel, durable, vegan,
waterproof fashion products.

Keywords: fashion; design; sustainable clothing; bacterial cellulose
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1. Introduction

The exponential increase in the world population has led to an increasing demand for
products, which has pressured industries and supply chains to develop cheaper products
at a fast pace and on a large scale. Such products generally have low durability, resulting
in considerable socioenvironmental harm. The increase in industrial production also
contributes to the intensification of pollution. Thus, numerous consumers, researchers,
and specialists have become concerned with issues of production and consumption and
the sustainable management of the supply chain [1]. Moreover, the awareness of socio-
environmental problems, such as climate change, resource scarcity, the exploitation of
labour, and the pollution of water resources, has increased expectations on the part of
consumers regarding how companies develop their brands and products [2].

The textile industry is the second-largest polluter globally, behind only the oil industry.
Thus, textile companies have been looking for safer materials to replace current highly
polluting manufacturing methods, and studies on sustainable alternative raw materials are
currently being conducted worldwide [3–5]. Bacterial cellulose is one of these biomaterials
with considerable potential for use in the fashion industry [6].

Although plants are the major source of cellulose, several genera of microorganisms
are also capable of producing this substance, which is known as bacterial cellulose or
biocellulose (BC). As BC is considered a low-cost, extremely versatile, ecologically correct
biopolymer, studies involving different applications of this biomaterial have increased over
the years [6–10].

The molecular formula of BC is the same as that of plant cellulose. However, the
fibrillar structure of BS is smaller and has a larger surface area. The fibres of plant cellulose
have a diameter of approximately 13 to 22 μm, with a crystallinity of 44 to 65% [11,12].
In contrast, BC fibrils are naturally nanometric, with a diameter of 10 to 100 nm and
crystallinity close to 90%. Moreover, BC has a high tensile strength (~70 N) and has a
hydrophilic nature due to the high number of hydroxyl groups on its surface [12,13].

Due to these characteristics, microbial cellulose can serve as the basis for the sustain-
able textiles that the fashion industry seeks. The biomaterial can be produced in different
shapes and thicknesses, taking on the shape of the recipient in which the microbial fermen-
tation is performed, thereby avoiding waste in the modelling of parts. It is also possible to
use small patches of BC to make larger pieces through homogenisation and remodelling of
the material. The production of BC can also use agro-industrial waste products, thereby
lowering costs and making the product more accessible. Moreover, BC is easily degradable
when discarded in nature [3,14,15].

Another factor that can aggregate value to biocellulose in fashion is dyeing using
natural pigments, which provide colour, tonality, aesthetics, and sustainability to the
products. Such dyes can be extracted from different parts of plants (leaves, flowers, fruits,
stems, and roots). Besides being sustainable, natural dyes can be successfully used with
BC when the colourisation conditions are controlled. Thus, non-polluting, biodegradable
products, such as plant-based dyes and biotextiles, have considerable potential for use as
novel biotechnological products that meet the needs of the world market [6,16].

However, as a production process that occurs by natural fermentation, some challenges
need to be overcome to apply biocellulose as a textile material. It is necessary to ensure
a uniform structure with a constant thickness, attractive textures, adequate strength, fit,
comfort, water resistance, and durability, along with the maintenance of attractive aesthetics
to create novel products [17].

Considering the concepts, trends, and possibilities of biocellulose and natural dyes for
use in the fashion industry, the aim of the present study was to produce a biocellulose-based
vegan leather using an innovative shredding and reconstitution process to create a more
uniform structure with a constant thickness. The biotextile was then dyed naturally with
pigments extracted from plants and waterproofed to ensure its applicability in developing
novel textile products for increasingly conscientious consumers.
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2. Materials and Methods

2.1. Microorganisms and Means of Maintenance

Microorganisms in a symbiotic culture of bacteria and yeast (SCOBY), obtained from
the culture collection of Nucleus of Resource in Environmental Sciences, Catholic University
of Pernambuco, Brazil, were used to produce BC. According to Villarreal-Soto et al. (2018) [18],
the microorganisms in the microbiological composition of the consortium include acetic
acid bacteria (Komagataeibacter sp. and Acetobacter sp.), lactic acid bacteria (Lactococcus sp.
and Lactobacillus sp.) and yeasts (Zygosaccharomyces bailii, Saccharomyces cerevisiae and
Schizosaccharomyces pombe). The maintenance medium, called green tea medium, is consti-
tuted of 50.00 g/L of sucrose and 1.15 g/L of citric acid, acquired from MERTEC (Brazil),
and 10.00 g/L of green tea leaves (Camellia sinensis) from Chá Leão (Brazil), adjusted to pH 6.

2.2. BC Culture Conditions, Purification, and Yield

BC production was performed by transferring 10% (v/v) of a pre-inoculum containing
the microorganisms in the consortium to 2500-mL Schott flasks containing 2000 mL of the
green tea medium. Static cultivation was performed at 30 ◦C for 14 days. The BC was
rinsed in running water, and purification was achieved by immersion in a 0.1 M NaOH
solution at 70 ◦C for 1 h. The BC films were then neutralised and weighed, followed by
calculating the yield.

2.3. Water Retention Capacity (WRC)

WRC is linked to moisture. The analysis of this measure determines the capacity of
the biomaterial to adsorb and fix dyes. The BC films were weighed (25 ◦C, 1 atm) and dried
in an oven at 60 ◦C until reaching a constant weight, indicating the complete removal of
water. The WRC was then obtained using Equation (1):

WRC (%) =
Mean of wet weights − Mean of dry weights

Mean of wet weights
(1)

2.4. Natural Dye Extraction

An infusion was made at room temperature in a solution composed of 1000 mL of
deionised water and 250 mL of 70% ethanol to extract dye from Eucalyptus globulus L. (50 g
of dry leaves), Allium cepa L. (50 g of bulb bark) and Punica granatum (50 g of dried fruit
peel) obtained at public markets in the city of Recife, Pernambuco, Brazil. After 24 h, the
infusions were boiled for 30 min and filtered to remove the vegetable matter. The liquids
were then used for dyeing.

2.5. Preparation of BC Films for Dyeing

A water solution was prepared with the fixative (potassium alum 99.5%) at 20 g/L.
The BC films were submerged in the solution and heated at 90 ◦C for 30 min under agitation
for the penetration of the potassium alum and fixation in the fibres of the films.

2.6. Dyeing and Natural Dye Fixation Procedure

The volumes obtained from the dye extracts were kept at 90 ◦C and used for dye-
ing 1000 g of BC fibres (wet mass). The films were submerged in the heated extracts
for 1 h with light agitation. The films dyed with Allium cepa L., Punica granatum, and
Eucalyptus globulus L. were then rinsed in running water and placed in a fixative bath
containing 20 g of NaCl/L in water for 30 min.

2.7. Shredding, Reconstitution, and Drying

Each dyed BC film was shredded in wet condition with the aid of an industrial
blender at 18,000 rpm for 2 min to form a homogeneous mass. This mass was uniformly
distributed on a 20 cm × 20 cm silkscreen for reconstitution, and the fibres were dried at
room temperature. This process lasted three to six days and only ended when the total
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reconstitution of the biotextile was observed. At the end of the process, the biotextile had
the appearance of thin coloured leather.

2.8. Waterproofing with Essential Oil and Wax

Only products of plant origin were used for the waterproofing process to maintain
the vegan nature of the leather. Essential oil from Melaleuca alternifolia and wax from
Copernicia prunifera were chosen for this process, as these substances are hydrophobic
plant products and are easy to find at public markets in the city of Recife, Pernambuco,
Brazil. Immediately after the completion of the reconstitution and drying processes, the
reconstituted BC surfaces received a thin layer (applied with a brush) of a mixture of 50%
w/w wax and oil previously dissolved and homogenised at 75 ◦C. The samples were then
dried at room temperature for 48 h in a naturally ventilated room.

2.9. Characterisation of Biotechnological Vegan Leathers
2.9.1. Determination of Water Contact Angle and Sorption Index

Rectangular samples, with 10 mm in height and 5 mm in length, of dried vegan leather
were used for the analysis. To establish the behaviour of the biomaterials in contact with
water, each sample was placed in a holder so that the material’s surface was flat. Contact
angles were determined with the aid of a goniometer using the sessile drop technique.
A digital camera (XT10, Fujifilm, Japan) was used for analysis. A droplet of ~25 μL was
placed carefully on the upper surface of the leather, and the contact angle was recorded
after 1.0 s of spreading [19]. To determine the sorption index (s), the droplet was observed
for 10 min until complete water absorption, and the average time was calculated [20].

2.9.2. Swelling Ratio

Rectangular, with 10 mm in height and 5 mm in length, of dried vegan leather samples
were weighed and immersed in a 100-mL distilled water bath at 25 ◦C for 24 h. The samples
were then removed from the bath. The excess water was carefully removed from the leather
surface with tissue paper, and the samples were weighed immediately. Swelling ratios
were determined from the change in weight before and after swelling and expressed as:

SR(%) =
Swollen weight − Initial weight

Initial weight
× 100 (2)

2.9.3. Scanning Electron Microscopy (SEM)

For the SEM analysis, dried vegan leather samples were mounted on a copper stub
using double adhesive carbon conductive tape and coated with gold for 30 s (SC-701
Quick Coater, Tokyo, Japan). The SEM photographs were obtained using a scanning
electron microscope (MIRA3 LM, Tescan, Warrendale, PA, USA) operating at 10.0 kV at
room temperature.

2.9.4. Thermogravimetric Analysis (TGA)

The thermal stability of the samples was determined using TGA. Approximately 8 mg
of each sample was heated from 30 to 600 ◦C at a rate of 10 ◦C/min in a nitrogen atmosphere
with a flowrate of 20 mL/min to avoid the oxidative degradation of the samples. The
Mettler Toledo TGA 2 Star System was used for this analysis.

2.9.5. Flexibility

To test flexibility, the vegan leather samples were folded by hand 100 times along the
same line. The classification of flexibility was based on the number of folds until failure:
poor (<20), fair (20–49), good (50–99), and excellent (≥100) [21].
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2.9.6. Mechanical Test

Tensile strength (N) and maximum deformation (%) according to time (s) were deter-
mined based on Rethwisch and William (2016) [22] for the characterisation of the mechanical
properties of the BC. Samples of the dried vegan leathers were cut into rectangular strips
(7.5 cm × 3 cm). The mean leather thickness was 0.10 cm. The tensile strength test was
performed at room temperature at a velocity of 5 m/min and a static load of 0.5 N using a
universal testing machine (EMIC DL–500MF, Brazil), following the ASTM D882 method.

3. Results and Discussion

3.1. BC Yield and Water Retention Capacity

The mean yield of the hydrated BC was 422.12 ± 15.26 g de cellulose/L of fermentation
medium. Regarding the dried BC films, the mean yield was 10.07 ± 1.97 g/L with a
production time of 14 days. This yield is considered satisfactory when compared to yields
reported in previous studies with the same 14-day production time, such as 4.56 g/L in the
study by Salari et al. [23] and 6.18 g/L in the study by Ul-Islam et al. [24].

The purification step with NaOH favoured an even colour as well as the removal of
metabolites and possible residues from the culture medium adhered to the surface of the
biocellulose. Figure 1 displays the purified BC film.

Figure 1. Bacterial cellulose after the purification process.

The results displayed in Table 1 confirm the high WRC (%) of the BC (>97%). Costa et al. [25]
and Nascimento et al. [26] describe similar results. The WRC is a fundamental characteristic
of efficiency in the incorporation and fixation of hydrophilic dyes.

Table 1. Bacterial cellulose production yield and water retention capacity.

BC 14 Days
Yield (g/L)

Mean ± Standard Deviation
WRC (%)

Mean ± Standard Deviation

Wet weight 422.12 ± 15.26
97.62 ± 0.39Dry weight 10.07 ± 1.97

3.2. BC Dyeing, Dye Fixation, and Waterproofing with Essential Oil and Wax

After the purification step, the membranes were submitted to the dyeing process with
the pigments obtained from the plant extracts. The dyed samples were then shredded,
followed by reconstitution during the drying process. The dried vegan leather samples
were submitted to the waterproofing process with a mixture of essential oil and plant wax.
The BC samples used to determine the effectiveness of the methods are listed in Table 2.
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Table 2. Bacterial cellulose samples and abbreviations.

Sample Abbreviation

Pure bacterial cellulose BC
Waterproofed bacterial cellulose BC-W
Reconstituted bacterial cellulose BR

Water-proofed reconstituted bacterial cellulose BR-W
Reconstituted bacterial cellulose dyed with onion and pomegranate BRA

Water-proofed reconstituted bacterial cellulose dyed with onion and pomegranate BRA-W
Reconstituted bacterial cellulose dyed with eucalyptus BRE

Water-proofed reconstituted bacterial cellulose dyed with eucalyptus BRE-W

The dyeing and fixation process resulted in the different colours for each sample,
corresponding to different tonalities of the plant extracts used in natura (Figure 2). All
experiments resulted in good visual quality and even pigmentation, corresponding to a
varied swatch of colours that could be used in fashion products. The successful fixation of
the dyes in the fibres is in agreement with results reported in the literature, such as studies
by Verma et al. [27] (dyeing with onion), Maulik et al. [28] (dyeing with eucalyptus) and
Tian et al. [29] (dyeing with pomegranate).

Figure 2. Appearance of cellulose leathers before and after dyeing/processing (a) Pure Bacterial
Cellulose (BC); (b) Waterproofed Bacterial Cellulose (BC-W); (c) Reconstituted Bacterial Cellulose
(BR); (d) Waterproofed Reconstituted Bacterial Cellulose (BR-W); (e) Reconstituted Bacterial Cellulose
Dyed With Onion and Pomegranate (BRA); (f) Waterproofed Reconstituted Bacterial Cellulose Dyed
With Onion and Pomegranate (BRA-W); (g) Reconstituted Bacterial Cellulose Dyed with Eucalyptus
(BRE); (h) Waterproofed Reconstituted Bacterial Cellulose Dyed with Eucalyptus (BRE-W).

The waterproofing of the surface of the samples also influenced both the visual and
physical aspects (Figure 2b,d,f,h), making the material less opaque and adding shine.
Moreover, the samples that underwent this process had a more pleasant texture in terms of
softness to the touch, losing the initial characteristics of roughness and dehydration.

Thus, the development of a completely vegan microbial cellulose-based textile material
submitted to shredding and reconstitution was successful, generating a fabric similar to
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leather that was more uniform than the post-fermentation BC, with a constant thickness of
0.10 cm. Moreover, the process did not generate any waste. Even the cellulose remnants
that did not have the ideal size and thickness for drying and the creation of pieces could be
shredded together to form a mass that could be moulded and dried into the desired shape.

Chan et al. [30] also described the non-generation of waste during the production of
BC pieces. The researchers used different approaches and novel cultivation techniques,
employing recipients with pre-established dimensions so that the cellulose could grow into
the desired shape, thereby avoiding cutting and waste and facilitating the creation of future
pieces. The authors proved that the organic material can be reused after its fermentation,
shredding, and reconstitution and can be grown into any shape of the desired apparel
without cuts and with no generation of waste material.

3.3. Water Contact Angle, Swelling Ratio, and Sorption Index

The wettability of a fabric is important to sensorial comfort and is determined by the
time required for the fabric to absorb a drop of water. The difference in the contact angle of
the water droplet is recorded over time. This time-lapse is denominated by the sorption
index (s) [31].

The swelling of the fabric offers the possibility of retaining sweat by the material
during its use, which can be beneficial from a practical standpoint [20]. It can also indicate
the possibility of the material functioning as a protective moisture barrier. The swelling
capacity is expressed as the swelling coefficient and depends on the type and quantity of
water retention agents in the fabric. This factor is crucial to enabling the control of the
desired properties of the fabric in accordance with its application [20]. Table 3 displays the
water contact angle, swelling ratio, and sorption index of the different BC samples.

Table 3. Water contact angle, swelling ratio, and sorption index of bacterial cellulose samples. BC:
Pure Bacterial Cellulose; BC-W: Water-proofed bacterial cellulose; BR: Reconstituted bacterial cellu-
lose; BR-W: Water-proofed reconstituted bacterial cellulose; BRA: Reconstituted bacterial cellulose
dyed with onion and pomegranate; BRA-W: Water-proofed reconstituted bacterial cellulose dyed
with onion and pomegranate BRE: Reconstituted bacterial cellulose dyed with eucalyptus; BRE-W:
Water-proofed reconstituted bacterial cellulose dyed with eucalyptus.

Sample Water Contact Angle (o) Swelling Ratio (%) Sorption Index (s)

BC 43.26 57.92 ± 3.12 76.32 ± 3.12
BC-W 67.64 3.81± 0.46 600 >

BR 38.58 33.32 ± 4.32 331.22 ± 12.34
BR-W 80.72 16.77 ± 2.33 600 >
BRA 40.60 34.64 ± 1.47 293.32 ± 26.62

BRA-W 76.32 15.85 ± 2.86 600 >
BRE 52.22 31.78 ± 4.74 312.43 ± 17.29

BRE-W 83.96 18.11 ± 1.12 600 >

The obtained water contact angles results (Table 3) are in agreement with studies in-
volving the BC’s surface modification with the aim of increasing the water droplets contact
angle and, consequently causing a decrease on the hydrophilicity of the biocellulose [31,32].

The vegetal wax was used as a water-repellent agent. It was responsible for creating a
layer on the surface of the samples that waterproofed them. As indicated by the sorption
index, even after the 600 s time limit was exceeded, the samples that had the protective
layer were not able to absorb the liquid. Another factor that indicates the success in this
application was the contact angle change between the surface of the samples and the water
droplets, indicating that the additional layer reduced the hydrophilicity of the outer layer
of the material. Bashari et al. [33] state that the fine particles of Copernicia prunifera wax
can be used as a natural moisture-repellent agent, therefore responsible for reducing the
surface energy of tissues and producing a nano roughness that makes surfaces repellent
to moisture.

51



J. Funct. Biomater. 2022, 13, 49

By observing the swelling ratio results, it was possible to notice a significant value
reduction in all the waterproofed samples when compared to the samples without the
waterproofing process. Even after being submerged for 24 h, some samples showed a
decrease of more than half of the initial swelling ratio value, thus, confirming that the
waterproofing process is effective in reducing the swelling ratio (%).

3.4. Scanning Electron Microscopy

SEM was used to investigate the morphology of the surface of the samples before
and after shredding, dyeing, and waterproofing. The BR sample (Figure 3c) exhibited a
uniform surface, as seen in the BC (Figure 3a), indicating that the reconstitution of the
BC was successful. Comparing BR (Figure 3c) to BRA and BRE (Figure 3e,g), the surface
of the samples exhibited a new covering, which was related to the dyeing process and
pigmentation of the biotechnological vegan leather.

Figure 3. Scanning electron microscopy of all samples: (a) Pure Bacterial Cellulose (BC); (b) Wa-
terproofed Bacterial Cellulose (BC-W); (c) Reconstituted Bacterial Cellulose (BR); (d) Waterproofed
Reconstituted Bacterial Cellulose (BR-W); (e) Reconstituted Bacterial Cellulose Dyed With Onion
and Pomegranate (BRA); (f) Waterproofed Reconstituted Bacterial Cellulose Dyed With Onion and
Pomegranate (BRA-W); (g) Reconstituted Bacterial Cellulose Dyed with Eucalyptus (BRE); (h) Water-
proofed Reconstituted Bacterial Cellulose Dyed with Eucalyptus (BRE-W).

In comparison to the samples before waterproofing (Figure 3a,c,e,g), those after wa-
terproofing (Figure 3b,d,f,h) revealed the emergence of a uniform layer on the surface.
This layer is the mixture of the essential oil from Melaleuca alternifolia and the wax from
Copernicia prunifera, indicating that the waterproofing process was successful, giving the
surface an impermeable characteristic that would hinder the absorption of water. This
new layer is also responsible for the new characteristics of shine and softness discussed
above. Moreover, the additives absorbed by the surface of the microbial cellulose could
reduce undesired effects related to contact of the material with water. Thus, the dyeing
and waterproofing methods constitute a simple, ecologically friendly way to improve the
properties of biotextiles.
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3.5. Thermogravimetric Analysis (TGA)

Figure 4 and Table 4 show that the materials developed have somewhat similar profiles.
According to Rathinamoorthy et al. [34], the initial decomposition temperature (Tonset) is
when BC begins to disintegrate. This temperature represents the onset of the breakdown of
the thermal stability of the material.

Figure 4. Thermogravimetric graphs of samples: (a) Pure (BC) and waterproofed (BC-W) bacterial
cellulose; (b) Reconstituted (BR) and waterproofed (BR-W) bacterial cellulose; (c) Reconstituted (BRA)
and waterproofed (BRA-W) bacterial cellulose dyed with onion and pomegranate; (d) Reconstituted
and (BRE) and waterproofed (BRE-W) bacterial cellulose dyed with eucalyptus.

Table 4. Degradation temperatures of bacterial cellulose samples. BC: Pure Bacterial Cellulose; BC-W:
Water-proofed bacterial cellulose; BR: Reconstituted bacterial cellulose; BR-W: Water-proofed recon-
stituted bacterial cellulose; BRA: Reconstituted bacterial cellulose dyed with onion and pomegranate;
BRA-W: Water-proofed reconstituted bacterial cellulose dyed with onion and pomegranate; BRE:
Reconstituted bacterial cellulose dyed with eucalyptus; BRE-W: Water-proofed reconstituted bacterial
cellulose dyed with eucalyptus.

Samples
Stage 1 Stage 2 Stage 3

Mass Loss at
600 ◦C (%)

Tmax Tonset Tendset Tmax Tonset Tendset Tmax Tonset Tendset

BC 301.31 94.72 320.84 339.04 322.04 416.30 - - - 33.78
BC-W 289.62 91.22 323.01 341.21 325.78 381.59 447.53 390.87 517.92 20.55

BR 283.23 80.05 326.14 349.77 328.91 423.90 - – – 29.24
BR-W 269.13 87.59 327.71 342.66 327.71 384.00 440.65 390.98 503.81 20.30
BRA 236.59 83.30 275.16 312.25 275.64 420.52 - - – 42.87

BRA-W 224.05 87.08 298.42 369.34 298.90 404.37 429.19 405.21 504.65 43.00
BRE 245.51 84.35 271.90 309.27 272.26 424.96 - - - 45.42

BRE-W 216.25 85.22 293.00 372.07 300.47 406.47 437.52 406.68 495.32 40.31

Two main stages in the loss of mass were found in the samples without waterproofing
(BC, BR, BRA, and BRE), whereas three stages were found in the samples with water-
proofing (BC-W, BR-W, BRA-W, and BRE-W). The first degradation stage in all samples
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occurred between 80 and 330 ◦C, with a mean loss of 33.31 ± 7.41% of mass related to the
evaporation of the water adsorbed to the biocellulose and that in the composition of the
pigment on the surface of the dyed samples.

The second stage occurred at around 270 to 370 ◦C, leading to a mean final mass of
47.14 ± 5.77%. This loss was probably related to the degradation of the cellulose, with
its de-polymerisation, dehydration, and decomposition of glucose units, as well as the
subsequent formation of carbon residues [35], as the main pyrolysis stage of cellulose
occurs in a temperature range of 300 to 380 ◦C [36].

The third stage occurred between 390 and 518 ◦C and only in the samples with wax in
their composition (BC-W, BR-W, BRA-W, BRE-W). Thus, this additional stage was likely
related to the waterproofing substance in the samples. At the end of this last degradation
stage, the mean residual mass was 34.43 ± 10.12%

The results are compatible with findings described in the literature. In one study,
cotton fabrics without waterproofing also had two thermogravimetric phases, the first
of which was up to 300 ◦C related to the degradation of the amorphous regions of the
cellulose polymer and with a considerable reduction in mass. The second was related to
the crystalline regions of the material, with a maximum temperature of 430 ◦C [36].

Comparing the results of the intact samples (BC and BC-W) and reconstituted samples
(BR, BR-W, BRA, BRA-W, BRE, and BRE-W), the degradation temperatures were an average
of 42.21 ◦C lower for the samples without additives, and an average of 53.14 ◦C lower for
the waterproofed samples in the first stage when compared to the Tmax of the intact samples.
This indicates that the shredding and reconstitution of the cellulose exerted a direct impact
on the first degradation phase. The behaviour was inverted in the second stage, as the
reconstituted sample without additives (BR) had slightly higher Tmax (349.77 ◦C) and
residual mass (62.05%) compared to the intact BC (339.04 ◦C; 56.97%). This is an interesting
point and suggests that the BR without dyeing and waterproofing exhibits greater thermal
stability during the degradation of the cellulose and formation of carbon residues.

The presence of the dye also diminished the thermal stability in the first and second
degradation stages, as Tmax was reduced by 40 ◦C in the BRA and BRE samples compared
to the BR in both stages. Different results were found concerning waterproofed samples.
The waterproofing process led to a reduction in Tmax ranging from 11.69 to 29.26 ◦C in the
first stage, indicating that the degradation of the wax from Copernicia prunifera also occurred
in this temperature range. According to Pan et al. [37], the thermal decomposition of this
wax in its natural form occurs in the range of 270 to 320 ◦C. Moreover, the degradation
of the low molecular-weight components of the essential oil from Melaleuca alternifolia
occurs around 170 to 240 ◦C [38]. In the second stage, waterproofing increased the Tmax
of the BRA-W and BRE-W samples by 57.09 ◦C and 62.80 ◦C, respectively, indicating a
possible interaction between the waterproofing agent and layer of dye, thereby enhancing
the thermal stability of these materials.

3.6. Flexibility and Mechanical Tests

Flexibility is considered one of the critical aspects of the usability and durability
of textile products. Textile materials need a surface structure with enough rigidity for
wearability and adequate flexibility to be comfortable [39].

The BC samples exhibited excellent flexibility, remaining intact after being folded by
hand more than 100 times at the same point. However, some of the samples with a layer of
wax on the surface exhibited cracking of this waterproofing film. Thus, further studies are
needed to improve the application of the waterproofing agent.

The functioning of a fabric involves its performance during use and is directly linked
to its mechanical properties. The results of the mechanical tests (Figure 5 and Table 5)
demonstrated that the addition of the plant-based waterproofing agent was capable of
enhancing tensile strength by 3.56 to 30.79% and increasing-albeit subtly-the maximum
deformation capacity of all samples. These aspects are beneficial, as the elasticity of textiles
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is of considerable importance and enables pieces to have specific characteristics, such as
lightness, less volume, and a tendency to form fewer wrinkles.

Figure 5. Graphs of results of mechanical tests: (a) Tensile strength (N); (b) Maximum defor-
mation (%) according to time (s). BC: Pure Bacterial Cellulose; BC-W: Water-proofed bacterial
cellulose; BR: Reconstituted bacterial cellulose; BR-W: Water-proofed reconstituted bacterial cel-
lulose; BRA: Reconstituted bacterial cellulose dyed with onion and pomegranate; BRA-W: Water-
proofed reconstituted bacterial cellulose dyed with onion and pomegranate; BRE: Reconstituted
bacterial cellulose dyed with eucalyptus; BRE-W: Water-proofed reconstituted bacterial cellulose
dyed with eucalyptus.

Table 5. Tensile strength and maximum deformation as a function of time of bacterial cellulose
samples. BC: Pure Bacterial Cellulose; BC-W: Water-proofed bacterial cellulose; BR: Reconstituted
bacterial cellulose; BR-W: Water-proofed reconstituted bacterial cellulose; BRA: Reconstituted bac-
terial cellulose dyed with onion and pomegranate; BRA-W: Water-proofed reconstituted bacterial
cellulose dyed with onion and pomegranate; BRE: Reconstituted bacterial cellulose dyed with euca-
lyptus; BRE-W: Water-proofed reconstituted bacterial cellulose dyed with eucalyptus.

Sample Tensile Strength (N) Maximum Deformation (%) Time (s)

BC 89.04 ± 11.04 2.61 ± 0.51 0.41 ± 0.05
BC-W 105.11 ± 42.02 3.12 ± 1.19 0.45 ± 0.15

BR 171.01 ± 76.11 3.73 ± 0.23 0.55 ± 0.04
BR-W 177.33 ± 18.55 4.27 ± 0.46 0.63 ± 0.04
BRA 152.53 ± 15.52 5.73 ± 0.23 0.83 ± 0.04

BRA-W 160.02 ± 30.85 3.77 ± 0.96 0.62 ± 0.11
BRE 171.07 ± 23.51 11.87 ± 0.93 1.81 ± 0.14

BRE-W 247.21 ± 16.52 17.63 ± 1.38 2.67 ± 0.18

The samples dyed with eucalyptus (BRE and BRE-W) exhibited excellent results
regarding maximum deformation. With the addition of the wax, the deformation time of the
BRE-W sample was improved by 147.51% compared to the non-waterproofed sample (BRE).

The samples submitted to the reconstitution process also exhibited improved mechan-
ical properties, as demonstrated by comparing the BC and BR results. The shredding and
reconstitution of the sample increased maximum deformation and tensile strength nearly
doubled, increasing by 81.97 N. This indicates that the reconstitution process not only
improves the visual appearance of the leather and standardisation of production, it also
enhances the mechanical properties of leather of a biotechnological origin.

As already recognized by researchers, BC is naturally an exclusive combination of prop-
erties such as high polymerization degree, high surface area, high flexibility, high tensile
strength, and high water-holding capacity [40]. Based on the results, it is safe to assume that
the materials proposed have similar or better tensile strength and deformation properties
compared to data described in the literature [17,20]. Thus, the findings indicate the success-
ful development of a waterproof textile material made from reconstituted biocellulose.

55



J. Funct. Biomater. 2022, 13, 49

4. Conclusions

The use of biotechnological materials, such as BC, indicates new possibilities for
the market of sustainable fashion, which is of interest to both manufacturing companies
and conscientious consumers. The growing interest in such materials will contribute to
improvements in the manufacturing process, making it easier and less expensive to produce
sustainable materials that aggregate scientific/technological value and can assist in the
protection of the environment. The natural dyes used in the present study were selected
due to their low toxicity, making them less likely to provoke allergic reactions. The process
described in this work led to the even dyeing of BC leather. Further studies are needed
to improve the waterproofing process so that the leather can be folded without losing the
layer that protects it from moisture. However, the present results prove the potential of
reconstituted BC as a vegan alternative to animal leather.
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Abstract: Silver nanoparticles (AgNPs) display unique plasmonic and antimicrobial properties,
enabling them to be helpful in various industrial and consumer products. However, previous studies
showed that the commercially acquired silver nanoparticles exhibit toxicity even in small doses.
Hence, it was imperative to determine suitable synthesis techniques that are the most economical
and least toxic to the environment and biological entities. Silver nanoparticles were synthesized
using plant extracts and their physico-chemical properties were studied. A time-dependent in vitro
study using HEK-293 cells and a dose-dependent in vivo study using a Drosophila model helped
us to determine the correct synthesis routes. Through biological analyses, we found that silver
nanoparticles’ cytotoxicity and wound-healing capacity depended on size, shape, and colloidal
stability. Interestingly, we observed that out of all the synthesized AgNPs, the ones derived from the
turmeric extract displayed excellent wound-healing capacity in the in vitro study. Furthermore, the
same NPs exhibited the least toxic effects in an in vivo study of ingestion of these NPs enriched food
in Drosophila, which showed no climbing disability in flies, even at a very high dose (250 mg/L) for
10 days. We propose that stabilizing agents played a superior role in establishing the bio-interaction
of nanoparticles. Our study reported here verified that turmeric-extract-derived AgNPs displayed
biocompatibility while exhibiting the least cytotoxicity.

Keywords: silver nanoparticles; characterizations; in vitro wound healing assay; in vivo Drosophila
model; aloe vera; turmeric; biocompatibility; cytotoxicity

1. Introduction

Engineered nanomaterials (ENMs) are widely incorporated into numerous technolo-
gies and consumer products owing to their remarkable plasmonic and optical properties.
Physico-chemical properties, such as shape, size, surface charge, agglomeration, dispersity,
and colloidal stability, influence the behavior of metal and metal oxides to a great extent.
These nanoparticles are rapidly finding applications in diverse areas, including textile,
cosmetics, agriculture, food packaging, pharmaceutical, chemical, engineering, and medical
applications [1–6]. Metal and metal oxide nanoparticles, such as silver, gold, zinc oxide, and
copper oxide, encompass diverse therapeutic applications, such as targeted drug release
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and antibacterial and antimicrobial activities, and are thus considered ideal candidates for
wound dressings [7–9] and wound healing [10,11]. Metal nanoparticles prepared using
plant extracts exhibit good antimicrobial activity, possibly due to the eco-friendly nature
of the reactants as compared with chemically synthesized particles [12–14]. However, the
intrinsic toxicity of metal NPs remains a disadvantage, which hinders their application in
wound healing and hence demands further improvement in either the synthesis process or
growth [15]. Among these metal NPs, silver nanoparticles (AgNPs) have a crucial role in
wound healing due to their inherent antibacterial and anti-inflammatory properties [16].
Physical and chemical methods are mainly being used to synthesize metal nanoparticles,
but the intrinsic toxicity of the nanoparticles synthesized by these methods is a matter of
concern properties [17,18]. Cuts and burns cause damage to the epidermis, resulting in a
wound. Open, unhealed wounds become sites for pathogen activity, causing severe infec-
tion and resulting in permanent damage or death [8]. Thus, it becomes imperative to heal
the wound quickly to carry out the body’s normal functioning without microbial infection.
The healing process helps minimize the scars and permits hard scabs to form [9]. Silver
nanoparticles were discovered to be hazardous to cells, inhibiting cell growth and multipli-
cation and triggering cell death depending on concentrations and exposure time [13,18].
It is evident that synthesis techniques play a major role in the preparation of less toxic
nanoparticles. The biogenic mode of nanoparticle (NP) synthesis is gaining momentum due
to the wide range of advantages it offers in economic viability, environmental sustainability,
safety, and easy access to source materials [17]. The biogenic synthesis of AgNPs was
achieved, and the antimicrobial activity of these NPs was demonstrated against many
pathogens. In recent years, researchers used numerous plant extracts, such as Moringa
olifera, coriander, ginger, turmeric, aloe vera, and neem [19,20]. Out of these, turmeric
and aloe vera gained popularity because of their anti-inflammatory, anti-oxidative, and
anti-neoplastic properties. Botanically, aloe vera is known as Aloe barbadensis miller; it is a
perennial, xerophytic, succulent, shrubby or arborescent, pea-green hue plant that belongs
to the Asphodelaceae (Liliaceae) family. There are 75 biologically active components, viz.,
vitamins (vitamin A, C, E, B12), enzymes (alkaline, alkaline phosphatase, amylase, bradyk-
inase, carboxypeptidase, catalase, cellulose, lipase, and peroxidase), minerals (calcium,
chromium, copper, selenium, magnesium, manganese, potassium, sodium and zinc), sug-
ars (monosaccharides, polysaccharides), anthraquinones (laxatives), fatty acids (steroids,
cholesterol, campesterol, β-sisosterol, and lupeol), hormones (auxins and gibberellins) and
some amino acids [21,22]. The active ingredient present in turmeric is curcumin, botanically
known as Curcuma longa, and is a member of the ginger family (Zingiberaceae). The mineral
composition of turmeric is 0.63% phosphorous, 0.46% potassium, 0.20% calcium, and 0.05%
iron. It was observed that elemental compositions of nitrogen (N), phosphorus (P), and
potassium (K) are found to greater extents in saplings [23,24]. Researchers used various
kinds of mammalian cell lines for in vitro study, but we chose human embryonic kidney
(HEK-293) cells due to their easy growth and higher reproducibility. The scratch assay
was conducted to study the toxicity in these cell lines. Amongst the different vertebrate
models used for in vivo toxicity studies, Drosophila has gained wide attention because of its
cost-effectiveness, shorter life cycle, ease of genetic manipulation, and ease of growth in lab-
oratory conditions [25]. Developmental assays were done on the Drosophila model to study
the behavioral pattern through toxic drug exposure. The aim of the present study was to
increase the efficacy of wound-healing properties of nanosilver by using edible plants that
are known in Ayurveda for their anti-bacterial, regenerative, and therapeutic properties.
To achieve this, we used wholesome turmeric, and aloe vera leaves to synthesize silver
nanoparticles because of the abovementioned properties of turmeric and aloe vera. The
silver nanoparticles, synthesized with different reducing agents, were used to investigate
the in vitro cytotoxicity in HEK-293 cell lines and the in vivo toxicity in a Drosophila model.
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2. Materials and Methods

2.1. Preparation of the Biosynthesized AgNPs

Silver nitrate (AgNO3) solution from Sigma-Aldrich with a purity of 99.999% was used to
prepare all silver nanoparticles. Four samples of AgNPs were synthesized using two different
routes, viz., the chemical route (named AG-C), and using plant extracts, i.e., the biological
route (AG-B). The AG-C sample was prepared by mixing 300 mL of 1 mM silver nitrate
solution into 50 mL of 0.5 mM polyvinyl pyrrolidone (PVP) solution. The resulting solution
was kept at 80 ◦C, and 0.5 M hydrazine hydrate solution was added drop by drop into it. This
mixture was then kept at 80 ◦C for 1 h, resulting in the precursor for sample AG-C.

Two different plant extracts were used to synthesize the samples via biological routes.
The relevant part of the plants was cleaned, crushed, and boiled in Milli-Q water and
filtered to obtain the extracts described in detail elsewhere [26]. For the turmeric extract,
dry turmeric roots bought from the market were used, and for the aloe vera extract, stems
of the aloe vera plants grown in our pots were used. A 300 mL aqueous solution of 1 mM
AgNO3 was mixed with different plant extracts, viz., aloe vera (A), turmeric (T), and a 1:1
mixture of aloe vera and turmeric (AT), to get a total of 500 mL of each AG-B precursor
solution. The sample thus formed using aloe vera was named AG-BA and the sample
formed using turmeric was named AG-BT. Similarly, the sample prepared using both aloe
vera and turmeric extracts (1:1) was named AG-BAT.

The abovementioned precursors were initially kept at 80 ◦C for 1 h, then left at room
temperature for a day to settle down in colloidal form and change color. The color change
indicated the formation of nanoparticles. These colloids were then centrifuged at 5000 rpm
for 20 min, filtered, and dried overnight in an oven at 50 ◦C to obtain powder samples.

2.2. Analytical Methods

The crystallographic structure of the prepared samples was studied using an X-ray
diffraction (XRD) technique. A Bruker D8 Advance X-ray Diffractometer with Cu-Kα radia-
tion (λ = 1.506 Å) was used to record X-ray diffraction (XRD) patterns. X-ray photoelectron
spectroscopy (XPS) was done using XPS-SPECS GmbH, Germany, (Al Kα (1486.6 eV)
X-rays). A field-emission scanning electron microscope (FESEM) was used to study the sur-
face morphology. An FEI Nova NanoSEM 450 scanning electron microscope attached with
Bruker X Flash 6130 with excellent energy resolution (123 eV for Mn Kα and 45 eV for Cu
Kα) was used for the energy-dispersive X-ray spectroscopy (EDS). The transmission elec-
tron microscopy (TEM) images of silver nanoparticles were obtained with a TECHNAI20G2
transmission electron microscope.

All the AgNPs solutions were independently analyzed for their hydrodynamic di-
ameter and polydispersity index on a Malvern Instrument Zetasizer Nano-ZS, Malvern
(Malvern-Aimil Instruments private limited, New Delhi, India). The zeta potentials of the
nanoparticles were also ascertained using the same instrument.

2.3. Biological Methods

The wound-healing property and cytotoxicity (in vitro) of the prepared AgNPs were
studied using human embryonic kidney (HEK-293) cells. HEK-293 cells were cultured in
a Petri dish and nourished using 10% fetal bovine serum along with Dulbecco modified
eagle medium (DMEM). Inoculation was done with 200 μL of diluted (1:20) various AgNPs.
The changes in the cells were captured using an optical microscope and the area covered
by the cells was measured using the Image-J software. Details of the tests carried out are
included in the Results section.

The toxicities of the AgNPs were tested on Drosophila fly stocks. All the assays were
performed on wild-type Drosophila (Oregon-R), obtained from Bloomington Drosophila
Stock Centre (BDSC), and conditions were maintained at 24.5 ± 0.5 ◦C, 60% humidity, and
a 12 h light cycle.

A stock of 5% (w/v) AgNPs (all types) suspension was sonicated (QSONICA Soni-
cators) for 30 min at an amplitude of 30 to obtain a homogenous suspension. The final
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concentrations of 25 mg/L, 50 mg/L, and 250 mg/L were obtained by vigorously mixing
different AgNPs in partially cooled fly food. The nanoparticles and the dose used were
AG-C (25 mg/L, 50 mg/L), AG-BT (25 mg/L, 50 mg/L, 250 mg/L), AG-BA (25 mg/L,
50 mg/L), and AG-BAT (25 mg/L, 50 mg/L). Further details of various tests and studies
are included in the Results section.

2.4. Statistical Analysis

All the plotted values of in vivo represent mean + SEM (standard error of the mean),
and error bars represent the positive SEM value. Statistical analysis was carried out for all
the assays using a two-tailed independent Student’s t-test for pairwise comparisons. The
significance level was ascribed at 0.05. Regarding p-values, *** p < 0.001, ** p = 0.001–0.01,
and * p = 0.01–0.05.

3. Results

3.1. Physicochemical Characterization
3.1.1. XRD and EDS

XRD and EDS were utilized to study the morphology and composition of the samples.
Figure 1 shows the X-ray diffraction patterns of all the synthesized silver nanoparticles.

The X-ray diffraction (XRD) pattern of silver nanoparticles prepared using PVP (AG-C)
showed a pure phase of silver.

XRD patterns of nanoparticles synthesized with turmeric extract (AG-BT) and both
aloe vera and turmeric extracts (AG-BAT) displayed oxide peaks corresponding to Ag4O4
(α) (silver I, III) (also known as Ag2O2) [27].

The silver nanoparticles prepared using aloe vera extract (AG-BA) and using both
aloe vera and turmeric extracts (AG-BAT) showed the presence of silver oxide phases,
such as Ag3O4(γ) and Ag2O(β) [28,29]. All these peaks were matched with JCPDS data
and indexed. A few other peaks were also noticed in this diffractogram. These might
have been due to the in situ formation of some unstable oxides of silver. The average
particle/crystallite size as calculated by Scherer’s formula was 19 nm for AG-C, 12 nm for
AG-BT, 21 nm for AG-BA, and 14 nm for AG-BAT. The Scherrer formula is the standard
formula used for calculating the crystallite size and is given by

τ =
Kλ

β cosθ
(1)

where τ is the crystallite size, K is the dimensionless shape factor with a value of 0.9, λ is
the wavelength of the incident X-rays (1.506 Å), β is the full width at half maximum of the
strongest peak, and θ is the Bragg’s angle at which the peak is situated.

One can also observe there was a slight shift in the peak positions toward higher
angles in AG-BAT. This indicated stress in the sample, which could have been introduced
due to the formation of different silver oxides of different sizes.
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(a) 

(b) 

Figure 1. (a) X-ray diffraction patterns of different AgNPs samples. Dotted lines are drawn to show
peaks corresponding to pure Ag. Various peaks in the pattern correspond to different phases of silver
oxide, viz., α-Ag4O4, β-Ag2O, and γ-Ag3O4. (b) XPS binding energy spectra of samples AG-BA and
AG-BT: (A,C) silver Ag 3d spectra and (B,D) oxygen with a high resolution.
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Some oxides of silver are quite elusive in XRD. Nevertheless, their presence was
indicative in other tests. Hence, to correctly identify and claim their presence in our
samples, we performed XPS. XPS gives the oxidation states of elements by giving their
binding energy values (BE). Pure silver shows narrow peaks corresponding to Ag(3d5/2)
at 368.5 eV and Ag(3d3/2) at 374.5 eV, and the oxygen O 1s peak is observed at 530.5 eV.
It is known that when silver forms an oxide, it lowers the Ag(3d) binding energies [30]
and increases the O 1s binding energy. Oxides also lead to the widening of the peaks (i.e.,
FWHM) [31]. Figure 1b represents the fitted XPS data of our samples AG-BA and AG-BT.
In the sample AG-BA, we observed the fitted peaks O 1s corresponding to 529.8 eV and
531.46 eV and the Ag peaks at 376.3 eV, 372.7 eV, 367.4 eV, 366.8 eV, and 365.7 eV. As per the
literature, these peaks correspond to metallic silver (376.3 eV, 372.7 eV), Ag (I)—367.4 eV, Ag
(III)—366.8 eV, and Ag (II)—365.7 eV oxidation states. The O 1s BE values corresponding
to 529.8 eV indicated the presence of Ag/Ag2O and that between 530–532 eV showed the
presence of superoxides, carbonates, or hydroxyl ions [32–34]. No peaks of carbonates
were detected in the XRD; hence, their presence in our samples was ruled out by us. The
sample AG-BA showed more toxicity; hence, it is safe to say that this sample contained
more superoxide than hydroxyl ions. The presence of these binding energy peaks was
indicative of the presence of AgNPs, Ag2O, and Ag3O4 in the prepared sample AG-BA. In
the sample AG-BT, we observed O 1s peaks corresponding to BE 530.2 eV (AgO or silver
(I, III)) and 532.38 eV. The peak at 532.38 eV may have been because of the presence of
superoxide, leading to increased toxicity or, as per some studies, may reflect the presence of
contamination [35], which in our case could have been an outcome of biological synthesis.
The Ag 3d binding energy values observed in the sample were 374.08 eV and 366.1 eV
corresponding to Ag and Ag (III) [36]. These observations confirmed the presence of mainly
AgNPs and a small amount of Ag4O4 (silver (I, III)) in this sample. These silver oxides
came up in our samples due to the process of synthesis, which involved interaction with
a biological environment. This interaction led to the oxidation of silver, which would
normally be absent in chemically capped nanoparticles [24,37].

The energy-dispersive X-ray spectroscopic (EDS) technique was used to determine
the composition of various elements in the synthesized AgNPs. All samples showed some
amount of elemental oxygen. The XRD pattern of AG-C was not able to reflect the formation
of oxides. There were oxide peaks observed in the XRD pattern of samples prepared in the
presence of the aloe vera extract, but a very small fraction of oxide peaks was observed in
the silver prepared using the turmeric extract. It is interesting to note that the elemental
analysis gave almost equal amounts of oxygen in the samples prepared in the presence
of turmeric. This indicated that the presence of turmeric extract restricted the formation
of oxides and trapped a lot of free oxygen in the silver nanoparticles. The EDS studies,
combined with the XRD, confirmed silver oxides in the samples prepared using the aloe
vera extract. The presence of elemental silver and elemental oxide in each sample can be
seen in the EDS images (Figure 2) and the amounts are presented in Table 1.

Table 1. EDS results showing the wt.% of elemental silver, elemental oxygen, and trace elements (N,
Si, etc.) in the synthesized samples.

Sample Name Silver Oxygen Trace Elements

AG-C 74.9 17.6 7.5
AG-BT 17.7 59.4 22.9
AG-BA 90.7 8.5 0.8

AG-BAT 15.5 77 7.5

It was evident from the EDS results that the elemental silver in AG-BA and AG-C was
much higher than that in AG-BT and AG-BAT (Figure 2).

3.1.2. Field-Emission Scanning Electron Microscope (FESEM) Results

The surfaces of the chemically synthesized silver nanoparticles (AG-C) showed monodis-
persed spherical granular particles, with some patches of agglomeration (Figure 3).
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Figure 2. EDS images of AgNPs showing: elemental silver in the (a) chemically synthesized silver,
(c) synthesis achieved using turmeric extract, (e) synthesis achieved using aloe vera extract, and
(g) synthesis achieved using aloe vera and turmeric extracts in equal proportion; elemental oxygen
(b,d,f,h) in each sample, respectively.
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Figure 3. FESEM micrographs of differentially synthesized AgNPs: (a) AG-C, (b) AG-BT, (c) AG-BA,
and (d) AG-BAT. The arrows indicate some oxygen-rich regions. The bar shown under each image
depicts 500 nm.

A predominant arrowhead or pointed rod-like structures mixed with flakes and
clusters were formed when turmeric extract (AG-BT) was used (Figure 3b).

On the other hand, the AgNPs prepared using aloe vera extract (AG-BA) showed
cubic pillar-like monoclinic structures (Figure 3c). It is also evident from the FESEM images
that this structure was monoclinic (related to Ag3O4) and some areas had a low melting
point. Almost all the corners and edges were melted due to the energy of the electron beam.
When both extracts were used (AG-BAT), the surface morphology was completely different
as compared with the other samples and had layered flakes (2D structures) (Figure 3d).
Shiny regions observed in the FESEM micrographs indicated the presence of oxide-rich
regions. XRD analysis gave an indication of the type of oxides formed in the three samples
synthesized using plant extract. There were some common silver oxides that can be seen in
AG-BA and AG-BAT. In the sample AG-BAT, the shining edges might have been because of
the presence of Ag3O4. Higher magnification was achieved due to higher electron energy.
Silver oxides other than Ag3O4 had lower melting points, and hence, tended to melt at
lower temperatures obtained using high electron energy. Since Ag3O4 has a relatively high
melting point (1605 ◦C), it does not melt easily and gave shiny edges in the FESEM images.
It is interesting to note that the silver nanoparticles synthesized in the presence of turmeric
extracts led to flake-like structures. The release of oxygen is easier in flake-like structures
and may be useful in applications where free oxygen is helpful in healing.
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3.1.3. TEM and SAED

Transmission electron micrographs with the corresponding SAED patterns of all the
synthesized silver nanoparticles are shown in Figure 4.

Figure 4. TEM micrographs and SAED patterns of silver nanoparticles. All TEM micrographs are of
equal magnification.

The Ag-C sample showed mainly capped and crystalline spherical nanoparticles [38].
The structure of the silver nanoparticles was quite distinct when synthesized using

turmeric extracts. Core–shell-type spherical nanoparticles with an almost uniform distribu-
tion were observed by Chircov et al. in their study of iron oxide and were reported with
the help of SAED patterns as well [39]. It was also observed that when these NPs are used
for healing purposes (scratch test), this led to better healing properties than others. One
reason could be due to the oxygen trapped in the core–shells, and when they interact with
live tissue, they release O2, which helps with the growth of cells.

The shapes of the nanoparticles were irregular and fussed when synthesis was done
in presence of aloe vera. When both turmeric and aloe vera were used we obtained non-
uniform (also evident by PDI > 0.7 in Table 2) hollow spherical particles [40]. It is interesting
to note that only by changing the medium of synthesis; nanoparticles with different shapes
were produced.
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Table 2. DLS and zeta potential measurements of nanoparticles.

Sample Hydrodynamic Diameter (nm) Polydispersity Index (PDI) Zeta Potential (mV)

AG-C (PVP AgNPs) 124.4 0.425 −4.84
AG-BT (turmeric AgNPs) 494.5 0.589 −28.9

AG-BAT (aloe vera–turmeric AgNPs) 778.9 0.724 −23.7
AG-BA (aloe vera AgNPs) 463.2 0.449 −15.35

3.1.4. Dynamic Light Scattering (DLS) and Zeta Potential Measurements

Dynamic light scattering (DLS) measures the Brownian motion of particles in a mixture
and gives the size distribution based on intensity fluctuations.

It is important to note that DLS measures the size distribution of clustered particles
and, therefore, shows the tendency of particles to agglomerate in the colloidal form. The
average hydrodynamic diameters of AG-C, AG-BT, AG-BAT, and AG-BA as determined by
DLS were 124.4 nm, 494.5 nm, 778.9 nm, and 463.2 nm, respectively (Table 2).

Apart from this, all the nanoparticles assessed displayed a polydispersity index below
1 and, therefore, highlighted their monodispersity and lower tendency to agglomerate in
the solution (Table 2).

AG-BT displayed good colloidal stability and exhibited a zeta potential of −28.9 mV.
AG-BAT and AG-BA displayed moderate colloidal stability, exhibiting zeta potentials of
−23.7 mV and −15.35 mV, respectively [41].

Contrarily, AG-C was highly unstable in the colloidal solution, displaying a zeta
potential of −4.84 mV. It was evident from our study that the use of turmeric extract for the
synthesis of NPs led to greater colloidal stability and uniformity in the size of nanoparticles
(monodispersity).

3.2. Biological Studies
3.2.1. In Vitro Studies

The human embryonic kidney (HEK-293) cells were seeded in nine-well culture plates
(seed density (3–6) × 105 cells/cm3). In order to produce a scratch in a confluent monolayer,
the 200 μL sterile pipette tip was used. Scratches were made one at a time with constant
pressure so that the same scratch width was maintained throughout the plates. The cells
were washed extensively with phosphate-buffered saline (PBS) to remove the detached
cells and debris. The prepared samples, along with the A and T extracts, were inoculated
in nine-well culture plates. The images were observed and captured with the help of an
inverted optical microscope with an attached camera. All the Petri dishes were observed for
2 days at the same time after inoculation. These studies were done thrice and the average
of three sets of the assay was considered for evaluation.

The ‘wound healing test’ or ‘scratch test’ is the most common laboratory test per-
formed to study the 2D cell migration, cell-to-cell interaction, cell proliferation, etc. Many
commercially available creams and ointments used for healing surface wounds contain
silver. Hence it is important to study the effect of silver nanoparticles in cell migration
(tissue migration), as the wounds heal mainly via this process. Some nanoparticles are also
known to cause cell death via apoptosis [42].

Hence, studying an in vitro ‘scratch test’ is imperative and was achieved by inoculating
the medium with the various synthesized nanoparticles. The wound-healing capability
of AgNPs was assessed upon the inoculation of the scratched cell culture with different
samples for AgNPs for 2 days. On day 1 post-inoculation, wound healing (marked by the
growth of cells near the scratch) was higher in all the dishes containing AgNPs than in the
control dish (Figure 5A (actual pictures of the cells), Figure 5B (graphical depiction of the
area covered by cell growth)).
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(A) 

Figure 5. Cont.
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(B) 

Figure 5. (A) Images from the scratch test analysis; (B) quantitative representation of cell growth
measured on day 1 and day 2 using all the synthesized samples, as well as the plant extracts, in
comparison with the control. Error: ±5%.

On day 2, however, cells inoculated with AG-C and AG-BA showed extensive death
(Figure 5A). Cell cultures inoculated with AG-BT and AG-BAT exhibited almost full wound
closure, with significant cell proliferation (Figure 5A). From the figures, the effect of just the
plant extracts on cell growth can also be observed. It is evident that though the turmeric
extract alone also enhanced the cell growth, it was to a lesser extent as compared with
AG-BT. This shows that the presence of the AgNPs played an important role in wound
healing capacity and is explained in detail later in the Discussion section. On the other hand,
the aloe vera extract alone showed higher healing potential as compared with AG-BA.

To ascertain the role of aloe vera and turmeric extracts alone on cell proliferation, we
also undertook the scratch test using just the extracts. Our results showed that the aloe vera
extract, in its current concentration, was on par with AG-C on day 1 and better than the
control and AG-BA in terms of its wound healing properties. However, the extract showed
ineffectiveness in further cell growth on day 2 but did not show toxicity either. Similar
observations were made for the turmeric extract, yet better than the aloe vera extract.

Though the aloe vera extract, turmeric extract, AG-BAT, and AG-BT all showed
reduced or negligible cytotoxicity, amongst all samples tested, AG-BT fared best and
enhanced the wound-healing capacity of cells with accelerated growth, while AG-C and
AG-BA proved to be cytotoxic.

3.2.2. In Vivo Studies
Analysis of Larval Development and Adult Eclosion

The 4–5 days old parental wild-type flies were allowed to lay eggs in a chamber
overnight, and 75 eggs were transferred to each vial containing media supplemented with
and without different doses of various nanoparticles. Pupation success was evaluated by
counting the number of viable pupae formed out of the 75 eggs transferred to a vial.

Similarly, the adult eclosion percentage from each condition was estimated by scoring
the total number of F1 flies that eclosed from the vials of that condition.

Five vials per condition were scored for pupation and eclosion assays [25,43].
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Climbing Assay

A climbing assay was performed on the eclosed F1 flies from and aged upon AgNP-
treated fly food on days 10 and 30. Climbing ability was assessed by monitoring the vertical
climbing of flies in an empty glass tube (diameter 2.2 cm) with marked gradations.

A group of 10 flies in two replicates per condition were transferred to a glass tube and
acclimatized, and then we tapped to the bottom of the tube and allowed them to climb.

The number of flies passing the 10 cm mark in 15 s was recorded for each condition.
Three trials per replicate condition were allowed and noted [25].

Pupation and Eclosion Rates of Flies Exposed to AgNPs

To ascertain the effect of ingestion of various nanoparticles on developmental viability
at pupal and adult stages, we comprehensively analyzed the pupation rate and eclosion
success in Drosophila. The larvae were fed with AG-C (25 mg/L, p < 0.001; 50 mg/L,
p < 0.001), AG-BA (25 mg/L, p = 0.008), AG-BT (50 mg/L, p < 0.001; 250 mg/L, p = 0.002),
and AG-BAT (25 mg/L, p < 0.001; 50 mg/L, p = 0.007).

The percentage of larvae successfully pupating upon ingestion of the AgNPs was
substantially lower than the larvae reared on standard food. However, it is worth noting
that the pupation percentage in larvae reared with AG-BT (25 mg/L, p = 0.013) was
comparable to the control (Figure 6A).

Figure 6. (A) Percentage of pupae formation; (B) adult eclosion assessed in each condition. Values
represent mean ± SEM. p-value: *** p < 0.001; ** p = 0.001–0.01; * p = 0.01–0.05. Statistical analysis
was done by Student’s t-test.

Significant lethality witnessed in most AgNP-treated conditions highlighted the extent
of toxicity caused by nanoparticle ingestion from early developmental stages. The toxicity
observed was the lowest in larvae that ingested 25 mg/L AG-BT, indicating that the
AgNPs synthesized using turmeric extract were potentially safer than nanoparticles derived
chemically or with other plant extracts.

Larvae reared on 50 mg/L AG-BA (aloe-derived AgNPs) died very early in develop-
ment, did not pupate, and hence, are not presented in the graph.

Eclosion observed for the same doses of AgNPs showed significantly lower flies eclosing
from AG-C (25 mg/L), AG-BA (25 mg/L), AG-BT (50 mg/L, 250 mg/L), and AG-BAT
(25 mg/L, 50 mg/L) as compared with the control condition. Flies eclosing from AG-BT
(25 mg/L) displayed the same eclosion percentage as the control (p = 0.595) (Figure 6B).

Conclusively, our results indicated that 25 mg/L of turmeric-derived AgNPs (AG-BT)
was found to be compatible with developmental survival.

Cuticular Melanization of Flies Exposed to AgNPs

Cuticular pigmentation is a critical parameter of an insect’s life, as it influences various
physiological and behavioral aspects, including lifespan, immunity, stress tolerance, and
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courtship. Loss of cuticular melanization is a well-known manifestation of AgNPs exposure
in Drosophila [44–46]. Importantly, it was observed that the extent of loss of pigmentation in
flies upon NP ingestion is directly correlated with decreased longevity, decreased locomotor
activity, and overall toxicity.

To assess phenotypic aberrations in flies ingesting differentially synthesized silver
nanoparticles, we monitored cuticular melanization in the pupal and adult stages.

We observed a similar degree of demelanization in pupae and adults reared upon
equal doses of AG-C and AG-BAT (i.e., 25 mg/L AG-C = 25 mg/L AG-BAT and 50 mg/L
AG-C = 50 mg/L AG-BAT) (Figures 7 and 8).

Figure 7. Cuticular melanization of the pupae formed upon exposure to (A) nanoparticles at 25 mg/L,
(B) nanoparticles at 50 mg/L, and (C) turmeric-derived nanoparticles at different concentrations.

Figure 8. Dose-related effect of nanoparticle ingestion on cuticular melanization of adults:
(A) 25 mg/L fed nanoparticles, (B) 50 mg/L ingested nanoparticles, and (C) ingested AG-BT nanopar-
ticles at different concentrations.
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While pupae and flies reared upon 25 mg/L AG-BA displayed the maximum loss
of pigmentation as compared with those reared on other nanoparticles at the same dose,
larvae reared upon 50 mg/L AG-BA did not pupate and hence could not be assessed for any
further assays. Remarkably, pupae and adult flies reared on an AG-BT-enriched diet did
not lose cuticular melanization at 25 mg/L and 50 mg/L and displayed loss of melanization
only at a very high dose of 250 mg/L (Figures 7C and 8C).

It is generally accepted that the extent of AgNP-mediated loss of melanization is
proportional to the extent of system dysfunctions observed in Drosophila [44,45].

These results suggest that AG-BT exerted the least toxicity on cuticular pigmentation
of all the assessed nanoparticles and did not interfere with the melanin synthesis pathway
up to the concentration of 50 mg/L.

Impact of AgNPs on Degree of Climbing of Flies

Further, to explore the impact of ingestion of various AgNPs supplemented food on
Drosophila, we monitored the crucial vertical climbing behavior and survival of adults for
30 days. The climbing assay is widely used in neurodegenerative fly models and the degree
of climbing defect directly correlates to the degree of neuronal atrophy (or toxicity).

As the ingestion of AgNPs was reported to cause severe impedance in climbing
ability at different concentrations, we evaluated the extent of climbing disability in various
experimental conditions with aging. On day 10, the climbing ability was significantly
reduced in flies reared upon 50 mg/L of AG-C and AG-BAT while remaining comparable
to the control in all other feeding conditions (Figure 9A).

Figure 9. Assessment of the climbing ability of flies upon exposure to different nanoparticles. The
climbing ability (A) of 10-day-old flies was compromised at 50 mg/L concentrated ingestion of AG-C
and AG-BAT nanoparticles, and (B) was affected in all the surviving conditions at day 30 to various
degrees. Values represent mean + SEM. p-value: *** p < 0.001; ** p = 0.001–0.01; * p = 0.01–0.05.
Statistical analysis was done using Student’s t-test.

By day 30, the vertical climbing ability declined in all the adults exposed to different doses
and types of AgNPs with maximum impairment seen upon aging on AG-C and AG-BAT at
25 mg/L and least impedance observed in AG-BT 25 mg/L raised adults (Figure 9B).

Notably, flies fed with and aged upon 50 mg/L AG-C and AG-BAT did not survive up
to day 30 and hence could not be monitored for climbing ability.

Conclusively, while on day 10, no climbing disability was observed in flies reared
upon AG-BT-enriched food, even at very high dose ingestion (250 mg/L), the climbing
ability was reduced by day 30 in a dose-dependent manner in all the treated conditions.

4. Discussion

Despite a plethora of studies depicting the characteristics, assimilation, behavior,
and metabolism of nanoparticles in living systems, ambiguity regarding their cytotoxicity
persists and presents challenges regarding their application. It was been earlier reported by
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Olga et al. [47] that the smaller the size of the AgNPs, the greater the cytotoxicity; moreover,
Ag nanoparticles, being neutral, show less cytotoxicity as compared with Ag ions. Further,
Hamouda et al. reported that some biosynthesized AgNPs are less cytotoxic on certain
human cell lines, such as MCF-7 and HCT-116 [48].

To further explore the toxic potency, we comprehensively analyzed the physicochemi-
cal characteristics of chemically synthesized and biosynthesized AgNPs and tested them
in vitro and in vivo.

Much of the cytotoxicity encompassing AgNPs was shown to result from its conversion
to Ag+ ions intracellularly.

It was shown earlier that the biogenic nanoparticles exhibit less toxicity in vitro. Cyto-
toxicity of nanoparticles is mainly attributed to the generation of reactive oxygen species
(ROS), which further goes on to activate inflammatory and apoptotic pathways [49]. ROS
plays an important physiological role in cell proliferation, repair, and signaling at low
levels. However, when the levels of ROS increase beyond a threshold, the cells undergo
oxidative stress, which eventually leads to cell death.

The interaction of ROS (H2O2) with silver nanoparticles, explained by Asharani et al. [50],
is as follows:

2Ag + H2O2 + 2H+ → 2Ag+ + 2H2O (2)

and according to Di He et al. [51]:

Ag (NP) + H2O2 → Ag+ + O2•− + H2O (3)

From the scratch test, similar behavior was observed for AG-C and AG-BA. The
common observation was that both these samples initially (day 1) seemed to help in cell
growth and then later (day 2), caused the death of the cells.

In comparison, the amount of cell death was greater with AG-BA. The initial growth
and subsequent death were observed because cell viability depends on the concentration
of nanoparticles and time. The initial growth of the cells indicated that the ROS produced
by the interaction of the cell organelle with the Ag+ ions were low in concentration. Low
levels of ROS are known to aid the growth of cells [52]. However, as time progresses, the
amount of ROS produced increases leading to cell death by apoptosis. In accordance with
the earlier studies [16,49], higher toxicity in AG-BA is due to its larger size, a higher con-
centration of elemental silver, and the existence of significant amounts of hazardous oxide
(Ag2O). Similarly, these oxides may also interact with the SOD (H2O2) (SOD—superoxide
dismutase) inside the cell to produce Ag+ ions.

From the above discussion, it is clear that Ag+ ions are the prime agents for producing
highly toxic ROS, both extracellular and intracellular in the presence of Ag2O.

In contrast, the non-toxicity and enhanced cell viability shown in samples inoculated
with AG-BT and lower toxicity observed for AG-BAT could be attributed to the lower
concentration of elemental silver [16,53–56], smaller size [52,53,57], spherical shape, and
higher colloidal stability (zeta potential report) of these AgNPs [16,52,53]. A lower amount
of AgNPs leads to low levels of H2O2 (ROS) and smaller AgNPs increase extracellular
superoxide dismutase (SOD3). This helps in cell growth and cell proliferation and decreases
apoptosis. Earlier studies also suggested that increased oxygen levels in cell culture led to
lower oxidative stress and lower ROS production [58]. It was also evident from the pointed
rod-like structure seen in the FESEM (Figure 3) that this was rich in oxygen (the bright tip),
which might easily release oxygen and increase the concentration of dissolved oxygen in
the cell culture. This oxygen-releasing theory was further verified by the core–shell/hollow
structures of AG-BT and AG-BAT, as seen in the TEM images.

The core–shell/hollow structure might release trapped oxygen while interacting with
the cellular environment. Though most silver oxides were reported to dissolve in the cell
environment, Ag4O4 (the oxide present in AG-BT and AG-BAT) is stable, and hence does
not dissolve to give Ag+. The absence of Ag+ ions in AG-BT reduces the risk of cytotoxicity.
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The effect of Ag4O4 is important, as its small presence in the sample AG-BAT seemed to
influence its behavior and overcome the effect of Ag2O, thus making it less toxic compared
with AG-BA. AG-C may also owe its increased toxicity to its instability, which is clear from
our DLS studies. In contrast, the zeta potential data confirmed the high colloidal stability
for AG-BT in water.

Therefore, our in vitro results highlighted the wound-healing and cell proliferative
effects of turmeric-derived AgNPs, which may have largely been due to the ability of
turmeric to quench excess ROS and its compatible physicochemical properties with the
biological system.

We found a substantial impact of AgNPs ingestion on larval development, as was evi-
denced by a significant decrease in the formation of viable pupae in the treated conditions.
Out of all the nanoparticles assessed, aloe-derived AgNPs ingestion caused the most detri-
mental impact on larval development and pupal formation, as the larvae died at a moderate
dose (50 mg/L) exposure and did not pupate, while those reared at 25 mg/L displayed a
significant reduction in pupation and died within 2 days of eclosion. This inherent toxicity
associated with aloe-derived AgNPs may have been due to the presence of two silver oxide
phases in the NPS, as ascertained using XRD, XPS, and EDS. The eclosion percentage of
flies was also significantly reduced upon exposure to different AgNPs. The AgNPs are
known to cause endocrine disruption in various model organisms [59] and may act through
disruption of ecdysone and juvenile hormone (JH) to impede developmental progress.
Induction of oxidative stress and apoptosis was also evidenced upon exposure to AgNPs in
larval and adult tissues [46,60]. At the same time, phytoconstituents of turmeric, especially
curcumin, possess well-known anti-oxidative activity. Therefore, turmeric-derived AgNPs
might provide their positive effects during development by alleviating oxidative stress.

We observed a direct relationship between pigmentation loss in pupae and adults with
the concentration of chemically derived, aloe-vera-derived, and aloe–turmeric-derived
AgNPs ingested. However, ingestion of turmeric-derived AgNPs induced pigmentation
loss only at a very high dose (i.e., 250 mg/L). These results indicate a superior biological
response to the ingestion of turmeric-based AgNPs than that of the ingestion of chemically,
aloe- or aloe–turmeric-derived AgNPs.

We found that the ingestion of AgNPs incorporated food throughout aging led to a
decline in the climbing ability of flies, which was dependent on the type and concentration
of AgNPs and the age of the flies.

At an early age, only moderate doses of chemical AgNPs and aloe vera–turmeric
AgNPs lowered the climbing ability. Later, the deterioration in climbing ability became
evident with all the types and doses of AgNPs. Therefore, it can be inferred that the negative
effects of nanoparticle exposure on the motor deficit could be manifested progressively
with aging, and maybe because of in vivo processing of NPs and their accumulation over a
period that needs to be assessed in greater detail.

These results suggested a progressively aggravating system-wide toxicity, leading to
the death of most flies at high-dose exposures of AG-C and AG-BAT, and hence, highlighted
the extensive toxicity associated with these NPs.

However, in the present study, we showed that AgNPs tended to reduce the bio-
toxicity when synthesized from scratch with the turmeric extract as the precursor. The
effect of curcumin added along with the silver-nanoparticle-rich diet in Drosophila was
reported earlier [25].

To further understand whether turmeric alone is enough to lead to increased efficacy and
lower toxicity in the systems, a separate in vitro test was done by inoculating the HEK-293
culture with only the turmeric extract of the same concentration as the other nanoparticles.

It was observed that using the same concentration of only turmeric extract led to the
death of cells. Hence, we concluded that only when turmeric extract is used to synthesize
the AgNPs, incorporated with the AgNPs, or is used in dilution, does it lose its toxic
effect and helps with cell growth. This, too, is an important finding, as many ethnicities
traditionally use turmeric directly for wound healing. The mechanism is yet to be studied.
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This study also showed that not all biologically derived AgNPs are safe for biological
applications. Their effects depend on specific properties of the phytochemicals that can
influence their interaction with silver.

The mechanism of how the plant extracts impart unique properties to nanoparticles is
still not fully understood. Furthermore, the mechanism of how nanoparticles interact with
cells (in both animals and plants) is also not well understood. Moreover, the NPs that work
well for animal/mammalian cells might not do so for plants. Hence an extensive study is
needed in this field to have a universally good nanoparticle. We are working on finding
these answers in our next project.

5. Conclusions

Our studies showed that the use of plant extract during the synthesis process is a good
option for a low cost, environmentally friendly, and easy method of preparation of silver
nanoparticles. The incorporation of turmeric extract in the synthesis process slowed the
growth of NPS, whereas aloe vera enhanced it. The presence of aloe vera extract in the
synthesis led to the formation of various oxides of silver. From in vitro studies, we could
conclude that the AgNPs synthesized using turmeric extract showed faster and more sustained
cell growth as compared with other AgNPs. These NPs also showed no cytotoxicity.

Our studies also showed that though some plant extracts are known for their healing
properties (turmeric and aloe vera in our case), the presence of the nanoparticles can either
enhance (AG-BT) or undermine (AG-BA) their efficacy. Hence, the use of the right plant
extract is essential and there needs to be an extensive study to aid with choosing these extracts.

We also provided strong evidence of a healthy biological response observed upon
in vivo exposure to turmeric-derived AgNPs in a dose-dependent manner. Turmeric AgNPs
hence may be shown to be a safer alternative to the extensively used chemically synthesized
AgNPs. With further detailed toxicity analysis and standardization of synthesis, turmeric-
derived AgNPs can be commercialized.
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Abstract: In the current study, cornstarch (CS) and eggshell powder (ESP) were combined using a
casting technique to develop a biodegradable film that was further morphologically and physicochem-
ically characterized using standard methods. Scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) were used to characterize the morphology of the ESP/CS film, and the
surface of the film was found to have a smooth structure with no cracks, a spherical and porous
irregular shape, and visible phase separation, which explains their large surface area. In addition, the
energy dispersive X-ray (EDX) analysis indicated that the ESP particles were made of calcium car-
bonate and the ESP contained carbon in the graphite form. Fourier Transform Infrared Spectroscopy
indicated the presence of carbonated minerals in the ESP/CS film which shows that ESP/CS film
might serve as a promising adsorbent. Due to the inductive effect of the O–C–O bond on calcium
carbonate in the eggshell, it was discovered that the ESP/CS film significantly improves physical
properties, moisture content, swelling power, water solubility, and water absorption compared to
the control CS film. The enhancement of the physicochemical properties of the ESP/CS film was
principally due to the intra and intermolecular interactions between ESP and CS molecules. As a
result, this film can potentially be used as a synergistic adsorbent for various target analytes.

Keywords: biodegradable film; starch; calcium carbonate; eggshell; physicochemical

1. Introduction

Eggshell (ES) is a byproduct of poultry production and kitchen waste. Most country
to dispose of these waste products primarily in landfills without additional treatment,
which has serious environmental consequences [1]. Malaysia produces approximately
642,600 tons of eggs per year and is expected to generate 70,686 tons of ES waste per year [2].
This is due to the fact that eggs are a common ingredient in a variety of products, including
cakes, fast food, and everyday meals. However, statistics show that egg production in
Malaysia has increased dramatically to 773 thousand tonnes, with an expected annual
growth rate of 3.6% by 2020. In this case, ES waste can be used as a source of calcium
carbonate (CaCO3), which accounts for approximately 95% of a shell mass and 5% of organic
materials such as sulfated polysaccharides, collagen, and other proteins [3]. Furthermore,
CaCO3 has been used to remove manganese, cadmium, lead, zinc, nickel, and chromium [4];
additionally, CaCO3 is known for having good morphology and porosity and removing
more than 90% of metal ions when the pH, contact time, agitation speed, and adsorbent
dosage are optimized. Previously, Cree and Rutter [5], as well as Betancourt and Cree [6],
have conducted morphological studies to compare mineral limestone and eggshell powder
(ESP) under a scanning electron microscope at the same magnification. ESP revealed the
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presence of pores, while these were absent in the limestone. This implies that eggshells
have bigger pores than limestone, which allows them to serve as an adsorbent.

One of the greatest threats to human life is environmental pollution caused by synthetic
polymers, plastics, and non-degradable packaging materials entering the environment [7].
Thin film-based biopolymers, such as starch, have become increasingly important in the
manufacturing sector, particularly in the food industry. Biodegradable films are typically
composed of polypeptides, lipids, polysaccharides, or a combination of these materials.
The development of biodegradable films made from renewable natural resources has been
investigated as a good alternative to reduce the negative environmental impacts caused by
waste disposal as they can easily be decomposed by the environment [8,9]. Corn starch is a
natural biopolymer that has been widely employed in the development of environmentally
friendly packaging materials [10]. Moreover, corn is very rich in starch, which is one of
the foremost copious and biodegradable biopolymers and is commonly utilized within
the food, pharmaceutical, textile, biomass energy, and chemical industries [11]. However,
due to its continuous matrix formation capacity and high amylose content, starch has a
higher film-forming capability when compared with other polysaccharides [12,13]. Starch
has numerous benefits in the development of biodegradable films, including low cost,
renewability, appropriate physical, chemical, and functional properties, and a diverse
source base [14,15]. Furthermore, starch is a natural carbohydrate polymer derived from
plants, such as cereals, roots, and tubers. Several novel bio-based materials have been
investigated as a potential alternative to resolve environmental issues, including wheat [16],
corn [17], potato [18], cassava [19], sugar palm starch [20], and pea [21]. ESP/CS film was
employed as a potential polymeric adsorbent for the adsorption and removal of analytes.

The previous research indicates that ES has the potential to be a good sorbent due
to its high carbon and calcium concentrations, as well as its high porosity and good
accessibility of functional groups. Recently, Wang et al. [22] studied the application of
granular bentonite−eggshell composites (BEP) for the removal of heavy metal (Pb). BEP
had an elimination ratio of over 99.90% and an adsorption capacity of over 40 mg/g of
Pb, respectively. The Elovich kinetic model described the Pb adsorption process well
and suggested removal processes, including ion exchange, electrostatic adsorption, and
complexation, between BEP and Pb. Isa et al. [23] proposed the use of two natural agro-
wastes composed of eggshells and sugarcane bagasse as potential adsorbents in the removal
of Pb (II) and Cd (II) from aqueous solutions. The maximum concentrations of Pb and Cd
absorbed per gram of biosorbent were determined to be 277.8 and 13.62 mg/g for eggshells
and 31.45 and 19.49 mg/g for bagasse, respectively. Antecedently, Mostafavi et al. [24]
designed and fabricated nanocomposite-based polyurethane filters with excellent physical
and chemical adsorption capabilities for particular contaminants and the ability to alleviate
or minimize pollutants from wastewater. This filter could be a promising device for the
removal of heavy metals from water.

In this study, there is a focus on developing and characterizing the eggshell powder
for the development of biodegradable films containing cornstarch since it is abundant, cost-
effective, easily processed, and demonstrates strong potential as an adsorbent. The surface
morphology, functional groups, and hydrophobic characteristics of composite film were
studied. This research will serve to remediate and alleviate the side effects of contaminants
in various types of food and wastewater in the industrial sectors.

2. Materials and Methods

2.1. Materials

Raw and fresh eggshells were collected from a local restaurant in Sabah, Malaysia.
Cornstarch powder (purity 100%) and potassium bromide (KBr, purity ≥ 99%) were
purchased from Sigma Aldrich, St. Louis, MO, USA.
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2.2. Preparation of Eggshell Powder (ESP)

Fresh ES was collected and rinsed several times with standard tap water followed by
deionized water to eliminate contaminants and interfering materials on the surface of the
ES. Then, the washed ES was air dried for 30 min and dried for 5 h at 50 ◦C in a hot air
oven (Binder, 07-32195). The dried ES was then blended into fine particles using a blender
(Panasonic MX-337) and sieved through a 250 m sieve to obtain the finely powdered sample,
which was then stored in an airtight container [25,26].

2.3. Preparation of Biodegradable ESP/CS Films

ES solution was prepared by grinding 0.6 g of ESP and dispersing it in 30 mL of
distilled water. The mixtures were continuously stirred at room temperature for 2 h to
thoroughly wet the ESP particles before being filtered through Whatman filter paper.
Following that, 0.6 g of CS powder was dissolved in 10 mL of distilled water and ES
solution to produce control films of CS film solution and ESP/CS film solution, respectively.
The solutions were then stirred with a magnetic stirrer at 100 ◦C until gelatinized. Each
film-forming solution was poured into 90 mm internal diameter Petri dishes and allowed
to form films at room temperature for nearly 24 h.

2.4. Morphological Characterization

The surface morphology and elemental composition of ESP/CS and CS films were
analyzed using scanning electron microscopy (SEM, Carl Zeiss Ma 10), energy-dispersive X-
ray spectroscopy (EDX), and transmission electron microscopy (TEM, Tecnai G Spirit Biotwin).

2.5. Physical Characterization
2.5.1. Thickness (e) and Density (ρ)

A micrometer with a precision of ±0.001 mm was used to measure the thickness of
developed films. The film dimensions were determined by taking samples at five different
locations [27]. For the ρ determination, 6.25 cm2 (area) sample discs from each film were
used. The ρ film was then calculated as the ratio of weight (W) to volume (V), where V
equals area (A), by multiplying the e of each film as in Equation (1).

ρ =
w
v
=

w
A ∗ e

(1)

2.5.2. Moisture Content (MC), Water Solubility (WS), Water Absorption (WA) and Swelling
Power (SP) of Films

For MC, the films were cut into 2.5 cm × 2.5 cm pieces and weighed (Wi). Then, it was
dried at 105 ◦C for 24 h and weighed as Wf. The MC of the different films was calculated
using Equation (2) [28].

MC (%) =
Wi − Wf

Wi
× 100 (2)

For WS, the initial dry weight (Wi) of film was determined by drying it at 105 ◦C
for 24 h. Each sample was then immersed in 50 mL of H2O and kept at 25 ◦C for 24 h.
Subsequently, the films were dried in an oven at 105 ◦C for 24 h and weighed (Wf). The
data obtained was used to calculate the WS for each film using Equation (3).

WS (%) =
Wi − Wf

Wi
× 100 (3)

The WA of the films was determined according to Wu et al. [25]. The films (2.5 cm × 2.5 cm)
dried at 105 ◦C for 24 h, and the initial weight (Wi) was obtained. The films were then
immersed in H2O at room temperature for 60 min. The samples were taken out and weighed
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immediately after wiping off the H2O surface with filter papers (Wf). The percentages of
WA were calculated using Equation (4).

WA (%) =
Wf − Wi

Wi
× 100 (4)

The SP % of the developed films was determined according to the method described
by Herniou et al. [29]. Each of the film samples was initially cut into 2 cm diameter (øi)
discs and immersed in 20 mL of H2O. The containers were then sealed and maintained
at room temperature for 24 h. The disc diameters (øf) of the samples were recorded and
calculated using Equation (5).

SP (%) =
∅ f −∅i

∅i
× 100 (5)

2.6. Storage Stability

The storage stability of the films was determined in three different conditions by
measuring the weight loss (WL) over 28 days. Three containers consisting of five replicate
film samples were stored in the incubator (37 ◦C), cold room (4 ◦C), and room temperature.
The weights were recorded on day 0, 7, 14, 21, and 28. The WL was calculated using
Equation (6).

Weight Loss (WL) = Wi − Wf (6)

2.7. Fourier Transform Infrared (FTIR) Spectroscopy and X-ray Diffraction (XRD) Analysis

CS and ESP/CS films’ functional groups were measured using an FTIR spectrometer
(Perkin-Elmer Universal Attenuated Total Reflectance spectrometer). The film samples were
blended with potassium bromide (KBr) powder and pressed into a pellet. The crystalline
structure and particle size of the film samples were observed by X-ray diffraction (XRD)
analysis. The XRD patterns were recorded using a diffractometer (PANalytical-Empyrean
instrument; Co radiation: 1.54056 A◦) and analyzed between 0 and 90◦ (2 theta). The
voltage, current, and amount of time passed were 40 Kv, 40 mA, and 1 s.

2.8. Statistical Analysis

The results are expressed as the mean ± standard deviation (n = 5) to ensure the data’s
accuracy. The SPSS IBM Statistics 19 software was used to analyze the data. The experimental
data were analyzed using one-way ANOVA, with Tukey Post-Hoc test at a 95% confidence
interval with p < 0.05 to establish significant differences between the samples.

3. Results and Discussion

3.1. Morphology Characterization

Figure 1 shows the surface of the CS and ESP/CS films, as well as their composition,
which was determined by scanning electron microscopy (SEM). CaCO3 is the primary com-
ponent of ES and is composed of three polymorphs: vaterite, aragonite, and calcite. These
polymorphs are temperature-dependent, with different temperatures producing different
CaCO3 structures with different morphology [30]. Figure 1a,b shows the spheroidal-shaped
crystallites of vaterite, as well as the smallest crystallites, which are about 1–2 μm in
size [31]. The porous surface textures of the ESP/CS films support the adsorbent by increas-
ing the surface area and allowing the adsorption process to occur while also exhibiting
a non-adhesive appearance and agglomeration formation. Due to its high adsorption
capacity, raw ES’s porous external and internal layers made it an appealing bioadsorbent.
Furthermore, the external surface of the ES is primarily composed of CaCO3, whereas the
inner layer is made up of uncalcified fibrous membranes composed primarily of organic
compounds [32].

83



J. Funct. Biomater. 2022, 13, 67

 
                     (a)                                      (b)                 

 
                      (c)                                       (d)                      

 
                     (e)                                          (f)                     

Figure 1. Cont.
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Figure 1. The SEM images of biodegradable (a,b) ESP/CS and (c,d) CS film with different mag-
nifications (×30 μm, ×100 μm) and TEM images of (e–g) ESP/CS and (h,i) CS film with different
magnifications (×100 μm, ×200 μm, ×500 μm).

The surfaces of the ESP/CS films, as shown in Figure 1b, have a homogeneous and
smooth structure with no cracks, visible phase separation, and embedded ESP in the
starch matrix. According to Sun et al. [33], phase separation could destabilize the interface
adhesion between the nanofiller and the matrix, lowering the tensile strength of films
with increased nanoparticle content. As a result of the organic components in ESP, the
ESP particles are spread uniformly in the film matrix, resulting in improved adhesion
to the starch matrix [34]. The microstructure of the ESP reveals that the particle size
and shape varies; however, they are composed of porous irregularly-shaped particles.
According to King’Ori [35], the microstructure reveals relatively uniform distributions
of ESP particles in the matrix. The distribution of ESP particles is influenced by the ESP
particles’ excellent wettability by molten metal and good interfacial bonding between the
particles and matrix material. In the microstructures of the composites, the ESP was well
retained and distributed along the grain boundaries.
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The granular shape of CS was round and polygonal, as shown in Figure 1c,d, but the
surface became rough as many pores formed on the starch granules, resulting in a compact
structure [34]. Some of the pores even extend from the surface to the interior of the starch
granules, as shown in Figure 1d, and the starch granules have large interval cavities. Due to
these structural properties, a large specific surface area is possible. As a result, it is possible
to conclude that these macropores can improve the adsorption of adsorbates and can be
used as adsorbents in a variety of applications [36,37]. Furthermore, starch granules with
various sizes or apparent densities had inherent crystallinity variations, which influenced
the granule’s functional properties.

The EDX of the ESP particles demonstrates that the particles contain calcium (Ca),
oxygen (O), copper (Cu), gold (Au), nitrogen (N), and silica (Si), with a presence of carbon
(C) (61.83%) in the ESP particles. According to King’Ori [35], ES contains approximately
98.2% of calcium carbonate, 0.9% of magnesium, and 0.9% of phosphorus, which showed
that the ESP particles are made of CaCO3 and contain carbon in the graphite. These
analyses are comparable to other authors’ reinforcement analyses. The microstructure
of the unreinforced Au (16.42%) and Cu (1.87%) also contained in this sample led to the
preparation of a sample in which all specimens (external surfaces) were coated with a
thin layer of gold under a high vacuum. According to the EDX analysis of the composite
material, there is a possibility of a chemical reaction between aluminium (Al) melt and the
ESP particle, which resulted in the release of Si (0.57%), N (11.94%), O (19.77%), C, and Ca
(0.12%) [38].

Next, TEM was used to determine the characteristics of the various materials, including
the morphology, shape, and particle size of ESP/CS and CS. The TEM images in Figure 1e,f
show that the particles have irregular shapes, which explains their large surface area [39].
In addition, irregular shapes in ES have been observed, which may be due to the calcite
shape of the ESP [40]. According to Minakshi et al. [39], bright-field TEM imaging of the ES
revealed dense and angular calcite crystals with particle sizes ranging from 30 to 500 nm.
The bright field can be seen mostly in Figure 1f and in some parts of Figure 1e. The porous
and nanocrystalline nature can be seen in the high-resolution TEM image (Figure 1g).
This occurred because the nucleation and growth of CaO crystals from the CaCO3 parent
contributed to a roughened surface texture on the particles [39].

In contrast, high-resolution TEM measurements revealed that the CS particles were
small, had good uniformity, and an almost perfect spherical shape, with a diameter ranging
from 53.1 nm–83.1 nm (Figure 1h). The surface of the CS film without any ESP was
smooth. As shown in Figure 1h, the spherical particles and the particle size distribution
were relatively homogeneous and no agglomeration occurred. The particles of CS in
Figure 1i consist of both large and small irregular bodies entangled by thin filaments
which have no encapsulated structures, and more dispersion could be observed. However,
Ponsanti et al. [41] intensely observed that CS has more dispersion and a smaller particle
size than other starches, including cassava starch and sago starch.

3.2. Film Thickness and Density Measurement

After the addition of ESP, the thickness of the composite film changed. The thickness of
the CS film was 0.018 ± 0.021 mm, whereas the thickness of the ESP/CS film was increased
to 0.026 ± 0.018 mm due to the presence of CaCO3 particles in the ESP, which strengthened
the interfacial interaction between ESP and the CS film matrix, hence reducing matrix chain
mobility and increasing the macroscopic thickness of the ESP/CS composite film. At the
same time, incorporation of ESP significantly increased the density of ESP/CS film due to
the establishment of a continuous network facilitated by the incorporation of ESP, which
minimized the effect of water [34].

3.3. Moisture Content (MC)

The CS film had a higher MC value (48.533± 18.213) than the ESP/CS film (38.781 ± 16.139),
which was due to the greater number of available OH groups in the starch film. Further-
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more, this led to the outstanding ability of CS film to absorb moisture from the environment,
and this finding was compatible with the FTIR spectra analysis. The lower MC value of the
ESP/CS film was due to the cross-linking between ES (CaCO3) and CS, which reduced the
polarity and the interaction between hydrophilic groups and water [42]. The objective of
determining the film’s moisture content was to ascertain its superior removal capacity. The
moisture content of a film indicates the percentage of water capacity present. The lower
the moisture content, the greater the adsorption efficiency due to lesser water molecules
binding to the active sites of the film matrix and allowing target analytes to bind onto the
active sites [43]. Therefore, the ESP/CS film showed promise as an adsorbent due to its
lower moisture content.

3.4. Water Solubility (WS)

The ESP/CS film (39.022 ± 12.251) displayed a lower solubility than the CS film
(46.632 ± 9.109), as shown in Table 1. The intramolecular interaction and arrangement of
the ESP and CS granules can be attributed to these outcomes. CS in ESP solution can form
highly cross-linked systems, preventing water molecules from penetrating the ESP/CS
films and dissolving ESP fiber proteins and starch granules [13]. Consequently, the capacity
of the film to absorb water was reduced [44] due to the greater amount of ESP filler loaded
onto the film matrix [45]. The ESP/CS film showed a moderate decrease in WS during the
gelatinization process due to the interaction with ES molecules where the degradation of ES
and starch co-occurred, wherein the hydroxyl groups (-OH) of degraded starch interacted
with the functional groups of ES, resulting in the formation of a cross-linking network [13].
The reduced number of free -OH groups made the ESP/CS film less attractive to water
molecules, which also helped to slow down the release rate of free polymer chains from
collagen and starch to water, and eventually resulted in the lower solubility of ESP/CS
films compared to CS films [13,46].

Table 1. The physicochemical values of CS and ESP/CS film.

Parameters CS Film ESP/CS Film

Thickness 0.018 ± 0.021 a 0.026 ± 0.018 b

Density 0.535 ± 0.386 c 0.617 ± 0.210 d

MC (%) 48.533 ± 18.213 38.781 ± 16.139 e

WS (%) 46.632 ± 9.109 39.022 ± 12.251
WA (%) 87.072 ± 2.758 87.700 ± 3.374
SP (%) 8.000 ± 2.739 7.000 ± 2.739

Different lowercase letters in the same column indicate a statistically significant difference (p < 0.05).

3.5. Water Adsorption (WA)

The presence of free hydroxyl groups (–OH) in ESP/CS film can result in high sorption
of target analytes. Table 1 shows the WA value for ESP/CS and CS films. It showed
that both films absorbed water very well during the 60 min immersion process to reach
the saturation level. The addition of ESP into CS can increase the WA of ESP/CS film
(87.700 ± 3.374) compared to CS film (87.072 ± 2.758). These results indicated that a higher
content of filler and the presence of high levels of CaCO3 in the ESP, thus increasing the
WA of ESP/CS film. In addition, the high WA value in the ESP/CS film with higher ESP
loading was due to the increased number of voids between ESP and CS matrices [47].

3.6. Swelling Power (SP)

Based on Table 1, the SP value of the ESP/CS film was reduced compared to the CS
film with values of 7.000 ± 2.739 and 8.000 ± 2.739, respectively. A decreasing SP value of
the ESP/CS film indicated better resistance to swelling, probably due to the presence of
more vital associative forces maintaining the granule structure [48]. However, the rise in
the SP of the CS films is attributed to the hydrogen bond in water molecules to the exposed
hydroxyl groups of amylose and amylopectin.
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3.7. Storage Stability

The storage stability test applied to the films aimed to provide evidence on how the
quality of the films varies with time under the influence of environmental factors, including
temperature, humidity, and light. The storage stability for both films was analyzed for
28 days at three different places with different temperatures, as shown in Figure 2. The
storage time and temperature affected water activity. From the obtained result, the trends
for both biodegradable films started to decrease after day 7, which was attributed to the
decreasing water-holding capacity of the films and the moisture loss [49].

Figure 2. The storage stability of films for day 0, 7, 14, 21, and 28.

Based on Figure 2, the storage stability for ESP/CS film kept at room temperature
(25 ◦C) and in an incubator (37 ◦C) was higher relative to those kept in a cool room (4 ◦C).
Previously, Jiang et al. [34] reported that composite films consisting of CS and ESP have
excellent thermal stability due to the presence of ESP which affects the matrix’s heat
conductivity and prevents the starch films from degrading thermally. Moreover, it was
reported that CS and ESP show good compatibility. For example, ESP was tightly dispersed
in the matrix, resulting in increased thermal stability and an extended degradation rate
of the composite [50]. However, the storage stability of the ESP/CS film was lower in
refrigerated conditions due to the slower active reaction of the composite film [51]. Also,
the ESP/CS film provided a significantly higher quality of film at room temperature when
compared with other conditions; the ESP/CS film was 0.9370 g, while the CS film was
0.9011 g after 28 days. This scenario happened because ESP/CS film had a lower peroxide
value and a higher induction period than CS film, indicating greater stability [52]. The
peroxide values increased faster at room temperature than at lower temperatures (cool
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room) during the storage time, and the highest storage stability for the ESP/CS film stored
at room temperature was exposure to daylight. Thus, higher peroxide values and a longer
induction period reduced the decomposition of the ESP/CS film and provided greater
storage stability.

3.8. Fourier Transform Infrared (FTIR) and X-ray Diffraction (XRD) Analysis

The results of the stretching and bending vibrations of the functional groups in the
ESP/CS, which is responsible for the adsorption of the adsorbate molecules, are shown
in Figure 3. Figure 3a shows the IR spectral analysis for ESP/CS with a distinct peak at
654.34 cm−1, 712.13 cm−1, 872.42 cm−1, and 1400.03 cm−1. An intense peak and a strong
absorption band of the ES particle was observed at 1400.03 cm−1, which can be strongly
associated with the presence of carbonate minerals within the ES matrix [53]. There are
also two observable sharp bands at 712.13 and 872.42 cm−1, which were associated with
the asymmetric stretching of the C-H band assigned and the in-plane deformation and
out-plane deformation, indicating the existence of CaCO3 [53]. Equally significant, the
prominent absorption peaks of carbonates at 1400.03 cm−1 support Onwubu et al.’s [1]
findings. They claimed that carbonate-based materials commonly detected the broad
stretching frequency of the C=O bond in carbonate ions.

Figure 3. FTIR spectra of (a) ESP and (b) CS films.

Figure 3b shows the characteristic peaks of CS at 3269.84 cm−1 (O–H stretching),
2930.55 cm−1 (CH2 group), 1636.78 cm−1 (CH–O–H group), and 1075.65 cm−1 (C–O stretch-
ing) [53]. The absorption band occurred in CS at approximately 652.48 cm−1, reflecting
the typical stretching vibrations of C-C skeletons. The peak and strong absorption band at
3269.84 cm−1 were attributed to the presence of functional groups containing O-H and N-H
stretching of starch and carboxylic acid (-COOH) groups at 1636.78 cm−1 and 1075.65 cm−1

wavelengths, respectively, which has a significant effect on the process of adsorption and
the efficiency of adsorbing target analytes via ion exchange [54,55]. Moreover, a strong
band observed at 1636.78 cm−1 was attributed to the water adsorbed in the amorphous
amylose region of starch [56]. These results indicated an increase in the number of hydrogen
bonds between the starch molecules and the ESP particles, which led to the vibrational
frequency of the pyranoid ring skeleton decreasing and the absorption bands shifting to a
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lower wavenumber. It showed that the addition of ESP promoted the formation of hydro-
gen bonds and reduced the number of active sites for water adsorption, which decreased
the free space in the film network and strengthened the compact structure of composite
films [57]. Thus, the water and oxygen resistance abilities of the ESP/CS films improved.

The crystalline structure of starch granules consists of the ordered crystalline region
and the disordered amorphous region. X-ray diffraction (XRD) patterns were used to
evaluate the amorphous crystalline structure characterized by sharp peaks related to
crystalline diffraction and an amorphous zone [58]. The wide-angle XRD patterns of the
ESP/CS and CS films with the presence and absence of the particles in between 10◦(2θ)
and 50◦(2θ) are shown in Figure 4. A new strong characteristic reflection appearing at
2θ = 29.4◦ can be seen from the XRD patterns of the ESP/CS films, which led to the
semi-crystalline structure of the composite films. In addition, the greater intensity of the
diffraction peaks at 2θ = 29.4◦ may be related to the amount of ESP, attributable to the calcite
crystal and agglomerates of ESP. Also, the peak broadening is caused by small crystal size.
This indicated that the ESP was uniformly dispersed in the CS matrix and built a strong
interaction with CS [34]. However, the XRD pattern shown in Figure 4 was similar to the
commercial calcium carbonate pattern exhibited by previous research by Ji et al. [59], where
it showed that the main component of eggshell powder was 95% CaCO3. The peak of the
ESP/CS film at 8.5◦ disappeared in the nanocomposite films, which led to the excellent
compatibility between the CS and CaCO3 particles. As expected, they modified the peak
intensity of the films, where the ESP/CS film produced slightly higher peak intensities than
the CS film, resulting in the greater strength of CS films.

Figure 4. The wide-angle XRD patterns of the CS and ESP/CS films.

4. Conclusions

In this research, the ESP/CS film was prepared by a solution-casting method. The ESP
particles were uniformly dispersed and embedded in the film matrix according to SEM
analysis. In addition, SEM analysis of ESP/CS films showed a homogeneous and smooth
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structure with no cracks and visible phase separation. The image from TEM revealed
irregular shapes of particles, which explains their larger surface area. The integration of
ESP enhanced the thickness, density, water absorption, and swelling power in the film
when compared to CS film. Moisture content, water solubility, and swelling power of ESP
is lower than CS. The storage stability of ESP is higher in room temperature and in an
incubator. Furthermore, FTIR analysis revealed that the addition of ESP aided the formation
of hydrogen bonds and strengthened the compact structure of composite films, as well as
the potential to produce a strong absorption band, which can be strongly associated with
the presence of carbonate minerals. XRD analysis showed the semi-crystalline structure of
the composite film and that the peak intensity of the ESP/CS film is higher than the CS
film, which proves that ESP built strong interactions with CS. Finally, as a biofiller, ESP can
improve the mechanical strength, hardness, and barrier properties of films without using
cross-linking agents. This ESP/CS film is suitable to be used for the adsorption of target
analytes, such as contaminants that are present in food products.

Author Contributions: J.M.V. and R.A.A. drafted the manuscript and collected the data. K.R. devel-
oped the framework, finalized, and supervised the research. J.M.V., R.A.A., N.H., K.H.E., M.N.N.,
W.X.L.F. and N.F.A.H. conceived the study and participated in its design and coordination. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Universiti Malaysia Sabah, grant number PHD0024-2019.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors would like to thank all the researchers involved in this project.

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

Nomenclature

% Percent
◦C Degrees Celsius
◦ Degree
ø Theta
μm Micrometer
e Thickness
ρ Density
cm Centimeter
g Gram
mA Milliampere
m Meter
mm Millimeter
nm Nanometer
Kv Kilovolt
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Abbreviations

ANOVA Analysis of variance
BEP Bentonite−eggshell composites
EDX Energy dispersive X-ray
ES Eggshell
ESP Eggshell powder
FTIR Fourier Transform Infrared spectroscopy
MC Moisture content
SEM Scanning electron microscopy
SP Swelling power
TEM Transmission electron microscopy
WA Water adsorption
WS Water solubility
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Abstract: Over the last two decades, bio-polymer fibers have attracted attention for their uses in
gene therapy, tissue engineering, wound-healing, and controlled drug delivery. The most commonly
used bio-polymers are bio-sourced synthetic polymers such as poly (glycolic acid), poly (lactic
acid), poly (e-caprolactone), copolymers of polyglycolide and poly (3-hydroxybutyrate), and natural
polymers such as chitosan, soy protein, and alginate. Among all of the bio-polymer fibers, alginate
is endowed with its ease of sol–gel transformation, remarkable ion exchange properties, and acid
stability. Blending alginate fibers with a wide range of other materials has certainly opened many new
opportunities for applications. This paper presents an overview on the modification of alginate fibers
with nano-particles, adhesive peptides, and natural or synthetic polymers, in order to enhance their
properties. The application of alginate fibers in several areas such as cosmetics, sensors, drug delivery,
tissue engineering, and water treatment are investigated. The first section is a brief theoretical
background regarding the definition, the source, and the structure of alginate. The second part deals
with the physico-chemical, structural, and biological properties of alginate bio-polymers. The third
part presents the spinning techniques and the effects of the process and solution parameters on the
thermo-mechanical and physico-chemical properties of alginate fibers. Then, the fourth part presents
the additives used as fillers in order to improve the properties of alginate fibers. Finally, the last
section covers the practical applications of alginate composite fibers.

Keywords: alginate; fiber; thermo-mechanical; physico-chemical; wound-healing

1. Introduction

There is a great variety of bio-polymers, including the family of polysaccharides
such as sodium alginate, which are produced from marine products. These bio-polymers
constitute an interesting alternative for replacing polymers derived from petrochemicals,
as they have important physico-chemical and biological properties [1,2]. Alginate bio-
polymers can form a reticulated structure when they link with chloride ions, Na+, or
calcium ions, Ca2+ [3]. These properties make these bio-polymers very useful materials in
various fields, including water treatment, packaging, textiles, agriculture, pharmaceuticals,
electronics, and the biomedical field [4,5].

This bio-polymer has been exploited in several forms. Among these forms, fibers, nano-
fibers, micro-spheres, micro-particles, and nano-particles have been studied. Many authors
have spun alginate fibers using a variety of methods: electro-spinning, the microfluidic
system, and the traditional wet-spinning technique [6]. Wet-spinning is a technique that
can be easily scaled up and is commonly used in high-performance fiber industries to
create materials such as aramid fibers. This spinning technique is a higher throughput,
more viable and cost-effective technique than the electro-spinning method [7].
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However, there are limitations for the use of calcium alginate fibers. Indeed, alginate
fibers have a low mechanical strength and poor thermal stability [8]. Additionally, the con-
tact of alginate with the physiological environment makes this bio-polymer inappropriate
for uses related to load-bearing body parts [9]. The incorporation of adhesive peptide and
natural or synthetic polymers into alginate fibers gives them their desired properties and
allows them to be used in innovative processes. Indeed, alginate fiber composites have
shown a strong development potential, particularly in biological, medical, electronics, and
food packaging applications [10].

In the present review, the structure and specific properties of alginate are described,
followed by the discussion of the different strategies of alginate spinning and the impact of
the process and solution parameters on the properties of these fibers. A comprehensive
study of literature works on the incorporation of a wide range of materials into alginate
fibers is carried out. Additionally, the exploitation and exploration of bio-composite fibers
of alginate in several applications are discussed. This review can be used as a reference for
researchers and industrials in their potential works.

2. Definition, Source, and Structure of Alginate

Alginate is a relatively abundant natural polysaccharide, since it is the structural
component of brown algae. It is mainly generated from Laminaria hyperborea, Laminaria
digitata, Laminaria japonica, Ascophyllum, and Macrocystis pyrifera [11].

Nowadays, this polysaccharide is used in many sectors, thinks to its unique colloidal
properties, which means that it can be used as a thickener, stabilizer, film-forming agent,
gelling agent, etc. [12].

The extraction of alginate from algae is based on the water solubility of this polymer.
Alginic acid is insoluble in water, whereas sodium Na+ or potassium K+ salts are soluble.
It is therefore necessary to convert all alginate salts (calcium and potassium) into sodium
alginate salts using sodium carbonate. The main steps of the alginate extraction process
are [13,14]:

� Pre-treatment: the algae are washed several times with water and then rinsed with
distilled water in order to remove any impurities. The algae are then dried and
finely crushed.

� Purification: the seaweed powder is treated with a dilute solution of acid, capable of
dissolving sugars. This causes the formation of alginic acid.

� Extraction: the alginic acid is redissolved in a slightly basic solution of sodium
carbonate NaHCO3 (concentration 1.5%) at temperatures over a range of 50–90 ◦C for
1–2 h. This converts the alginic acid into sodium alginate.

� Recovery: The sodium alginate, which is not soluble in a mixture of alcohol and
water, can be separated from the system. Indeed, the sodium alginate solution is then
filtered and an addition of ethanol allows for the precipitation of the alginate. The
process ends with a drying and grinding step to obtain a powder with the appropriate
particle size.

Alginates have specific characteristics that differ from other natural polymers [15].
They are mainly composed of two uronic acid residues: β-D-mannuronic acid (M block) and
α-L-guluronic acid (G block). These two acid units are linked by β-1,4 glycosidic bonds [16]
according to a sequence of three types of blocks. The latter can be homo-polymer blocks
(-M-M-M- or -G-G-G-) or co-polymer blocks (-M-G-M-) (Figure 1).

It is important to note that the distribution (poly-dispersity) and the length of the blocks
depend on the species and the part of the algae from which the alginic acid is extracted.

Alginate is characterized by several properties such as low cost, non-toxicity, bio-
compatibility, bio-degradability, liquid absorption capacity, non-immunogenicity, abun-
dance of availability in nature, and ease of chemical derivatization. These properties make
alginate one of the most commonly used bio-polymers over a wide application area, such
as a thickener in many food products, pharmaceutical formulations, tissue engineering, cell
culture, and textile printing agents [17].
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Figure 1. Alginate structure.

3. Properties of Alginate

3.1. Physico-Chemical Behaviors of Alginates

Pure alginic acid is insoluble in water. Its solubility or not in water depends on the
type of salts associated with it. The sodium, ammonium, and potassium salts dissolve
perfectly in aqueous solution, giving highly viscous solutions. In contrast, the magnesium
and calcium salts are insoluble.

Sodium alginate is soluble in water at low ionic strength values. The solubilization of
the polyanion becomes slower with an increase in the salinity of the medium.

The pH of the solution and the ionic strength of the solvent play an important role in
the solubility of the alginate. Indeed, phase separation or even the formation of a hydrogel
may occur when the pH of the solution is below the pKa of guluronic acid (pKa = 3.65) and
mannuronic acid (pKa = 3.38) [18]. The rate of dissolution of the alginate decreases with an
increase in the ionic strength [19].

Sodium alginate can have a stability of several months, and can be stored in a dry and
cool place away from sunlight. At low temperatures, sodium alginate can be stored for
several years without a significant reduction in its molecular weight. On the other hand, dry
alginic acid has a very limited stability at ordinary temperatures due to its intramolecular
degradation [20].

In the face of their multiple uses, it is important to be aware of the factors that
determine and limit the stability of aqueous alginate solutions, and the chemical reactions
responsible for their degradation.

The relative viscosity of an alginate solution can be severely reduced over a short
period of time under conditions favoring degradation.

Alginates are increasingly being used because of their ability to form gels, and
more precisely, hydrogels. There are two types of hydrogels: chemical hydrogels and
physical hydrogels.

The nodes of the network are covalent bonds, in the case of chemical hydrogels. This
type of hydrogel is irreversible, due to the irreversible nature of the covalent bond [21].
Physical hydrogels are formed by chains entanglements, hydrogen bonds, ionic bonds,
and van der Waals interactions. These physical interactions have low energy, allowing the
reversibility of the hydrogels [22].

Alginates have the ability to form a physical hydrogel through inter-chain interac-
tions [23]. This interaction is described by the egg-box model, in which each divalent ion
can interact with two adjacent units, G, or those belonging to two opposite chains [24].

The salt of the divalent cation that is generally used for alginate gelling is calcium
chloride, because of its good solubility in aqueous medium, and the high availability of
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the calcium ions. The latter are retained in a kind of cage cavity, and interact with the
carboxylate functions and oxygen atoms of the hydroxyl functions (Figure 2) [25,26].

Figure 2. The stereo-chemical structure of the GG block [25].

The properties of alginate gel formation are influenced by the molecular weight,
divalent ions, and chemical structure.

Me2+ = Ca2+, Zn2+, Cu2+

3.2. Biological Properties of Alginate

A biocompatible material is one that is capable of not degrading the biological envi-
ronment in which it is used [27]. The alginate composition has a very important role on its
biocompatibility properties. In fact, alginates with a high M content have been reported to
be immunogenic and more potent in inducing cytokine production compared to alginates
with a high G content.

The immunogenic response during an alginate injection or at the implantation site
could be attributed to the various impurities remaining in the alginate during its extraction.
Nevertheless, the studies of Orive et al. [28], and Jangwook and Kuen Yong Lee [29] have
shown that the purification of alginate did not induce an immunogenic response in animals.

Moreover, this natural substance has the advantage of having a hemostasis prop-
erty. The exchange between sodium Na+ ions present in the wound exudate and calcium
Ca2+ ions will form a non-adherent hydrophilic gel that fills the wound and creates a
microclimate favorable for healing [30].

Additionally, calcium alginate has healing properties. It has been described that algi-
nate fibers are able to form a gel, which allows for the creation of a moist microenvironment
favorable to the scarring process. Therefore, it has a high absorption capacity, superior to
those of hydro-colloids and hydro-cellulars [31,32]. It has been shown that alginates rich in
mannuronic units have positive impacts on cicatrization, while other authors believe that
this activity also depends on the level of purification of the alginate [33,34].

The high water absorption capacity of alginate confirms its use at all wound-healing
stages for highly exudative wounds [35].

The intra-fiber absorption of alginate allows for the textile support used for wound-
healing, to limit the risk of wound infection. Indeed, the swelling of the fibers via the
absorption of fluids facilitates the solubilization of the alginate, which makes it possible to
immobilize the bacteria present on the textile.

The absorption of wound fluids by the calcium alginate compress allows for the
formation of a highly viscous solution via ion exchange between the calcium of the alginate
and the sodium present in the blood [36]. This moist microenvironment promotes healing.

98



J. Funct. Biomater. 2022, 13, 117

4. Production of Alginate Fibers

4.1. Process

Fibers of alginate have attracted extensive interest because of their ease of handling,
high surface area, and its ability to retain mechanical integrity [37].

The melt spinning process is not adopted for alginates. In fact, the latter are char-
acterized by several hydrogen bonds, responsible for a glass transition and a melting
temperature above their thermal decomposition temperature. Alginate fibers and algi-
nate composite fibers are elaborated using several techniques: the wet-spinning method,
electro-spinning, and the micro-fluidic system.

4.1.1. Fibers Formation via Wet-Spinning

The most commonly used spinning technique for alginates is wet-spinning (Figure 3) [38].

Figure 3. Schematization of the wet-spinning process for preparing alginate fibers.

The alginate powder can be dissolved in distilled water. After degassing, the sodium
alginate solution can be extruded through a die immersed into a coagulation bath containing
calcium chloride (CaCl2) solution, to cross-link the alginate.

An interaction is performed between the Ca2+ cations and the negatively charged
molecule of alginate, promoting the solidification of alginate networks (Figure 4) [39].

Figure 4. Gellification of sodium alginate solution.

After an appropriate immersion time, the calcium alginate filaments can be washed in
a bath of demineralized water. These obtained filaments can then be stretched and dried at
a temperature of 80 ◦C [40].

4.1.2. Fibers Formation via Electro-Spinning

Electro-spinning is a highly versatile spinning process from a technical point of view.
Figure 5 represents the principle diagram of the electrostatic alginate spinning device. This
device usually consists of a high-voltage supply system, a syringe with a metal needle, a
syringe pump, and a target or collector system [41].
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Figure 5. Illustration of the electro-spinning process for preparing alginate fibers.

Compared to the wet-spinning method, electro-spinning allows for the elaboration of
ultrathin alginate fibers by placing a bio-polymer in between the charged electrode. When
a strong electric field is applied, generally in the order of kilovolts (kV), the molten polymer
is ejected towards the collector electrode. This allows for the formation of a fibrous mat
consisting of individual fibers with nanometer- to micrometer-size diameters [42].

The electro-spinning technique of alginate has a large application in the biomedical
domain because it can provide a larger specific surface area than the traditional wet-
spinning technique [43].

However, it is difficult to manufacture continuous and uniform electro-spun fibers
from neat alginate solutions using the method of electro-spinning, due to the rigid structure
of the alginate and the lack of molecular entanglement.

4.1.3. Fibers Formation via the Microfluidic System

The microfluidic system gives precise control of the morphology and the dimensional
characteristics of the elaborated fiber. This is attributed to the formation of a stable laminar
flow during injection into the microchannel [44].

The pioneering work has produced alginate micro-fibers via the microfluidic system.
They have based their work on the coaxial flow, whereby the sheath flow (CaCl2) and the
specimen flow (sodium alginate) meet at the intersection and leave the outlet in the form of
continuous alginate micro-fibers [45]. This idea has been refined to make hollow alginate
fibers by introducing a core fluid into the inner layer, resulting in the formation of a coaxial
flow with three-layers: the sheath fluid, the specimen, and the core [46].

Compared to the wet-spinning and the electro-spinning methods, the microfluidic
systems offer smoother and controllable micro-fiber manufacturing, making it possible to
encapsulate cells within these fibers.

Figure 6 illustrates the concept of coaxial flow in the generation of continuous alginate
micro-fibers [47,48].

4.2. Preparation of the Solutions

Alginate fibers are produced from alginate solution, extruded through a die immersed
in a coagulation bath. Coagulation produces a physical hydrogel of alginate whose shape
is determined by the extrusion die. The gel thus formed then undergoes various steps
(drawing, drying, etc.) to form fibers.
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Figure 6. Microfluidic concept for (a) continuous alginate micro-fibers and (b) continuous alginate
hollow micro-fibers.

Generally, alginate fibers are spun from an aqueous solution with a concentration
between 4 and 10 wt% into a spinning bath. The content of the bath depends on the nature
of these fibers to be spun. The coagulation bath usually contains calcium chloride, in
the case of the preparation of fibers from calcium alginate. It is possible to use an acidic
aqueous medium with calcium chloride and additives as a coagulation bath to improve the
spinning process [49].

When spinning alginate acid fibers, the coagulation bath contains sodium sulfate and
sulfuric acid. A 1–6 wt% sodium alginate solution can be extruded into a coagulation
bath containing 0.2 M hydrochloric acid, depending on the desired viscosity [50]. After an
appropriate immersion time, these alginate fibers are removed from the bath and washed
in a water bath for approximately 20 s.

Calcium chloride (CaCl2) is the most commonly used reagent that allows for the ionic
cross-linking of sodium alginate. The ionic gelation induced by calcium chloride is poorly
controlled, irreversible, and rapid [51].

The coagulation bath may also contain a combination of salts: (copper, magnesium,
and zinc salts) [52]. In the work of Qianqian Wang et al. [53], zinc (Zn2+), barium (Ba2+),
copper (Cu2+), and aluminum (Al3+) ions were mixed with calcium (Ca2+) ions in the
coagulation bath to improve the mechanical behaviors of these alginate fibers. A spinning
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solution was prepared by mixing 4 g of sodium alginate in 94 mL of distilled water. This
solution was immersed in the coagulation bath, which contains the complex metal ions,
calcium–zinc, calcium–aluminum, calcium–copper, and calcium–barium.

4.3. Effects of Process Parameters on Thermo-Mechanical and Physico-Chemical Properties

The structure of the fiber is highly dependent on the spinning conditions. In the
case of wet-spinning, the low polymer concentration results in fibers that contain a large
amount of solvent. The cross-sections and the structures of these fibers are influenced by
the dehydration mechanism. In the work of B Niekraszewicz et al. [54], alginate fibers were
fabricated using the wet-spinning technique. Morphological characterizations show that
these elaborated fibers have porous structures and irregular cross-sections.

In their works, Su-Jung Shin et al. [55] elaborate continuous calcium alginate fibers
with microfluidic devices. These authors investigated the variation of calcium alginate fiber
diameters as a function of the sheath and sample flow rate. They showed that the fiber
diameters increased almost linearly with increasing sample flow rates. The diameters of
these elaborated fibers was regulated by changes in the sheath and sample flow rate.

Teresa Cuadros et al. [56] studied the impact of the residence time on the mechanical
properties of alginate fibers. The concentrations of alginate and CaCl2 were fixed to 2 wt%
and 0.5 wt%, respectively. They indicated that these elaborated fibers rapidly reach gelation
(or equilibrium) with the surrounding solution.

The extrusion speed also has an impact on the properties of alginate fibers [57]. The
cross-head speeds inferior to 10 mm.m−1 allows for an erratic alginate stream. In addition,
there are several bumps and kinks along the gel of the alginate fibers. These resulting
fibers always break at these bumps and kinks. For speeds greater than 20 mm.m−1, rapidly
entangled coils are produced. Consequently, these authors used 15 mm.m−1 as the cross-
head speed.

Magdalena Brzezińska et al. [58] studied the effect of the draw on the tenacity of
alginate fibers. These authors showed that from a concentration of 12 wt%, alginate fibers
resulted in a slightly higher tenacity (Table 1). It has also been shown that a drawing ratio
of 100% gives a higher tenacity of around 15.54 cN·tex−1. These results can be explained by
the greater orientation of the alginate macromolecules in the coagulation bath.

Table 1. Conditions of fiber formation and alginate fiber properties.

Samples
Polymer

Content (wt%)
Drawing

Ration (%)
Total Drawing

Ratio (%)
Tenacity

(cN·tex−1)
Elongation

at Break (%)

S1 12 50 70 14.66 5.37

S2 12 100 70 15.54 4.89

S3 13 50 74 14.39 4.2

S4 13 100 70 14.59 5.36

In another work, Lin H.Y. et al. [59] studied the impact of needle diameter and air
pressure on the properties of the alginate fiber scaffold. They reported that from a pressure
of 6 bar, the alginate solution was rapidly injected into the solution of the calcium. When the
pressure has been decreased to 3 bar, the alginate solution flowed slowly into the calcium
solution, allowing the formation of larger fibers. A slow injection speed allowed more time
for the calcium ions to cross-link these alginate fibers.

In addition, it was shown that a larger alginate fiber was discovered when the diameter
of the needle was augmented from 150 μm to 200 μm. A needle diameter of larger than
200 μm allowed the solution of alginate to seep out under the effect of gravity.

A higher water vapor transmission rate by alginate fibers was observed when increas-
ing the air pressure and decreasing the needle size. These observations can be attributed to
the enhanced adhesion between the contacting fibers, which generate a compact structure.
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4.4. Effects of Solution Parameters on Thermo-Mechanical and Physico-Chemical Properties

Teresa Cuadros et al. [60] studied the effect of CaCl2 and sodium alginate concentra-
tions on calcium alginate fiber properties. It was shown that when the concentration of
CaCl2 was varied, the fiber diameters showed an oscillatory behavior. The amplitude of
the diameter fluctuation was approximately 150 μm.

They showed that increasing the concentration of CaCl2 increased the tensile stress.
In fact, a CaCl2 concentration of approximately 1.4 wt% allows for maximum fiber tensile
stress. This effect can be justified by the fact that when the calcium ion concentration
increased to a saturation point, the egg-box type sites were filled. A higher concentration
of CaCl2 allows for a reduction in tensile stress, which is attributed to a partial collapse of
the network. These results are in contradiction with the results of J. Zhang et al. [61], who
showed that for higher concentrations of CaCl2, the tensile stress increased.

The pH of the solution also plays a role in the solubilization of alginates. A hydrogel
can be formed when the pH of the alginate-containing solution is lower than the pKa of
mannuronic acid (pKa = 3.38) and guluronic acid (pKa = 3.65). Each alginate has its own
apparent pKa that depends on the distribution of G and M blocks on the chain, the alginate
concentration, and the ionic strength of the aqueous solution [62].

A change in ionic strength in the solution can have a significant effect on the conformation
of the polymer chain, and thus, on the viscosity of the solution. Furthermore, when the ionic
strength increases, the solubilization rate of the alginate decreases. Thus, it is preferable to
first solubilize the alginate in pure water before adding an ionic species under agitation [63].

It has been shown that the formation of hydrogels is due to the cross-linking of the
carboxylate groups of the G residues with divalent cations. For this reason, a stiffer hydrogel
can be formed by alginate fibers with high G, while a softer elastic hydrogel can be formed
by fibers with high M [64].

In the presence of fluids, the alginate fibers with a high G content swell only slightly.
Additionally, the structures of these fibers are not radically altered during processing.
Calcium ions, Ca2+, are easily exchanged for sodium ions, Na+, when alginate fibers have a
high M content. This allows these fibers to swell and become an elastic gel.

Yimin Qin et al. [65,66] have studied the properties of swelling of alginate fibers.
The introduction of sodium ions into alginate fibers with high G content can regulate the
swelling properties. The water absorption of calcium alginate fibers is lower than that of
calcium–sodium alginate fibers. This is attributed to the ability of the sodium ions in these
fibers to bind water.

Alginate fibers with a high G content and sodium–calcium alginate fibers are charac-
terized by a lower salt solution absorption compared to fibers formed by calcium alginate
with a high M content. These results can be attributed to the excellent gelling ability of
fibers with high M loading [65].

Struszczyk H. [67] used a pilot-scale spinning apparatus to elaborate the alginate fibers.
These fibers were obtained by immersing a sodium alginate solution in an acid coagulation
bath. The impact of calcium ion concentration on the properties of the elaborated fibers was
investigated (Table 2). Fibers with a moisture content of 16–26%, an elongation of 13–21%,
and a tenacity of 16–23 cN·tex−1 were obtained when the substitution of the calcium ion
was superior to 30%.

Table 2. Impact of calcium ion concentration on alginate fiber properties.

Calcium Ion Concentration
(wt%)

Substitution Degree (%) Water Retention Value (%)

3.2 31 561

10.2 99 97

Rhoda Au Yeung et al. [68] elaborated calcium alginate fibers using two types of
sodium alginate: alginate with a high G content and alginate with a high M content.
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Their results showed that the calcium content of alginate fibers with a high G content was
2.79μmoles·mg−1, whereas alginate fibers with a high M content had only 2.58μmoles·mg−1.
This can be explained by the lower binding capacity of M residues compared to G residues.

According to mechanical tests, these authors indicated that there was no significant
difference of the Young’s modulus between alginate with a high G content and alginate
with a high M content. Indeed, the Young’s modulus value for alginate fibers with a high
M content was approximately 5.63 GPa, and it was only 4.99 GPa for alginate fibers with a
high G content.

It appears that the yield strength of alginate fibers with a high M content is approxi-
mately 15% higher, compared to alginate fibers with a high G content. This indicates that
these fibers are resistant to irreversible deformation.

5. Alginate and Bio-Composites

Substances were mixed with alginate to improve the properties of alginate fibers.
Alginate bio-composites are made by adding inorganic compounds such as hydroxyapatite
(HA) and tetraethylorthosilicate (TEOS), synthetic polymers such as polypyrrole and
polylactide, and natural polymers such as gelatin, chitosan, and collagen [69,70]. The
mixing of other types of materials, such as bio-glass, ceramics, and inorganic materials
based on carbon, and inorganic nano-particles, has also been studied [71,72].

5.1. Alginate–Polymer Blends
5.1.1. Synthetic or Artificial Polymers

Weidong Zhou et al. [73] used polyethylene glycol diacrylate (PEGDA) as a filler in
order to improve the fluidity of sodium alginate (SA). Their rheological results showed
that the loss modulus G” and storage modulus G’ decreased with increasing PEGDA
concentration. The decrease in G’ can be explained by the decrease in the degree of
interaction between the SA molecular chains caused by the increase in molecular spacing.
The decrease in G” can be attributed to the reduction in internal friction between the
intermolecular force and SA molecules caused by PEGDA.

In another work, Wei-Wen Hu et al. [74] used electric field treatment to enhance
gene transfection into alginate fibers reinforced by poly (caprolactone). It was found that
the treatment enhanced the fluorescence intensity and the number of transfected cells,
compared with the untreated group. These improvements were greater when the voltage
values were smaller, to 1.5 V.

In order to facilitate the spinnability of an alginate bio-polymer, Xu, W. et al. [75] were
used polylactic acid. These authors dissolved polylactic acid in chloroform and alginate in
distilled water. Then, these two solutions were blended together to obtain emulsions. It
was found that the tensile strength of the resulting fibers increased from 0.25 to 3.13 MPa.

Jie Liu et al. [76] developed sodium alginate fibers reinforced by cellulose nano-
crystals, in order to enhance the mechanical behaviors of sodium alginate fibers. From
the mechanical strength tests, these authors concluded that the mechanical properties
of sodium alginate fibers were improved by the incorporation of cellulose nano-crystals.
Indeed, the incorporation of cellulose nano-crystals increased the elongation at break and
the tensile strength from 8.29% to 15.05% and from 1.54 to 2.05 cN·dtex−1, respectively.
These observations can be attributed to the uniform distribution of the cellulose nano-
crystals in the polymer matrix.

To ameliorate the flame-retardancy of alginate fibers, Xian-Sheng Zhang et al. [77]
incorporated flame retardant viscose (FRV) into alginate fibers. The evolution of the heat
release rate (HRR) and the total heat release (THR) are reported in Figure 7. These authors
reported that alginate/FRV possessed a higher time to ignition (TTI). In contrast, bio-
composite fibers showed lower HRR and THR values compared to neat alginate fibers.
This effect may be related to the metal ions in alginate fibers that are considered to be
flame retardant.
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Figure 7. Evolution of (a) HRR and (b) THR as function of time of prepared fibers [77].

5.1.2. Natural Polymers

Wawro, D. et al. [78] studied the structure of alginate fibers. Their results showed that
alginate fibers have a porous structure and irregular cross-sections. To resolve this problem,
these authors were used a chitosan bio-polymer in order to ameliorate the morphologies of
alginate fibers. Indeed, significant differences in the cross-sections and fiber surface views
are clearly visible when comparing alginate fibers and alginate/chitosan fibers. The flat
indentations in the case of alginate/chitosan fibers are significantly smaller than in alginate
fibers, and their cross-sections are more rounded.

Recently, Wang Bin et al. [79] have been successful in the elaboration of alginate/cotton
blended fibers. Through morphological analyses, these authors have confirmed that the
surfaces of alginate and cotton fibers are not very smooth. Additionally, the surface
morphologies of alginate and cotton fibers are not regular cylindrical surfaces. In contrast,
scanning electron microscope photographs of cotton/alginate blended fibers showed that
the surface micro-morphologies between alginate fibers and cotton fibers are similar. In
order to study the effect of chitin on the thermal properties of calcium alginate fibers, J.
L. Shamshina et al. [80] examined the thermal properties of alginate/chitin fibers. Their
thermo-gravimetric analysis results showed that the thermal stability of calcium alginate
fibers was enhanced with the addition of chitin.

A few years later, Ma Xiaomei et al. [81] were used cellulose nano-crystals and its
oxidized derivative as nano-fillers in order to enhance the flame retardant properties of
alginate fibers. These author indicated that an enhancement in flame-retardancy was greater
when using cellulose nano-crystals than its oxidized derivative. Indeed, the addition of
a small amount of cellulose based nano-crystals decreased the limiting oxygen index of
alginate composite fibers.

Furthermore, Wang Bin et al. [79] also studied the impact of alginate fibers on the flame
retardant and combustion properties of alginate/cotton blended fibers (Figure 8). They
concluded that alginate fibers improved the fire behavior and flame retardant properties of
the elaborated alginate/cotton blended fibers.

In recent years, injectable hydrogels have attracted interest because of their capability
to blend homogeneously with therapeutic agents and cells. Despite this advantage, the
utilization of injectable hydrogels is nowadays severely restricted by the difficulty in
improving bone regeneration, mimicking the natural environment of modified cells, and
facilitating cell proliferation.

To remedy these problems, Bin Liu et al. [82] developed an injectable nanocomposite
hydrogel composed of alginate reinforced by gelatin. These authors showed that the encap-
sulated rat bone marrow mesenchymal stem cells survived in the elaborated nanocomposite
hydrogel. This study proves that the developed material can be used as a candidate for
orthopedic applications.
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Figure 8. Photos of a flammability test for specimens recorded at several time points [79].

5.2. Alginate/Nano-Particle Composites
5.2.1. Zinc

Alginate fibers reinforced by nano-particles have recently received much attention.
In studies by Andrea Dodero et al. [83], alginate fibers were loaded with zinc oxide nano-
particles (ZnO-NPs). These nano-particles were produced using the sol–gel technique.
The incorporation of ZnO-NP improved the rheological properties of the alginate. This is
attributed to the electrostatic interactions and intermolecular hydrogen bonding between
ZnO-NPs and the polysaccharide.

In addition, these authors indicated that it is preferable to use alginates with a high G
content and a medium molecular weight, or with a high M content and a low molecular
weight, when reinforced with ZnO-NPs. Indeed, a high G content allows for cavities
along the chains of the polymer, which prevent the formation of interactions between these
chains and the nano-particle molecules. Consequently, the impact of ZnO-NPs is nearly
negligible. On the contrary, for M-rich alginates, the availability of establishing strong
interactions with ZnO-NPs is important, due to the exposure of a high number of carboxyl
and hydroxyl groups.

In another work, Guangyu Zhang et al. [84] coated calcium alginate nonwoven fabric
with ZnO nano-particles, using the method of ion exchange.

Calcium alginate nonwoven fabrics were first immersed in Zn(NO3)2 solution, in
order to obtain zinc calcium alginate fabrics. Indeed, the high-Zn2+ concentration solution
allows part of the Ca2+ on the calcium alginate fibers to undergo an ion exchange reaction
with Zn2+ (Figure 9a). Then, the zinc calcium alginate fabric was immersed in amino
hyperbranched HBP solutions. Zn2+ was obtained in the solution after an ion exchange of
Zn2+ with NH3+. A high temperature of 80 ◦C can convert Zn2+ into Zn(OH)4

2−, and then,
the ZnO-NPs are obtained. Finally, ZnO-NPs were bonded to the surface of calcium alginate
fabrics (Figure 9b). Indeed, the force of attraction between the positive groups of the ZnO-
NPs and the negative groups of the alginate fabric, and the interactions of the hydrogen
bonds between the amino groups on the ZnO-NPS, and the hydroxyl and carboxyl groups
on the fabric allow for the attachment of the ZnO-NPs on the alginate fabric.
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Figure 9. The coating of ZnO−NPs on an alginate fabric [84]. (a) Ion exchange reaction between Ca2+

and Zn2+; (b) Synthesis of the ZnO NP−coated alginate fabric.

5.2.2. Silver

X. H. Zhao at al. [85] embedded alginate fibers with silver nano-particles (Ag-NPs)
using the method of in situ reduction. First, alginate fibers and a silver nitrate (AgNO3)
aqueous solution are mixed together. Ion exchange between the silver ions (Ag+) and
the sodium or calcium ions in the alginate allows for the diffusion of Ag+ ions into al-
ginate fibers. The fixation of Ag+ ions is performed thanks to an electrostatic attraction
between the negative groups of the alginate and the positively charged Ag+ ions. The silver
ions were then reduced in situ, so that the metallic silver generated can adhere to these
elaborated fibers.

These authors indicate that in an aqueous medium, these elaborated fibers allow for
the reduction of 4-nitrophenol 4-NP to 4-aminophenol 4-AP. The catalytic reduction is
performed by the Ag-NPs by relaying the electrons from the BH4

− donor to the 4-NP
acceptor (Figure 10).

In the first stage, metal hydride formation was achieved via the adsorption of BH4
−

and its reaction with the surface of the elaborated alginate/Ag-NPs fibers (1) [86,87]. Due
to the strong adsorption of the alginate/Ag-NPs fibers, 4-nitrophenol 4-NP can transport
to the surface of the Ag-NPs (2). The desorption/adsorption equilibrium of the reactants
on the surface of alginate/Ag-NPs fibers is fast. Then, the interaction of the adsorbed 4-NP
with the silver nano-particles reduces the 4-NP [87]. The reduction reaction allows the
formation of the 4-aminophenol 4-AP (3) [88]. A new reduction cycle (4) will take place
when the 4-AP reactant is desorbed from the surfaces of the Ag-NPs [89].

In the work of Maila Castellano et al. [90], the alginate polymer was reinforced with
Ag-NPs to elaborate nano-textured mats. According to morphological and spectroscopic
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tests, these authors confirmed that Ag-NPs were formed within an alginate polymer. The
resulting material was then mixed with polyethylene oxide to produce alginate fibers using
the electro-spinning technique. It has been demonstrated that these elaborated nano-fibers
are insensitive to physical treatments. This allows for the use of ultraviolet light or heat as
a sterilization method. On the other hand, basic or oxidizing reagents affect the stability of
the prepared material, which confirms its sensitivity to chemical products.

Figure 10. The mechanism of 4−NP reduction in the presence of the alginate/Ag−NP fibers [85].

Kaczmarek-Pawelska et al. [91] also studied the mechanical properties of alginate-
based hydrogels reinforced by Ag nano-particles. These authors confirmed that the elabo-
rated hydrogels are biomechanically compatible. Indeed, the obtained material showed
mechanical properties very close to those of human skin. However, the increase in alginate
concentration decreases the Young modulus. In fact, it is 8 MPa when the concentration of
alginate is 0.1 mg/mL, whereas it is only 1.2 MPa when the concentration is 0.2 mg/mL.

5.2.3. Graphene

Linhai Pan et al. [92] reinforced alginate fibers with graphene oxide as a filler in
order to remove Cu2+ ions and Pb2+ ions from waste-water. Alginate fibers reinforced
with graphene oxide nano-particles present a very high affinity with Pb2+ ions. The
high adsorption for Cu2+ and Pb2+ is 102.4 and 386.5 mg·g−1. This high adsorption can
be explained by the interaction of the oxygen atoms of alginate/graphene oxide fibers
with the Cu2+ and Pb2+ ions. Based on the analysis of the adsorption mechanism, these
authors confirmed that the chemical coordination and ion exchange effects (Figure 11) are
responsible for the combination of heavy metals by alginate/graphene oxide fibers.

In other works, Xingzhu Fu et al. [93] used polymeric ionic liquids (PILs) to coat
the surfaces of fibers based on calcium alginate using graphene, in order to develop
conductive fibers.

To elaborate these fibers, these authors were used two coagulation baths. The first
coagulation bath comprised calcium chloride. The second coagulation bath comprised a
graphene aqueous dispersion. In fact, graphene aqueous dispersion was obtained by the
dispersion of graphene by PIL.

In the step of secondary coagulation, the positively charged groups (imidazole ring)
of LIP and the negatively charged groups (carboxylate ion) of alginate were linked together.
The graphene layers attach to the surface of alginate fibers through the interactions of
cation-π and π-π between graphene and PIL.
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Figure 11. Mechanism interaction between alginate/graphene oxide fibers and heavy metals [92].
M2+: Cu2+ or Pb2+ ions.

5.2.4. Magnesium Oxide

In the work of De Silva et al. [94], alginate is reinforced with magnesium oxide nano-
particles (MgO-NPs) with the aim of realizing nano-fibrous scaffolds. These authors have
elaborated alginate fibers loaded by magnesium oxide whose diameters vary between
60 and 250 nm, using NPs of quasi-spherical shape. The tensile tests revealed that the
mechanical behaviors of these obtained fibers were enhanced using the incorporation of
MgO-NPs. Indeed, the reinforcement of alginate fibers by a 10 wt% of MgO-NPs resulted
in a higher elastic modulus (E) and tensile strength (σU) among the studied samples.

In order to elaborate the sodium alginate scaffolds loaded by MgO-NPs, Bijan Nasri-
Nasrabad et al. [95] used a two-step technique: poly (vinyl alcohol) leaching and film
casting. Their results showed that after the leaching step, the incorporation of 4 wt% MgO-
NPs resulted in better mechanical properties (Table 3). Indeed, the incorporation of 4 wt%
MgO-NPs improved the Young’s modulus of sodium alginate scaffolds by approximately
44%, compared to that of the neat sample. These improvements can be explained by the
strong interaction between the alginate chains and the molecules of the nano-particles, and
the decrease in the mobility of the polymer macromolecular chains.

Table 3. Mechanical and bacterial behaviors of the sodium alginate scaffolds loaded with different
MgO-NP concentrations.

Nano-Particles
Concentration (wt%)

Young Modulus (kPa)
Average Diameter of the
Inhibitory Zone (mm2)

0 180.4 ± 15.2 13.6 ± 1.8

1 190.5 ± 25.2 13.1 ± 2.1

2 230.1 ± 27.8 11.7 ± 1.3

3 250.8 ± 30.4 9.8 ± 1.7

4 260.3 ± 19.6 9.6 ± 1.9

Moreover, with an increase in the nano-particle content, the antibacterial properties
of the scaffolds have been enhanced, with an increase in the concentration of the MgO-
NPs (Table 3). With an introduction of 1 and 2 wt% MgO-NPs, the average diameter
of the bacterial zone of the scaffold samples is more than 10 mm2, suggesting sensitive
anti-microbial behavior. Whereas, with the incorporation of 3 wt% and 4 wt% MgO-NPs,
the average diameter of the bacterial zone is reduced to less than 10 mm2, compared
with the pure sodium alginate, which exhibits anti-microbial insensitivity. The improved
antibacterial behavior can be explained by the anti-microbial effects of MgO-NPs protecting
the obtained materials, in contrast to P. aeruginosa and S. aureus.
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5.2.5. Carbon Nanotubes

In order to have fibers with high electrical properties, Vijoya Sa et al. [96] prepared
fibers based on alginate reinforced with carbon nano-tubes (CNTs) as a nano-filler, using a
wet-spinning technique. This laboratory scale process could be used to produce industrial
fibers via the addition of drawing/stretching steps. The use of calcium as a reticulation
agent allows for electrostatic assembly between alginates and sodium dodecyl sulfate
(SDS)-coated nano-tubes.

Both the alginate and the carbon nano-tubes are negatively charged. Thus, a repulsion
will take place between the alginate solution and the aqueous solution of nano-tubes coated
with SDS when they are added together. This prevents the agglomeration of the nano-tubes,
and consequently allows for homogeneity in the spinning solution.

The interaction mechanism between CNT and the alginate is shown in Figure 12.
The prepared solution is extruded into a coagulation bath containing an aqueous calcium
chloride solution. Gel formation occurs when the spinning solution and the solution of
calcium chloride are in contact. The coordination of Ca+2 ions in the cavities formed by
the guluronate sequence pairs allows the formation of a calcium cage [97,98]. When the
nano-tubes coated by SDS exist in the solution, Ca+2 ions link the nano-tubes and the
alginate chains.

Figure 12. The interaction mechanism between CNT and alginate [96].

Recently, Aline Lima et al. [99] synthesized porous scaffolds based on CNT and
hydroxamic alginate (HX). The HX was synthesized using the nucleophilic attack of hy-
droxylamine at the alginate carboxylic groups with dicyclohexylcarbodiimide. The partial
modification of alginate with a derivative that is in acidic form facilitates its interaction
with positively charged compounds.

From the study of mechanical behavior, these authors indicated that the HX/CNT
scaffolds exhibited an improvement in their mechanical properties. According to FTIR and
Raman spectroscopy, these authors confirmed an interaction between the alginate and the
CNT cross-linked with the calcium.

5.2.6. Hydroxyapatite

Fuqiang Wan et al. [100] elaborated alginate fibers loaded by hydroxyapatite (HAP)
as a nano-filler, using the technique of spin-coating. These fibers are characterized by
an anisotropic structure. The alignment of nano-filler wires and the formation of the
anisotropic structure are achieved via mechanical force.

Gel formation occurs upon contact between the alginate spinning solution and calcium
ions, Ca2+. Fiber formation takes place, after the covering of the glass substrate by the
excess hydrogel (Figure 13).
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Figure 13. Elaboration of alginate fibers with anisotropic structure [100].

Excess water is removed during the spin-coating step, followed by an additional
gelling step. The mechanical stresses exerted by the centrifugal force and the incorporation
of HAP nanowires are responsible for the formation of a fiber with interesting mechanical
and physical properties.

In the research studies of Peilong Ni et al. [101] a composite fiber membrane based
on sodium alginate/polyvinyl alcohol/hydroxyapatite was elaborated. In order to avoid
precipitation and agglomeration of the HAP in the spinning solution, the latter was ultra-
sonically suspended in a solution, using an alginate polymer as a stabilizer. Their results
showed that the distribution of HAP nano-particles is uniform with the absence of agglom-
erates when the concentration of alginate–hydroxyapatite in these fibers is augmented
from 1.64 wt% to 6.25 wt%. In contrast, poor particle distribution with the appearance of
agglomerates is observed when the alginate−hydroxyapatite loading is between 7.70 wt%
and 9.10 wt%.

5.2.7. Silica

Using the technique of microfluidic spinning, Zhang et al. [102] developed a novel
fiber based on alginate reinforced by silica (SiO2). The morphology characterizations of
these elaborated fibers were studied. They showed that alginate/silica composite fibers
had a certain additive on the surface, whereas the alginate fibers had a smooth surface.

These authors also studied the performance of SiO2 nano-particles in improving the
mechanical properties of alginate fibers. Indeed, they indicated that the addition of silica
nano-particles improved the breaking stress of alginate fibers.

The application of alginate fibers is very limited in the biomedical field, because
of their limited mechanical performance. To solve this problem, Lin Weng et al. [103]
reinforced alginate fibers with SiO2 nano-particles using a microfluidic spinning technique.
Mechanical tests showed that neat alginate fibers exhibited behaviors similar to brittle
materials, with low elongation and stress. The addition of SiO2 nano-particles allows for
the production of hybrid fibers with excellent mechanical performances, compared with
the original alginate fibers. The elongation at break of the alginate fibers reinforced by SiO2
is 52.08%, whereas it is only 7.32% for the original alginate fibers. The breaking strength of
the alginate fibers is augmented from 0.76 MPa to 4.96 MPa for the alginate/SiO2 fibers.
These enhancements can be explained by the fact that the surface defects of alginate fibers
are reduced by the SiO2 nano-particles.

6. Applications of Alginate

Nowadays, alginate fibers are widely used in various applications. Among the most
important areas are cosmetic, hygiene, and medical textile materials, etc.
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6.1. Cosmeto Textiles

Cosmeto textiles are materials with cosmetic behaviors. However, these textile materi-
als can also have other functions, such as UV protection agents, medical properties, and
odor reducers.

Cosmetic textiles are an industry developed to ensure the well-being and health
of consumers. Textile fibers are used to deliver a large variety of microencapsulated
ingredients such as vitamin E, aloe vera, caffeine, retinol, etc. [104]. The new generation of
cosmetic textile products uses innovative new techniques to provide medical, anti-aging,
and stress relief benefits through clothing, textiles, and other products. In this regard,
alginate fibers are highly biocompatible and hydrophilic, making them ideal products for
the elaboration of face masks. In addition, alginate fibers can be used to carry several
bioactive substances, allowing for sustained release on the skin.

6.2. Waste-Water Treatment

The elimination of dye molecules from waste-water is a complicated mechanism
because of their inertness [105]. The active hydroxyl and carboxyl groups of alginate fibers
have been investigated for the removal of dye molecules from effluents [75]. Electro-spun
alginate fibers show interesting properties such as a high specific surface area and porosity.
These properties make these materials suitable for waste-water treatment. A recent study
by Zhao, X. et al. [106] demonstrated that fibrous sodium alginate/chitosan composite foam
presents the potential to eliminate anionic and cationic dyes from waste-waters (Figure 14).
Its high adsorption capacity can be attributed to its inter-connective pores and microscale
fibers. According to the adsorption kinetics, these authors indicated that the adsorption
rates of anionic and cationic dyes were initially rapid and then progressively slowed down
to equilibrium.

Figure 14. Adsorption kinetics, pseudo-first-order, and pseudo-second-order non-linear fitting curves
of MB and AB-172 on the elaborated composite foams [106].

Additionally, alginate fibers were used to prepare nano-fibrous membranes for metal
adsorption. Mokhena et al. [107] fabricated alginate fibers using polyethylene oxide as
the carrier polymer for copper adsorption. They found that these obtained fibers were
characterized by a high porosity and a large surface area. These properties allow these
macro-porous fibrous membranes to exhibit an excellent capacity for removing copper ions
from the aqueous medium. The prepared membrane can also recover nickel and copper
ions, since it shows better selectivity upon these ions. In other research works, the authors
coated alginate fibers with cellulose, in order to eliminate chromium from effluents [108]. It
was shown that these prepared fibers for a greater than 80% rejection of chromium ions.
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These observations can be attributed to the existence of the carboxyl and hydroxyl groups
of alginate, as well as the hydroxyl and sulfate groups of cellulose.

In the works of F. Sun et al. [109], alginate fibers were used as filtration membranes
in order to separate oil from water. These authors modified the surface properties of
alginate fibers by incorporating acrylonitrile into alginate fibers. They obtained fibers with
a high oil affinity. It was found that the angle of contact with the water was augmented
from 56◦ to 70◦ with increasing acrylonitrile content. These effects can be explained by
the strong interaction between molecular chains in the developed material, due to the
existence of highly polar -CN substituents. The hydrophilic properties of calcium Ca2+ ion
cross-linked alginate fibers have been examined for the retention of oil by Mokhena and
co-workers [108].

6.3. Wound-Dressing

Wound-healing, which is one of the most complicated processes, involves a series
of events, such as cell response, growth, and differentiation [110]. Consequently, the
products used for the treatment of wounds must be characterized by durability, non-
toxicity, and flexibility. Moisture-regulating and oxygen-transporting porosity is one of the
supplementary properties conferred by the electro-spinning technique for wound-healing.
Additionally, the production of multifunctional materials through the incorporation of
bioactive compounds facilitates wound-healing [111].

Alginate is one of the most commonly used bio-polymers for dressing products, thanks
to its interesting properties such as biodegradability, bio-compatibility, great absorption
capacities, low toxicity, and low cost [112]. Alginate fibers have ion exchange behaviors
when in contact with wound exudates. In fact, calcium ions are replaced by sodium ions
from the body fluid, allowing for the development of a moist gel on the wound surface.
The addition of other compounds to alginate fibers offers the possibility for producing
advanced materials with several advantages such as a gel-forming ability and hemostatic
capability. Alginate fibers loaded with chitosan for cancer stem-like cell enrichment were
developed by Kievit’s group [113,114]. They mixed chitosan and alginate and freeze-dried
them in order to elaborate a porous sponge. The obtained materials allowed the enrichment
of cancer stem cells by hepatocellular carcinoma and glioma-stoma. Nevertheless, the
ratio of the composition is very limited, due to the restricted compatibility between the
compounds. Tumor niches produce external factors that control the fate determination
and the numbers of the stem cells. For this reason, it is necessary to prepare new materials
allowing for the customization of the scaffold behaviors for cancer stem cells.

In this context, Wei-Wen Hu et al. [115] elaborated alginate fibers loaded with poly
(caprolactone) using the method of co-electrospinning. They concluded that a low ra-
tio of poly(caprolactone) considerably enhanced the cancer stem cell behaviors of these
elaborated fibers. This can be justified by the spatial separation of cell populations by
the sparse poly(caprolactone), which allows for the concentration of the cancer stem
cells. In addition, it was found that neat alginate fibers and alginate fibers reinforced
by poly(caprolactone) significantly decreased the wound area compared to tissue culture
polystyrene and poly(caprolactone).

According to wound-healing studies, J. L. Shamshina et al. [80] indicated that the
addition of chitin to calcium alginate fibers accelerated wound closure. It has been found
that the wound sites covered by calcium alginate/chitin fibers have undergone normal
wound-healing.

Yimin Qin [116] incorporated silver (Ag) into alginate fibers in order to ameliorate
their anti-microbial properties. It has been demonstrated that alginate fibers reinforced
with Ag nano-particles can be used to make highly absorbent and anti-microbial dressings.
This effect can be explained by the liberation of Ag ions used as nano-fillers, which have
anti-microbial properties. Bacteria trapped in alginate dressings will be killed by the Ag
ions (Figure 15).
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Figure 15. The anti-microbial mechanism of the elaborated wound-dressings [116].

Additionally, alginate-based hydrogels reinforced with Ag nano-particles have been
used for wound-healing in various animal models, and they prevent contamination. Algi-
nate nanocomposite hydrogels showed antibacterial activity in the long term, and sustained
Ag release [117]. In the same context, Diniz, F.R. et al. elaborated alginate/gelatin hydrogels
reinforced with Ag nano-particles for wound-healing. The obtained results showed that
the elaborated product is characterized by antibacterial activity against P. aeruginosa and
S. aureus, and is non-toxic against fibroblasts [118].

6.4. Tissue Engineering

Tissue engineering aims to replace, maintain, or improve the function of human tissues,
thanks to tissue substitutes. It is therefore a matter of elaborating artificial tissues, using
cell cultures, biomaterials, and growth factors, in order to obtain a hybrid biomaterial.

Alginate gels have many applications in tissue engineering. Indeed, alginate is a
non-toxic, inert, and non-immunogenic substance which thus presents the required charac-
teristics to constitute a good scaffold for tissue engineering [119].

The applications of alginate fibers in tissue engineering are very limited according
to cell adhesion and viability. The addition of bioactive substances onto alginate fibers in
order to ameliorate cell adhesion and proliferation makes these fibers ideal materials for
the elaboration of scaffolds.

Jeong S. I. et al. [120] developed alginate fibers covalently bonded with a cellular
adhesive in order to improve cell growth and viability. The results of these authors show
that the addition of an adhesive peptide improved the propagation and adhesion of cells
without changing the morphology of these fibers. In another study, Jeong S. I. et al. [121]
elaborated a polyionic complex based on alginate and chitosan to achieve cell attachment
and proliferation. The swelling rate in the deionized medium decreased with an increase
in the concentration of chitosan content. Mouse pre-osteoblastic cells adhered to the
alginate/chitosan nano-fibrous membrane and showed substantial proliferation.

To combine the properties of alginate and chitosan, Xinxin and Christopher [122]
developed a process to treat the surface of alginate fibers with an aqueous solution of
chitosan. After the absorption of chitosan on the surface of the calcium alginate fibers, these
alginate/chitosan fibers are then freeze-dried. These fibrous materials are subsequently
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used as scaffolding materials in tissue engineering. Figure 16 gives us an idea regarding
the applications of alginate/chitosan fibers in the area of tissue engineering.

Figure 16. Chitosan and alginate fibers and their applications in tissue engineering.

In addition, the reinforcement of alginate fibers resulted in the improvement of me-
chanical behaviors, and therefore, in the usefulness of these materials for tissue engineering.
In their studies, Tao, F. et al. [123] prepared fibers based on sodium alginate, carboxy-methyl
chitosan, and biodegradable polymer poly(caprolactone) via the electro-spinning technique.
According to tensile test analyses, the tensile strength of the elaborated micron-fibers was
significantly higher than those of the poly(caprolactone)/carboxymethyl chitosan and
poly(caprolactone)/sodium alginate micron-fibers. Further, these authors concluded that
these obtained fibers can be used for periosteal tissue engineering.

In another work, alginate/chitosan–polylactide fibers were elaborated by Wu
Hua et al. [124] for applications of neural tissue engineering. The mechanical proper-
ties of dry chitosan fibers showed that the modulus, tenacity, and elongation were around
25 cN·dtex−1, 1.5 cN·dtex−1, and 10%, respectively. The chitosan–polylactide fibers showed
a higher modulus, tenacity, and elongation in the dry and wet states compared to the
chitosan fibers. These results can be attributed to the polylactide component in chitosan–
polylactide fibers, which is hydrophobic and mechanically strong. In addition, it found
that the modulus and the tenacity of the alginate/chitosan–polylactide fibers are higher
than that of chitosan–polylactide fibers in the dry state, whereas the modulus, tenacity, and
elongation are still similar in the wet state.

Alginates are also reported as natural polymers utilized in hydrogel-based nanocom-
posites. A technique widely used in the elaboration of alginate-based nanocomposites is
the chemical modification of the polymer in order to improve the interaction between the
polymer matrix and the nano-particles, and thus to form a hydrogel characterized by stable
mechanical properties. Nevertheless, chemical modification of the natural polymers can
alter their biocompatibilities, which is a reason for using unmodified bio-polymers.

In this context, Rebeca Leu Alexa et al. have studied the different manufacturing
methods for obtaining alginate–natural clay hydrogel-based nanocomposites adapted
to 3D printing processes. The 3D multilayered scaffolds were obtained by printing the
nanocomposite inks using the extrusion technique. The properties of the obtained materials
confirm their use in tissue engineering. According to the biological analysis, these authors
showed that the addition of unmodified clay into the alginate polymer allows for the
development of cells [125].
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6.5. Anti-Microbial Activity

In their work, Dumont et al. [126] studied the antibacterial activity of alginate-reinforced
chitosan fibers, which were prepared using the technique of wet-spinning.

It was found that the inclusion of chitosan offers antibacterial properties, and that
alginate gives healing properties and good hemostatic properties to these elaborated fibers
(Figure 17). They concluded that the addition of chitosan on alginate fibers provides
antibacterial activities contrary to Escherichia coli, Staphylococcus epidermidis, and vari-
ous strains of Staphylococcus aureus, namely Healthcare Associated Methicillin Resistant
Staphylococcus aureus (HA-MRSA), Methicillin Sensitive Staphylococcus aureus (MSSA), and
Community Associated Methicillin Resistant Staphylococcus aureus (CA-MRSA).

Figure 17. Scanning electron microscope observation of alginate fibers (A), chitosan fibers (B), and
alginate-reinforced chitosan fibers (C) [126].

Other authors such as Sibaja Bernal et al. [127] indicated that alginate/chitosan fibers
showed an excellent degree of inhibition of Escherichia coli growth, according to the test of
bacterial inhibition. In fact, a great bacterial growth inhibition area was observed around
these fibers loaded with the sulfathiazole drug after 24 h of incubation at 37 ◦C.

In the studies of Batista, M. P. et al. [128], a new route towards hybrid alginate/chitosan
fibers via the emulsion gelation technique was developed. According to the standard tests,
these authors indicated a clear antibacterial activity of these alginate/chitosan fibers against
Klebsiella pneumonia and Staphylococcus aureus. To achieve this study, these authors were
used two different methodologies with various contact times between the selected bacterial
inocula and the specimens.

Recently, there have been several studies that investigate the antibacterial properties
of alginate-based composite hydrogels. In general, changes in the structure of chitosan
decrease its anti-microbial properties [129]. The incorporation of alginate hydrogels into
chitosan solution showed a greater than 99% anti-microbial activity, as compared to the
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neat alginate hydrogel. Additionally, the addition of the chitosan into alginate hydrogels
enhanced their anti-microbial properties [130].

It has been shown that the introduction of a anti-microbial peptide into sodium
composite hydrogels based on alginate/polyethylene glycol provides good biocompatibility
and an improvement in antibacterial activity [131]. A hydrogel loaded with an ultrashort
peptide has been formulated for the treatment of the eyes and skin infections, and for the
prevention of biomaterial infections [132]. An amphiphilic anti-bacterial hydrogel has been
developed for skin wound treatments, and shows antimicrobial properties against bacteria,
such as S. aureus and E. coli [133].

6.6. Sensors and Energy

Fibers elaborated using the electro-spinning method have interesting characteristics
such as a large surface area, ease of modification of surface functionality, and malleable
mechanical properties. These unique characteristics allow these fibers to provide a novel
platform for the design of new sensors with high portability, sensitivity, and selectiv-
ity [134,135]. In order to improve the sensitivity, the response time, and the detection
level, many sensing agents have been incorporated into electro-spun fibers. Alginate has
been functionalized with heavy metal-sensitive compounds. Its carboxyl and hydroxyl
groups can bind to multivalent ions, allowing them to be easily detected [135,136]. For this
purpose, alginate fibers can be labeled with fluorescent sensors that are greatly selective in
detecting metal ions found in aqueous solutions [136].

Wei-Peng Hu et al. [137] reinforced alginate fibers with silver nano-particles to obtain
moisture-sensitive materials for respiratory sensors to monitor breathing during exercise
and changes in emotion. It was demonstrated that the obtained material was able to
detect the respiratory rhythm during a race, by fixing it on the seal of the mask exhalation
valve. Additionally, these authors showed that the masks are characterized by stability and
reusability, because they yielded the same results after 3 months. In the case of changes in
emotion, it was shown that the mask was able to distinguish between sadness and pleasure
by monitoring breathing frequencies.

Chen, H. et al. [138] developed alginate fibers reinforced with gels for the preparation
of skin intelligence, such as ionic sensors. It was found that the gels maintained good
electrical conductivity and mechanical deformability when exposed to long-term storage
under ambient conditions or extreme conditions. The gels could be stretched and knotted
without any damage to the structure. After storage for 6 h at 40 ◦C or −18 ◦C, they were
capable of illuminating an LED bulb (Figure 18a). Then, the change in the conductivity of
the gels was discovered in the range of the temperature between −20 ◦C and 40 ◦C, or at
25 ◦C for 6 days (Figure 18b,c).

In research by Ying He et al. [134], the authors elaborated fluorescent fibers based
on alginate reinforced using gold nanoclusters and chicken egg white using the wet-
spinning technique. These prepared fibers present a fluorescent sensor of great selectivity
for detecting Hg2+ and Cu2+ ions among several metal ions in an aqueous solution. Among
11 kinds of common cations, Hg2+ cations could completely extinguish the fluorescence,
while Cu2+ cations caused an obvious decrease in the intensity of the fluorescence.

In the same focus, these authors used these fluorescent fibers as an anti-counterfeiting
label into cotton textiles, using the knitting technique. These smart fibers can be used in the
design of novel flexible optical sensors and wearable optical sensors.

Another pressure sensor characterized by interesting sensing and mechanical properties
has been developed from a composite hydrogel based on sodium alginate/polyacrylamide
nanofibrils [139]. In fact, the compression, tension strength, stretchability, toughness,
and elasticity of the obtained material are 4 MPa, 0.750 MPa, 3120%, 4.77 MJ m−3, and
100%, respectively. The ionic conductors have been presented as sensors with deformation
variations of between 0.3 and 1800%, a low applied voltage of up to 0.04 V, and a high
sensitivity to pressure, equal to 1.45 kPa−1. These ionic sensors could be used in sports
tracking applications, soft robotics, and machine/human interfaces.
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Figure 18. Stretched and knotted gels illuminated an LED bulb (a); The conductivity changed with
temperature (b); The conductivity changed with storage time (c) [138].

6.7. Antiviral Activity

According to the antiviral performance of ionic polysaccharides, like alginate, they
will play significant roles in the anti-COVID-19 field [140]. These bio-polymers are able
to cause a slow release, prevent antigen degradation, and improve their stability, thereby
enhancing immunogenicity. They can interact directly with the surface of viruses, and
inhibit their infectivity or murder them [141].

Dental impressions, dentures, occlusal records, and trays can be contaminated with
viruses and bacteria. The studies carried out do not prove the contamination or survival
of the virus and the dental impression; however, salivary contamination suggests the
possibility of the presence of a viral biological load in addition to those of yeasts and
bacteria [142].

Generally, principal recommendations are linked to the danger of infections when a
dental impression is carried out using conventional procedures. Nevertheless, there are
no contamination or specific notes on disinfectants for tips, impression, scanner, cast, and
hardware for computer aided manufacturing/computer aided design [143]. It can be noted
that when taking dental impressions using both digital and traditional procedures, dental
personnel are at risk of danger, due to close contact with the droplets and the aerosols of
patients; however, they experience a different degree of exposure to aerosol-generating
procedures and oral fluids [144].

The main advantages of digital techniques are the close-contact minimization of dental
personnel with patients, and limited transmission through aerosol-generating procedures
and respiratory droplets. These features are very essential for COVID-19 prevention, and
particularly for dental care [145].

It is recommended that fewer objects are left on surfaces, in order to decrease the
possibility of contamination of the surfaces, equipment, and environment. Computer
keyboards must be covered with films based on polyethylene. Additionally, surfaces
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contaminated with biological particles should be disinfected using appropriate deter-
gents [146]. According to in vitro studies, the chemical disinfection of alginate by sodium
hypochlorite, glutaraldehyde, alcohol, and chlorhexidine reduced microbial counts on
the surface without altering the dimensional stability of alginate impressions. Therefore,
these disinfectant agents could be exploited to decrease the cross-contamination of alginate
impressions [147,148].

7. Conclusions and Future Perspectives

In this work, we gave the state of knowledge regarding the definition, source, struc-
ture, and specific properties of alginate bio-polymers. Additionally, we have detailed
the different strategies of alginate spinning and the influences of processes and solution
parameters on the properties of alginate fibers. The article also discusses the influence of a
wide range of materials on the properties of the obtained fibers from these bio-polymers.
Finally, the potential applications of these bio-composite fibers of alginate are discussed.

Alginates are ecologically and environmentally friendly. The particular properties of
these bio-polymers allow fibers produced from them to find more and more uses in special
applications, especially for medical uses. Alginate fibers are commonly made by extruding
a sodium alginate solution into a calcium chloride bath, producing calcium alginate fibers.
Calcium alginate fibers should have a high potential for some specific applications. The
incorporation of fillers into calcium alginate fibers seems to be one of the most successful
solutions. These fillers allow for the improvement of the physical, thermal, mechanical,
and wound-healing properties of calcium alginate fibers.

Although the spinning of alginate fibers and the reinforcement of these fibers by
substances of different natures in order to enlarge their fields of application have been
widely studied over the last few decades, there are still other important topics that deserve
to be further investigated. For example, the different techniques of the mixed spinning
of alginate and chitosan fibers. In addition, the properties of these mixed fibers and
their applications in various potential applications also deserve further analysis. All of
this remains within the framework of encouraging researchers and industries to develop
innovative and sustainable materials.
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Abstract: In this project, different calcification methods for collagen and collagen coatings were
compared in terms of their applicability for 3D printing and production of collagen-coated scaf-
folds. For this purpose, scaffolds were printed from polycaprolactone PCL using the EnvisionTec
3D Bioplotter and then coated with collagen. Four different coating methods were then applied:
hydroxyapatite (HA) powder directly in the collagen coating, incubation in 10× SBF, coating with
alkaline phosphatase (ALP), and coating with poly-L-aspartic acid. The results were compared by
ESEM, μCT, TEM, and EDX. HA directly in the collagen solution resulted in a pH change and thus
an increase in viscosity, leading to clumping on the scaffolds. As a function of incubation time in
10× SBF as well as in ALP, HA layer thickness increased, while no coating on the collagen layer was
apparently observed with poly-L-aspartic acid. Only ultrathin sections and TEM with SuperEDX
detected nano crystalline HA in the collagen layer. Exclusively the incubation in poly-L-aspartic acid
led to HA crystals within the collagen coating compared to all other methods where the HA layers
formed in different forms only at the collagen layer.

Keywords: PCL scaffolds; 3D printing; collagen coating; hydroxyapatite; alkaline phosphatase;
poly-L aspartic acid

1. Introduction

Demographic change is currently a much-discussed phenomenon whose consequences
appear more clearly every year [1,2]. In Germany, every second person is 45 years and
one in five is older than 66 years of age [3]. In the EU, the average age of the population
continues to rise and one in five is already older than the age of 65 [4]. A well-known
and well-followed consequence is the increase of musculoskeletal diseases and the related
increase of clinical interventions on the musculoskeletal system. For example, the use of an
endoprosthesis in the hip is the sixth most frequent operation in Germany [5]. Thus, the
need for clinically proven and effective bone graft substitutes is also increasing. However,
there are still known and documented problems with the use of metal implants. Among
other things, the unequal relationship of elastic moduli between the metals used and hu-
man bone can lead to undesirable or too weak bone growth (so-called stress shielding) [6].
In addition, a metallic implant is usually installed in the body for a long period of time.
Depending on the age of the patient at initial implantation, re-implantation of an endopros-
thesis may be required after 10–15 years (knee), 15–20 years (hip), or 10 years (shoulder),
depending on the site of implantation [7,8]. Such reoperations pose enormous risks to the
health of patients, especially at advanced ages. Bone substitutes made of biodegradable bio-
materials represent an innovative alternative, which ideally are dissolved by the body after
preservation of mechanical stability and healing of the bone [9]. One such biodegradable
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biomaterial is polycaprolactone (PCL) [10]. It is a biodegradable semi-crystalline polymer.
Its good formability at relatively low temperatures makes it ideal for additive manufac-
turing processes in the context of medical use [9]. Additive manufacturing processes offer
enormous potential for individual patient care. If, for example, bone is missing after a
fracture, this individual lesion can be converted into a digital three-dimensional construct
using clinical imaging techniques (CT, MRI). In a further step, this three-dimensional (3D)
model of the damaged bone can be used to develop a bone substitute that is perfectly
adapted to the individual case. This should ensure mechanical stability and thus take over
the function of the damaged bone. This individual replacement piece made of PCL also
has the advantage that, as a biodegradable polymer, it can be degraded by the body once it
has fulfilled its task and as the bone heals. This eliminates the need for a second surgery
to remove the structure, with all the associated risks. To enable even faster recovery and
new bone formation, autologous bone-forming cells can be applied to bone substitutes
made of PCL (further scaffolds). These cells accelerate new bone formation within the
printed scaffolds. Thus, the printed PCL scaffold serves as a supporting and guiding
structure during bone regeneration. Moreover, the surface of the printed PCL scaffolds
plays an important role in regeneration. This surface has hydrophobic properties and thus
inhibits cell colonization. Cell adhesion and further cell profiling does not occur with
pure PCL [10]. To improve cell adhesion and cell profiling, the printed scaffolds should
provide an “in vivo”-like surface. This should be based on the microstructure of bone,
with main components consisting of collagen and HA. In theory, coating with collagen has
improved cell adhesion [11] and cell profiling. The formation of HA on the collagen layer
provides further improvement of cell profiling [12]. The integration of HA would provide
a biomimetic layer [13]. In the present study, different ways of preparing this collagen HA
surface layer were applied and investigated. Thus, various methods for generating HA
layers on or within the collagen coatings of 3D-printed PCL scaffolds have been investi-
gated as a possible use as bone substitutes. Ordered nano-crystalline HA layers within the
collagen are already one step closer to the generation of bone tissue in the petri dish.

2. Materials and Methods

2.1. Materials

Ethanol, magnesium-chloride-hexahydrate, and PCL (Mn = 45,000; Art. No. 704105)
were purchased by Merck (Merck KGaA, Darmstadt, Germany). Hydroxyapatite (Art. No
677418), 1-ethyl-3-(3-dimethylaminopopyl)-carbodiimid hydrochloride (Art. No. SLBZ0862),
potassium chloride (Art. No P5405), Trizma base (Art. No. T6065), magnesium sulphate
(Art. No. M2643-100GM) and Alkaline phosphatase (Art. No. P7923-2KU) were purchased
by Sigma-Aldrich (Sigma-Aldrich, St. Louis, MO, USA). Collagen I (Art. No. 354236)
was purchased by Corning (Corning, NY, USA). Calciumchloride (Art. No. CN93.2),
Sodium-di-hydrogenphosphate (Art. No. K300.1), sodiumhydrogencarbonate (Art. No.
6885.2), Sodiumhydroxide (Art. No. 6771.1), di-sodium-hydrogenphosphate (Art. No.
T876.1), Sodiumdihydrogenphosphate monohydrate (Art. No. K300.1), Sodiumchloride
(Art. No. HN00.2), and di-ammoniumhydrogenphosphate (Art. No. P736.1) were pur-
chased by Carl Roth (Carl Roth GmbH, Karlsruhe, Germany). Poly-L-aspartic acid sodium
salt was purchased by Alamanda Polymers (Alamanda Polymers Inc., Huntsville, AL,
USA). Beta-glycerphosphate di-sodium salt pentahydrate was purchased by EMD Milli-
pore (EMD Millipore Corp., Billerica, MA, USA). Goat anti mouse Alexa 488 antibody (Art.
No: A-11001) was purchased by ThermoFisher Scientific (Thermo Fisher Scientific Inc.,
Waltham, MA, USA).

2.2. Methods
2.2.1. 3D Printing of PCL Scaffolds

The PCL scaffolds were manufactured by using a 3D-BioPlotter (EnvisionTEC, Glad-
beck, Germany) according to our previous work [11,14]. For this purpose, a 3D model
of the scaffold was created in Autodesk Inventor (Autodesk Inventor 2019; Autodesk,
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San Raphael, CA, USA). This was assigned to the printer in the subsequent step. The 3D
printing parameters used are shown in Table 1. Before 3D printing, the PCL used was
dried for one hour in a desiccator under vacuum in silica gel. It was then transferred
inside a cartridge into the print head of the 3D-BioPlotter, which had been preheated to
80 ◦C. After one hour, the PCL became liquid and thus ready for 3D printing. A glass plate,
previously cleaned with isopropanol, was placed underneath as a printing surface. The 3D
print was made by plotting 12 layers. Each layer contained a frame and an inner structure,
the so-called base pattern, with a layer height of 0.17 mm. Thus, with 12 layers, the total
height was 2.04 mm. This resulted in a cuboid scaffold. The dimensions of a scaffold were
8.4 mm × 8.4 mm × 2.04 mm.

Table 1. Parameters for the 3D printing of PCL.

Used
Needle

Pressure Temperature Speed
Needle-
Offset

Pre/Post
Flow

Temperature
Underground

24G 4–5 Bar 80 ◦C 1.0 mm/s 0.19 mm 0.07 s pre
0.10 s post 17 ◦C

The finished scaffolds were visually inspected for print defects and contamination,
with discarding of defective specimens and storage of acceptable specimens at room
temperature.

2.2.2. Collagen Coating

The final printed pre-sorted scaffolds were dried and simultaneously sterilized by
five immersions in an ascending alcohol series (30/50/70/80/96 and 100% ethanol) before
coating with collagen. After drying the scaffolds, their surfaces were activated by plasma
(Piezobrush PZ3, Relyon Plasma GmbH, Regensburg, Germany). For surface activation,
the scaffolds were plasma treated with the Piezobrush 3 at 80% power according to the
manufacturer instructions at room temperature in air. Each scaffold was always treated
for 30 s, cooled for 10 s, and then treated again for 20 s. Immediately after activation, the
activated scaffolds were transferred to a 24-well plate containing 600 μL of collagen solution
per well. The well plate (with scaffolds and collagen) was then incubated on a moving plate
at 4 ◦C for 72 h. The scaffolds were then removed from the collagen solution and dried at
37 ◦C for 24 h. To cross-link the collagen layer, the dried scaffolds were transferred to a cross-
linking solution in the subsequent step. 10 mL of cross-linking solution consisted of 10 mL
of 95% ethanol containing 95.85 mg of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
hydrochloride (EDC) powder. The solution was shaken using a shaker (IKA Shaker MS
3 Basic) until the EDC powder was completely dissolved. Then, the cross-linking solution
was added to the dried scaffolds at 1 mL per well (thus also 1 mL per scaffold) and
incubated for 16 h. After the incubation period, the final scaffolds were cleaned five times
with deionized water and then five times with 70% ethanol and dried on a filter paper. For
stable storage, the dry scaffolds were stored in a new corrugated plate at room temperature.

2.2.3. Methods for Inserting Hydroxyapatite

For the following experiments, at least 10 scaffolds were coated with the different
methods. All experiments were repeated at least three times.

Collagen-Hydroxyapatite Coating

The procedure was similar to the collagen coating process presented in the previous
chapter. First, 5% by weight of HA was added to the collagen as a nanopowder. The
collagen-HA solution was further placed in an ultrasonic bath (Elmasonic P 60H, Elma
Schmidbauer GmbH, Singen, Germany) at a frequency of 120 Hz for 1 h before addition
to prevent rapid agglomeration. During the ultrasonic bath, the rising temperature of the
water was steadily cooled down to 20–25 ◦C with double distilled water ice to prevent
denaturation of the collagen. Since the addition of HA leads to gel formation [15] in the
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type of collagen used (Corning), caused by the basic effect of HA, 0.02 molar acetic acid
was added. The acetic acid corresponded to the solvent of the Corning collagen solution.
Furthermore, the amount of HA was reduced to 2% by weight so that the gel could be
liquefied again. The liquid collagen-HA solution was again shaken with a Minivortex (Roth)
to prevent agglomeration of the HA. In the subsequent step, 600 μL of this collagen-HA
solution per well was added to the scaffolds. The following steps were identical to those
for collagen coating. With 5% w/v HA, collagen gel formation occurred. Only when using
2% w/v HA nanopowder in the collagen and diluting with 0.02 M acetic acid could gel
formation be prevented.

Immersion in SBF

Based on the findings of Poh et al. [16] and Vaquette et al. [17] immersion of objects
in simulated body fluid (further referred to as SBF) leads to the formation of an HA layer
on the surface of the inserted objects. According to Gomori et al. [18], this results from
the well-known reaction of phosphates in calcium-rich environments. Both are sufficiently
present in SBF, above the amounts required for the formation of HA. Furthermore, the
formation time of the HA layer is shortened by increasing the ion concentration [16]. This
was used in this variant for application for collagen coated scaffolds by increasing the
ion concentration tenfold. First, 10× SBF was prepared according to the formulation of
Yang et al. [19]. For this purpose, the substances shown in Table 2 were added sequentially
in the order and amount listed until they dissolved completely in 1 L double distilled water.
To do this, the sequence must be followed and the substances must be completely dissolved
before the next substance is added to avoid precipitation of the dissolved substances. The
final 10× SBF solution can be stored at 4 ◦C for several weeks without precipitation of the
dissolved substances.

Table 2. Order and amount of substances required for 10× SBF.

Order Substance Amount (for 1 L 10× SBF)

1 NaCl 58.430 g

2 KCl 0.373 g

3 CaCl2–2 H2O 3.675 g

4 MgCl2–6 H2O 1.016 g

5 Na2HPO4–H2O 1.633 g

Before storing the coated scaffolds in 10× SBF, the pH of the 10× SBF solution was
adjusted to pH 6 with NaHCO3. Then, 1 mL of the 10× SBF was added per scaffold to a
24-well plate loaded with scaffolds (including collagen coating) in the subsequent step. The
well plate was then transferred to a drying oven at 37 ◦C and the well was gently shaken
after 15 min. After 30 min, the medium was renewed by pipetting off the old solution and
pipetting in fresh 10× SBF with pH 6. This step was continued throughout the duration
of the experiment. To study different film thicknesses, different samples were stored in
10× SBF for 1 h (10× SBF 1 h), 2 h (10× SBF 2 h), 4 h (10× SBF 4 h), and 8 h (10× SBF 8 h),
respectively. Then, 30 min after the last change of medium, the samples were transferred
to 0.5 M NaOH for 30 min. This step homogenizes the resulting HA layer. After the time
elapsed, the final samples were washed with double distilled water until the pH value of
the water being washed out reached approximately pH 7.

Surface Coating with Hydroxyapatite by Addition of ALP

According to Jaroscewicz et al. [20], it is possible to produce an HA layer with the
help of ALP. ALP present in the body catalyzes the hydrolysis of phosphate monoesters.
Starting materials of these reactions are inorganic phosphate and an alcohol [18]. In an
environment enriched with the necessary amount of calcium, a reaction of the free calcium
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and the inorganic phosphate now occurs. This leads to the formation and precipitation
of HA. This reaction was already observed by Gomori [18] in 1953. For its preparation, a
solution enriched with the necessary concentrations of substances had to be prepared. The
composition of the solution called “phosphatase incubation medium” (further referred to
as PIM) was prepared as listed in Table 3 according to the work of Jaroszewicz et al. [20]. A
total of 45 mL of PIM was obtained. The indicated substances were added one by one to
double distilled water in the indicated order, using a magnetic stirrer. The next substance
in the sequence was added only when the previous substance had completely dissolved. A
measure of 45 mL of double distilled water was used as solvent (see Table 3).

Table 3. Sequence and amount of substances necessary for PIM.

Sequence Substance Amount (for 45 mL PIM)

1 TRIS buffer 545.13 mg

2 C3H7Na2O6P 5 H2O 300 mg

3 CaCl2 200 mg

4 MgSO4 50 mg

5 NaN3 9 mg

Freshly collagen-coated scaffolds were prepared for addition by storage in 1 mL
1× PBS/scaffold. The prepared 45 mL PIM were mixed with ALP. For this purpose, 10 nL
of ALP per scaffold should be added to the PIM just before incubation. To achieve this
small amount of ALP, the ALP was diluted with PIM to the extent that 10 nL of ALP is
effectively dissolved in one milliliter. After adding the ALP to the PIM, 1 mL per scaffold
of the prepared solution was immediately added to a 24 well plate loaded with scaffolds.
The well plate was then transferred to a slow-moving moving plate at 37 ◦C in a drying
oven. Here, the scaffolds remained for 1, 3, and 6 days, respectively, without changing
the medium. After the scaffolds were removed, they were washed three times for 15 min
in double-distilled water on a moving plate in a drying oven at 37 ◦C and then air-dried
on filter paper.

Mineralization of Collagen with Poly-L-Aspartic Acid

Based on the work of Deshpande et al. [21], it is shown that the presence of polyaspartic
acid (further polyASP) leads to biomineralization of the collagen itself. Using this approach,
four initial solutions were prepared for the generation of mineralization of collagen. For
the first solution, 10× phosphate buffered saline (further referred to as 10× PBS) was
prepared following the sequence listed in Table 2. This was then diluted to 3.4× PBS. For
the second and third starting solution solutions, a 6.8 mM CaCl2 and 4 mM (NH4)2HPO4
solutions were prepared. Poly-L-aspartic acid as the fourth starting solution was brought
to a 500 μg/mL solution by dissolving and diluting from a 5 mg/mL solution. These
prepared starting solutions were mixed in equal parts (25 μL each) to make a total of 100 μL
of mineralization solution. Then, 20 μL of the mineralization solution per scaffold was
pipetted as a drop on a Petri dish with a diameter of 5 cm and 5 scaffolds each. Here, the
drop was added to the center of the scaffold. The Petri dish was placed inside a home-made
humidity chamber. The humidity chambers were sealed and placed in the drying oven
(Memmert UM200, Memmert GmbH & Co KG; Schwabach, Germany) for incubation at
37 ◦C for 6 h. At the end of the 6 h, the finished scaffolds were briefly washed with double
distilled water warmed to 37 ◦C and transferred to filter paper for drying.

2.2.4. Characterization of the Scaffolds and Coatings
Characterization by 3D Laser Scanning Microscopy

The 3D printed scaffolds were characterized before and after plasma treatment using a
3D laser scanning microscope (KEYENCE, VK-X210, KEYENCE, Osaka, Japan). This captures
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both images of the surface and laser scans. Surface-specific values such as surface roughness
(center roughness Sa) can then be measured, analogous to our previous work [11,14]. To
investigate the surface roughness before and after plasma treatment of the scaffolds, images
were acquired using the 3D laser microscope and the surface roughness was measured
at four random locations. A scaffold was examined before plasma treatment and after
plasma treatment.

Characterization by Immunoassay for Collagen I

To prove the successful coating of the scaffolds with collagen, immunofluorescence
staining with an antibody against collagen I was performed. For this purpose, collagen-
coated scaffolds and uncoated scaffolds were used as control group. The scaffolds were
first washed with phosphate buffered saline (PBS). After washing, they were incubated
for 45 min at room temperature in a so-called blocking solution. The blocking solution
consisted of PBS, 1% BSA, and 0.1% Triton-x 100. Subsequently, the scaffolds were washed
again 3 times with PBS. The primary antibody was then added, which was previously
dissolved 1:1000 in a buffer (lowcross buffer). For the detection of collagen, the mouse anti-
human collagen 1 (company info, ab6308) mouse antibody at a concentration of 1.5 mg/mL
was used as the primary antibody. After addition of the primary antibody, the scaffolds
were incubated at 4 ◦C overnight. Subsequently, the scaffolds were washed again 3 times
with PBS. The scaffolds were then incubated in the secondary antibody. A goat anti-mouse
Alexa 488 antibody (ThermoFisher Scientific) dissolved 1:500 in a lowcross buffer for 60 min
at room temperature. These antibodies were labeled with a fluoreschrome, allowing them
to be examined later with a fluorescence microscope (Olympus BX-53, 500 ms illumination
time) (excitation at 495 nm (blue), emission 519 nm (green)).

Characterization by ESEM

To study the mineralization of the collagen layer, this sample had to be prepared. A
cryo-fracture had to be prepared. To do this, finished samples were held in liquid nitrogen
at −196 ◦C for 30 s, following the procedures presented. The frozen samples were broken
into two pieces using a 10 mm chisel. Breaking in the frozen state resulted in an optimal
breaking edge. The resulting fracture edge also allowed a view into the coating. For this
purpose, the edge areas of the strands oriented perpendicular to the fracture were viewed.
Furthermore, otherwise only optically significant and deviating areas were examined more
closely in order to record further information as well as anomalies. The measurement
parameters in the FEI Quanta 250 FEG were: 20 kV accelerating voltage, the use of a Large
Field Gaseous, detector (LFD) for secondary electrons, low vacuum of 130 Pa.

Characterization by MicroCT

Samples examined with the μCT must undergo several preparation steps before
examination. First, they were cryo-fractured, comparable to the ESEM samples (see chapter
before). Unlike the preparation of the ESEM images, however, this was not used to expose
individual strands to allow insight into the coating, but merely to reduce the size of the
sample. Sections of approximate size 1 mm × 1 mm × 2.04 mm were taken. The now cryo-
broken sample pieces were thoroughly rinsed three times with PBS and then transferred to
an ethanol series for dehydration. Here, all samples were transferred sequentially to 30%,
50%, 70%, 80%, 90%, 96%, and 100% ethanol for 30 min each. To fix the samples, the samples
were transferred to a 24 well plate containing 1 mL/well (≥99.0%) hexamethyldisalazane
for 4 h [22]. Finally, samples were removed from the hexamethyldisalazane and dried
under a fume hood for 8 h. Dry samples were attached to the sample holder with superglue
and then examined using μCT. The parameters used for the examinations with the μCT
Skyscan 1272 system were as follows:

• Tube voltage: 40 kV
• Tube current: 250 μA
• Exposure time: 1815 ms
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• Additional filtering: No additional filtering
• Binning: 1 × 1 (projection size: 4032 × 2688)
• Voxel size: 2.0 μm
• Rotation step: 0.15 degrees
• Frame averaging: 5
• 360◦ scan
• Random movement off

Characterization by TEM/EDX

For the TEM and EDX investigations, the PCL moldings were coated with collagen
and treated with poly-L-aspartic acid. Subsequently, the specimens were cold-embedded
in PELCO® 10505 silicone embedding molds in Rencast FC52 (Goessl-Pfaff GmbH, Karl-
skron, Germany). Some samples were incubated in osmium (OsO4) for better detection
of the collagen layer. Thin sections of the embedded samples were then prepared on the
PowerTome XL ultramicrotome (Boeckeler Instruments Inc., Tucson, AZ, USA).

2.3. Statistics

Data are expressed as mean ± standard deviation of the mean and were analyzed
by one-way analysis of variance (ANOVA). The level of statistical significance was set at
p < 0.05. For statistical calculations, the Origin 2020 Professional SR1 (OriginLab, Northamp-
ton, MA, USA) was used.

3. Results

3.1. Characterization of the Scaffolds and Coatings
3.1.1. Characterization by 3D Laser Scanning Microscopy

No significant difference in surface roughness was found between the two groups
(without and with plasma treatment). The mid-surface roughness Sa for the non-plasma
treated specimens was 4.19 + 0.22 μm and for the plasma treated specimens 4.70 + 0.79 μm.
The length, height, pore size, and strand width were also measured by means of 3D Laser-
scanning microscopy (3D LSM) (pls see Table 4). The pore size was measured on the 3D LSM
images by using ImageJ. However, there was a significant difference in surface roughness
between uncoated (4.1 ± 0.1 μm) and coated scaffolds (3.35 ± 0.3 μm) with p < 0.05.

Table 4. Dimensions of the 3D-printed scaffolds.

Parameter PCL Scaffold

Length (mm) 8.42 ± 0.01

Height (mm) 2.04 ± 0.03

Pore size (μm) 295.4 ± 9.8

Strand width (μm) 300 ± 12.6

Porosity (%) 31.9

3.1.2. Characterization of Collagen Coating by Immunoassay

The immunoassay showed that a collagen layer had formed on the scaffolds. In the
following Figure 1, the intrinsic fluorescence of the unloaded scaffold is shown in (a) and
the fluorescence of the loaded scaffolds is shown in (b). It is evident that the intrinsic
fluorescence is very weak, whereas the fluorescence of the samples is very pronounced
depending on the thickness of the collagen layer.
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(a) (b) 

Figure 1. Overview of immunostaining; (a): uncoated scaffolds; (b): collagen-coated scaffolds.
Images taken with Olympus BX-53 Fluorescence microscope @ 500 ms illumination time.

3.1.3. Characterization by Means of ESEM
Classical Collagen Coating

In the classical form of collagen coating, incubation in the collagen solution, collagen
was deposited homogeneously on the surface of the scaffolds (see Figure 2). The thickness
of the layer depended on the incubation time. In addition, it can be seen in Figure 2 that
the uncoated scaffolds have gaps between the fused PCL particles, which were closed in a
and b by the coating.

  
(a) (b) 

Figure 2. Cont.
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(c) 

Figure 2. ESEM images of collagen coating by incubation; the red area in (a) is shown enlarged in (b);
the uncoated scaffold is shown in (c).

Collagen-HA Coating

Due to the change in pH from slightly acidic to basic, the first mixing of collagen
solution with nano HA resulted in the gelation of the suspension. To avoid this, all further
tests were carried out with the addition of acetic acid. Figure 3 shows the inhomoge-
neous coating with gelled collagen HA coating. This is contrast with the collagen HA
coating diluted with acetic acid. However, the dilution step changed the concentration of
collagen + HA, which is reflected in a less effective coating.

  
(a) (b) 

Figure 3. Comparison of collagen-HA coatings: (a): gelled collagen-HA coating; (b): collagen-HA
coating, which has been diluted with acetic acid.

Surface Coating by Incubation in 10× SBF

The results of storage in 10× SBF for one hour showed no major agglomerations of
crystalline structures, see overview image (Figure 4). However, a surface coating can already
be recognized by the lighter shimmering. Looking at the individual results, crystalline
structures are already clearly visible both in the analysis of the fracture edge and on the
surface of a strand. In the top view of the fracture edge, the ridge line of protruding
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crystalline structures can also be seen. It is also clear that there is a lighter area between
the ridge line and the PCL. This indicated that there is a layer between the PCL and
the protruding crystalline structures. This is probably the collagen layer. When looking
at the open area of a strand, crystalline structures were also visible, which are partially
agglomerated. The results of the 2 h samples showed few changes compared to the samples
immersed in 10× SBF for 1 h. In general, only an increased agglomeration of the crystalline
structures already found in the samples of the 1 h storage is evident, this can also be seen
in the overview images (Figure 4; left image). When looking at the fracture edge and the
surface of a strand of the first sample, agglomerations of crystalline structures can be seen.
On closer inspection of the second sample of the 2 h storage, clearly larger crystalline
structures can be seen in the observation of the fracture edge; however, these could be
related to the generally larger agglomerations that can be observed in the 2 h samples
on the open strand. The results of the 4 h samples also showed comparable results with
those of the 1 h and 2 h samples. The observed crystalline structures are larger and more
defined compared to the 1 h and 2 h samples. Furthermore, the observed agglomerations
of crystalline structures were also larger. Uncoated areas can be observed in both samples.
A closer look at the fracture edge of the first sample again revealed crystalline structures
on the surface. A top view of the open face of one strand showed an increased density
and size of crystalline structures as well as some agglomerated structures. The samples
that were incubated for 8 h in 10× SBF showed the largest agglomerations and thickest
crystalline structures. Further magnification of both samples clearly showed, compared to
the previous samples, even more defined and thicker crystalline structures as well as larger
agglomerations in places. Thus, also when looking into the coating, much larger crystalline
structures can be seen in both samples.

  

1 h incubation 

  

2 h incubation 

Figure 4. Cont.
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4 h incubation 

  

8 h incubation 

Figure 4. Comparative ESEM images of the coatings formed by incubation in 10× SBF. Incubation
time varies from top to bottom: 1, 2, 4, and 8 h. The left image always shows the scaffold at
188× magnification, and the right image shows the crystalline structures and agglomerates on the
surface. Because the crystalline structures and agglomerates increase over the incubation time, the
magnification factor also varies. ESEM images were taken with a FEI Quanta FEG 250 @ 20 kV, 130 Pa,
Large Field Detector.

Mineralization with ALP

The samples incubated for one day in PIM activated with ALP already showed first
agglomerations of crystalline structures. Among and next to these agglomerated structures,
crystals can also be found shining through as small dots on the ESEM images. The presence
of small crystalline structures as well as agglomerations of these crystallites resembled, on
a smaller scale, the results of the 10× SBF experiments. The samples incubated in PIM for
3 days continued to show crystalline structures under ESEM both in the observation of
the fracture edge and on the surface of a strand. Compared to the 1-day sample, a finer
distribution of small crystallites as well as more agglomeration were evident when looking
at the surface. Looking at the fracture edge also showed a thicker surface layer compared to
the 1-day sample. The images of the 6-day sample were comparable to the results observed
in the 1-day and 3-day samples. The same small crystals as well as agglomerations were
found when looking at the open area of a strand (blue). Again, the agglomeration increased
with longer stored samples. However, the size of the observed crystals did not increase
with longer storage. Observation of the fracture edge also revealed a larger layer of crystals
on top of those protruding from the surface coating. When comparing the three different
samples, the longer the storage in the ALP activated PIM, the stronger the agglomeration.
This can be observed particularly well on the surface due to the occurrence of larger
agglomerations (see Figure 5).
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Incubation in PIM
 for 1 day 

  

Incubation in PIM
 for 3 days 

  

Incubation in PIM
 for 6 days 

Figure 5. Comparison of the ESEM images for the different incubation times in PIM; (left): fracture
edge of a cylindrical strand with coating on the outer surface; (right): surface of a strand with
agglomerations of the crystalline structures.

Mineralization with Poly-L-Aspartic Acid

The samples treated with poly-L-aspartic acid showed no observable crystals under
ESEM, and the surfaces appeared untreated except for a discernible collagen layer. The
observable collagen layer through which the PCL shines through showed no signs of
mineralization (cf. Figure 6). The uniformity of the coatings and the thickness of the
coatings were summarized in Table 5.
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Figure 6. ESEM images of fracture edge (left) and surface of a strand (center), and magnification of
the surface (right) of a sample treated with poly-L-aspartic acid.

Table 5. Comparison of the coating methods with regard to uniformity of the HA coating and
thickness of the coating.

Coating Method Uniformity of Coating HA Coating Thickness (μm)

Collagen-HA

non-uniform coating, HA already
clumps in the collagen solution, HA

only on the collagen coating,
not within

-

SBF (10×)

depending on the incubation time,
short incubation (1 h) leads to

uniform coating; moreover,
formation of a uniform

nanocrystalline layer with spots on
the surface, whose expression

increases with time, HA only on the
collagen coating, not within

1 h: <1 μm
2 h: 1–3 μm
4 h: 3–6 μm

8 h: 10–30 μm

ALP

uniform coating, no nanocrystalline
HA, as incubation time progresses,

increased appearance of
agglomerates on the surface, whose
size and density increase with time,

HA only on the collagen coating,
not within

1 d: <1μm
3 d: 1–2 μm
6 d: 2–4 μm

PolyASP

HA only detectable by high-res
EDX within the collagen layer, no
HA nanocrystals detectable at the

outer collagen layer

-

3.1.4. Characterization by MicroCT

The investigations using μCT were only carried out for the ALP and poly-L-aspartic
acid coatings.

Coatings with ALP

The results of the μCT examinations showed the presence of a surface coating on the
ALP samples, but no crystals can be observed within the collagen layer. The surface coating
is most evident when comparing the top and bottom surfaces of the constructs. Since the
bottom side rested on the bottom of the corrugated sheet due to gravity during the coating
with collagen and during storage in the ALP activated PIM, no surface coating could occur
on the bottom side (cf Figure 7a).
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(a) (b) 

 
(c) 

Figure 7. MicroCT images of samples incubated in: (a): ALP-activated PIM; (b): poly-ASP;
(c): uncoated sample.

Coatings with Poly-L-Aspartic Acid

The results of the μCT examinations of the poly-ASP samples showed, as already the
examinations of the ALP samples, a surface coating. However, no crystalline structures
were visible here either (cf. Figure 7b) compared to the uncoated sample (cf. Figure 7c).

3.1.5. Characterization by TEM/EDX

Within the thin sections of the coated samples, HA nanocrystals have been detected in
the collagen layer by TEM and subsequent EDX. The detection was done via EDX of Ca;
this is neither contained in PCL nor in collagen (see Figure 8).
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(a) (b) 

Figure 8. TEM (a) and EDX (b) images of thin sections of collagen-coated PCL, post-treated with
poly-L-aspartic acid; TEM image taken with TALOS 200X, 185,000× magnification, HFW 546 nm,
STEM HAADF, EDX measuring with FEI SuperX EDX System.

4. Discussion

Collagen coating in the present project was performed analogously to work we have
already published [11,14].

4.1. Collagen-HA Coatings

The addition of 5 wt% HA as a nanopowder did not result in a homogeneous surface
coating consisting of collagen and HA. The HA did not distribute homogeneously and
dried out and agglomerated on the surface of the scaffold. However, non-agglomerated
homogeneous distribution of HA has been successful in other work [23]. This raises the
question of why this was not successful in this work. The failure of homogeneous surface
coating was due to the phase separation of the resulting collagen-HA gel. A possible gel
formation had not been considered. Subsequently, a reference to this gel formation was
found in the work of Oechsle et al. [24]. In this case, after gelation, the solid phase, the
HA, separated and dried out in the subsequent step inhomogeneously on the surface.
This gel formation was related to the pH, which could be confirmed by dissolving the gel
when acetic acid was added. When the pH was changed, initiated by the addition of the
HA nanopowder, electrostatic binding of the collagen molecule occurred, a phenomenon
known for example with chitsoan molecules [25]. Since collagen behaves similarly to
chitosan, this could be the reason for the unexpected gelation.

In the second set of experiments, in which only 2 wt% HA was added, similar gel
formation was seen. Accordingly, the amount of HA added does not seem to be relevant
to the formation of the gel. Consequently, the gel was dissolved by adding 0.2 M acetic
acid. This 0.2 M acetic acid with a pH of 3.5 corresponds to the solvent of the commercially
purchased collagen solution from Corning. The addition of the acetic acid lowered the pH,
which dissolved the gel. This confirms that gelation is strongly linked to pH [25]. Twice the
amount of acetic acid was needed to dissolve the gelation than collagen solution originally
used. This, of course, also reduced the concentration of dissolved collagen and HA, and
since 600 μL per scaffold continued to be added, insufficient collagen could be deposited
on the surface, which is especially evident when comparing the ESEM results of the two
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sets of experiments. Working with pure collagen and other solvents may well lead to the
desired HA/collagen coatings as demonstrated by the AG of Yeo et al. [23].

4.2. Incubation in 10× SBF

The experiments on the storage of collagen-coated scaffolds in 10× SBF showed that
it was possible to obtain a homogeneous coating of HA on the collagen. The crystals and
agglomerations produced in this regard are very similar to the HA crystals observed in
the studies of Vaquette et al. [17], Poh et al. [16], and Yang et al. [19]. Furthermore, the
expression and size of the crystals as well as the size of the agglomerations of the crystals
could also be modulated by prolonged storage, a result that was also observed in the work
of Yang et al. [19]. Furthermore, similar to the observations of Yang et al. [19] and Tas
et al. [26], using 10× SBF for the preparation of a HA layer shortened the time to form
this layer enormously, compared to normal SBF (i.e., 1× SBF without tenfold increased
ion concentration). Thus, a very rapid formation of crystalline structures (within a few
hours after storage) was also observable in the context of this work, which is a further an
indication that the crystals formed are HA.

4.3. Coatings with ALP

The samples from the ALP experiments also showed successful surface coating with
HA. Crystalline structures can be seen on the surface. These behaved similarly to the previ-
ously observed crystals of the 10× SBF samples. Thus, isolated crystals and agglomerations
of different sizes are shown (Figures 4 and 5). These observed crystals are also optically
similar to the HA crystals observed in the work of Jaroszewicz et al. [20].

4.4. Coatings with Poly ASP

The samples of the PolyASP experiments also showed a well recognizable collagen
layer on the surface. This is further confirmed by the μCT images as well as the TEM + EDX
images. Here, a surface coating can be seen on all images, which is different from the PCL.
However, there were no crystalline structures on any of the images that indicate the presence
of HA. In the work of Deshpande et al. [21], however, collagen was shown to mineralize
successfully. The investigation with the TEM and EDX could prove the mineralization of
the collagen. As mentioned earlier, the HA crystals observed by Deshpande et al. [21] were
only a few 50–100 nm in size and were present in a layer above the collagen layer. This
requires not only a view into the collagen layer (which was attempted with TEM + EDX
and the ultra-thin sections required for this), but also the magnification required at the
nanometer scale. This could be confirmed by our measurements. Calcium and oxygen
were detected within the collagen layer by EDX, where collagen contains no calcium atoms.
This would also correspond to the in vivo occurrence of HA in the form of crystals with a
size of a few nanometers, which Deshpande et al. [21] tried to emulate with their method.

Implications with Respect to Application

Coating with HA crystals in collagen solution have proven to be impractical as the
HA clumped in the solution and could not be applied homogeneously. For simple surface
mineralization of collagen coatings but also simply for deposition of nanocrystalline HA
on smooth surfaces, both incubation in SBF and ALP are suitable, with 10× SBF being the
cheaper option with which thick HA layers can be generated in a short time. However,
if the HA nanocrystals are to be present in the coating itself (similar to bone), the coating
method with incubation in poly-ASP should be used. There is, of course, still a need for
optimization with regard to the quantity and orientation (with regard to bones from the
petri dish) of the HA nanocrystals within the collagen layer.

5. Conclusions

In the present work, we examined a wide variety of approaches to determine whether
and where HA layers form on collagen-coated PCL scaffolds. The HA layers formed in
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various forms only at (not in) the collagen layer for all methods except incubation in poly
ASP. However, through poly ASP treatment, nanocrystalline HA could also be detected
within the collagen layer.

Author Contributions: Conceptualization, M.S., H.S. and J.V.; methodology, M.S. and J.V.; software,
M.S.; validation, M.S., A.E. and B.R.; formal analysis, A.E.; investigation, A.E., Y.T. and R.T.; resources,
M.S.; data curation, M.S., Y.T. and R.T.; writing—original draft preparation, M.S.; writing—review
and editing, M.S. and A.E.; visualization, M.S.; supervision, M.S. and H.S.; project administration,
M.S. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: The work was still inspired by Anke Bernstein, who unfortunately passed away
much too early due to an accident in June 2021. The authors would like to thank Melanie Lynn Hart
for proofreading the manuscript.

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

References

1. Behrendt, H.; Runggaldier, K. A Problem Outline on Demographic Change in the Federal Republic of Germany. Notf. + Rett. 2009,
12, 45–50. [CrossRef]

2. Peters, E.; Pritzkuleit, R.; Beske, F.; Katalinic, A. Demografischer Wandel und Krankheitshäufigkeiten. Bundesgesundheitsblatt-
Gesundh.-Gesundh. 2010, 53, 417–426. [CrossRef] [PubMed]

3. Destatis. Mitten im Demografischen Wandel. Available online: https://www.destatis.de/DE/Themen/Querschnitt/
Demografischer-Wandel/demografie-mitten-im-wandel.html (accessed on 2 September 2020).

4. Eurostat. European Union: Age Structure in the Member States in 2019. Available online: https://de.statista.com/statistik/
daten/studie/248981/umfrage/altersstruktur-in-den-eu-laendern/ (accessed on 14 March 2020).

5. Destatis. Gesundheit-Fallpauschalenbezogene Krankenhausstatistik (DRG-Statistik) Operationen und Prozeduren der Vollstationären
Patientinnen und Patienten in Krankenhäusern (4-Steller); Statistisches Bundesamt (Destatis): Wiesbaden, Germany, 2020.

6. Engh, C.A., Jr.; Young, A.M.; Engh, C.A., Sr.; Hopper, R.H., Jr. Clinical Consequences of Stress Shielding After Porous-Coated
Total Hip Arthroplasty. Clin. Orthop. Relat. Res. 2003, 417, 157–163. [CrossRef] [PubMed]

7. Bublak, R. How long do artificial hips and knees last? Orthopädie Und Rheuma 2019, 22, 16–17. [CrossRef]
8. Fowler, T.J.; Blom, A.W.; Sayers, A.; Whitehouse, M.R.; Evans, J.T. How might the longer-than-expected lifetimes of hip and knee

replacements affect clinical practice? Expert Rev. Med. Devices 2019, 16, 753–755. [CrossRef]
9. Epple, M. Biomaterialien und Biomineralisation, Eine Einführung für Naturwissenschaftler, Mediziner und Ingenieure; Teubner: Stuttgart,

Germany, 2003. [CrossRef]
10. Patrício, T.; Domingos, M.; Gloria, A.; Bártolo, P. Characterisation of PCL and PCL/PLA Scaffolds for Tissue Engineering. Procedia

CIRP 2013, 5, 110–114. [CrossRef]
11. Weingärtner, L.; Latorre, S.H.; Velten, D.; Bernstein, A.; Schmal, H.; Seidenstuecker, M. The Effect of Collagen-I Coatings of 3D

Printed PCL Scaffolds for Bone Replacement on Three Different Cell Types. Appl. Sci. 2021, 11, 11063. [CrossRef]
12. Sousa, I.; Mendes, A.; Bártolo, P.J. PCL Scaffolds with Collagen Bioactivator for Applications in Tissue Engineering. Procedia Eng.

2013, 59, 279–284. [CrossRef]
13. Lüllmann-Rauch, R.; Asan, E. Zellenlehre. In Taschenlehrbuch Histologie, 6th ed.; Vollständig Überarbeitete Auflage ed.; Lüllmann-

Rauch, R., Asan, E., Eds.; Georg Thieme Verlag: Stuttgart, Germany, 2019. [CrossRef]
14. Huber, F.; Vollmer, D.; Vinke, J.; Riedel, B.; Zankovic, S.; Schmal, H.; Seidenstuecker, M. Influence of 3D Printing Parameters on

the Mechanical Stability of PCL Scaffolds and the Proliferation Behavior of Bone Cells. Materials 2022, 15, 2091. [CrossRef]
15. Ficai, A.; Andronescu, E.; Voicu, G.; Ghitulica, C.; Vasile, B.S.; Ficai, D.; Trandafir, V. Self-assembled collagen/hydroxyapatite

composite materials. Chem. Eng. J. 2010, 160, 794–800. [CrossRef]
16. Poh, P.S.P.; Hutmacher, D.W.; Holzapfel, B.M.; Solanki, A.K.; Stevens, M.M.; Woodruff, M.A. In vitro and in vivo bone formation

potential of surface calcium phosphate-coated polycaprolactone and polycaprolactone/bioactive glass composite scaffolds. Acta
Biomater. 2016, 30, 319–333. [CrossRef] [PubMed]

17. Vaquette, C.; Ivanovski, S.; Hamlet, S.M.; Hutmacher, D.W. Effect of culture conditions and calcium phosphate coating on ectopic
bone formation. Biomaterials 2013, 34, 5538–5551. [CrossRef] [PubMed]

18. Gomori, G.; Benditt, E.P. Precipitation of Calcium Phosphate in the histochemical Method for Phosphatase. J. Histochem. Cytochem.
1953, 1, 114–122. [CrossRef] [PubMed]

19. Yang, F.; Wolke, J.G.C.; Jansen, J.A. Biomimetic calcium phosphate coating on electrospun poly(E-caprolactone) scaffolds for bone
tissue engineering. Chem. Eng. J. 2008, 137, 154–161. [CrossRef]

142



J. Funct. Biomater. 2022, 13, 238

20. Jaroszewicz, J.; Idaszek, J.; Choinska, E.; Szlazak, K.; Hyc, A.; Osiecka-Iwan, A.; Swieszkowski, W.; Moskalewski, S. Formation of
calcium phosphate coatings within polycaprolactone scaffolds by simple, alkaline phosphatase based method. Mater. Sci. Eng. C
2019, 96, 319–328. [CrossRef] [PubMed]

21. Deshpande, A.S.; Beniash, E. Bioinspired Synthesis of Mineralized Collagen Fibrils. Cryst. Growth Des. 2008, 8, 3084–3090.
[CrossRef] [PubMed]

22. Kestilä, I.; Folkesson, E.; Finnilä, M.A.; Turkiewicz, A.; Önnerfjord, P.; Hughes, V.; Tjörnstrand, J.; Englund, M.; Saarakkala,
S. Three-dimensional microstructure of human meniscus posterior horn in health and osteoarthritis. Osteoarthr. Cartil. 2019,
27, 1790–1799. [CrossRef]

23. Yeo, M.G.; Kim, G.H. Preparation and Characterization of 3D Composite Scaffolds Based on Rapid-Prototyped PCL/β-TCP
Struts and Electrospun PCL Coated with Collagen and HA for Bone Regeneration. Chem. Mater. 2012, 24, 903–913. [CrossRef]

24. Oechsle, A.M.; Wittmann, X.; Gibis, M.; Kohlus, R.; Weiss, J. Collagen entanglement influenced by the addition of acids. Eur.
Polym. J. 2014, 58, 144–156. [CrossRef]
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Abstract: Medical gloves, along with masks and gowns, serve as the initial line of defense against
potentially infectious microorganisms and hazardous substances in the health sector. During the
COVID-19 pandemic, medical gloves played a significant role, as they were widely utilized through-
out society in daily activities as a preventive measure. These products demonstrated their value as
important personal protection equipment (PPE) and reaffirmed their relevance as infection prevention
tools. This review describes the evolution of medical gloves since the discovery of vulcanization by
Charles Goodyear in 1839, which fostered the development of this industry. Regarding the current
market, a comparison of the main properties, benefits, and drawbacks of the most widespread types
of sanitary gloves is presented. The most common gloves are produced from natural rubber (NR),
polyisoprene (IR), acrylonitrile butadiene rubber (NBR), polychloroprene (CR), polyethylene (PE),
and poly(vinyl chloride) (PVC). Furthermore, the environmental impacts of the conventional natural
rubber glove manufacturing process and mitigation strategies, such as bioremediation and rubber
recycling, are addressed. In order to create new medical gloves with improved properties, several
biopolymers (e.g., poly(vinyl alcohol) and starch) and additives such as biodegradable fillers (e.g.,
cellulose and chitin), reinforcing fillers (e.g., silica and cellulose nanocrystals), and antimicrobial
agents (e.g., biguanides and quaternary ammonium salts) have been evaluated. This paper covers
these performance-enhancing materials and describes different innovative prototypes of gloves and
coatings designed with them.

Keywords: medical gloves; natural rubber; synthetic rubber; bio-filler; reinforcing filler; antimicrobial
properties; performance-enhancing materials

1. Introduction

To minimize the risk of exposure to cross-infection between patients and healthcare
workers, it is necessary to use personal protective equipment (PPE) such as disposable
medical gloves, masks, or gowns [1]. Among these items, medical gloves were widely used
by the population during the COVID-19 pandemic and played a key role as an infection
prevention tool for medical staff and society in general. Microorganisms, infectious agents,
and pathogens, such as bacteria, viruses, fungi, protozoa, and prions, live in the human
body and the surrounding environment [2]. Most of these organisms do not pose a threat
to the general population, but during an epidemic or in medical facilities, pathogenic mi-
croorganisms can be present at serious levels and cause illness. Hands are a major source of
infection spread. Although hand washing is effective in eliminating most microorganisms,
there are circumstances in which this practice is not sufficient, and exposure justifies the
use of an additional layer of protection. For these reasons, medical gloves are mandatory
when performing invasive procedures or coming into contact with sterile sites [3].

According to World Health Organization (WHO) recommendations, protective gloves
should always be used in cases of contact with blood, mucous membranes, injured skin, or
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other potentially infectious material, as well as hazardous chemicals and drugs [1]. The
aim of this work is to review the materials used in medical gloves due to their importance
as an element of personal protection. The purpose is to compare the natural and synthetic
rubbers used in their manufacture as well as identify performance-enhancing materials that
can be added to medical glove formulations to improve their properties. These materials
include biopolymers, eco-friendly additives, bio-based fillers, and antimicrobial agents [4].
Similarly, we intend to address several prototypes of medical gloves, blends, composites,
and coatings made from these new materials.

1.1. History of Medical Gloves

Many healthcare workers were aware that accidental open lesions experienced while
performing their duties could result in an infected wound, illness, and even death before
the microbial nature of infection was established in the middle of the 19th century [5].
The exact time when protective gloves were first employed in the healthcare business is
unknown. There are suggestions that an obstetrician called Walbaum covered his hands
with sheep intestine as early as 1758 [6]. Other physicians used to cover their hands with
cotton, silk, or leather gloves [5].

An important milestone in this field was the discovery of vulcanization by Charles
Goodyear in 1839, when he was working at a rubber factory in Massachusetts and mixed
a piece of rubber with sulfur on a hot stove [7,8]. He had discovered the vulcanization
process, which turned natural rubber (NR) from a thermoplastic that could be softened
by heat into a harder, more stable, and more durable product. Vulcanization consists of
the development of a crosslinked rubber that is the product of the creation of bonds at
several points of the individual NR chainlike molecules using sulfur as the crosslinking
agent [9,10].

Vulcanized rubber quickly became the choice for coarse protective medical gloves.
William Halsted of Johns Hopkins Hospital in Baltimore was likely one of the early promot-
ers of sterile NR gloves in the operating room, but it is uncertain who initially encouraged
their use. Halsted asked the Goodrich Rubber Company to make finer and less rudimentary
NR gloves, although they were still quite stiff and difficult to handle. Over time, the NR
gloves became even thinner and shorter. In 1897, the first article about sterile NR gloves
in medical settings was published. This paper, entitled “Rubber gloves in the practice
of surgery”, was written by Werner von Manteuffel and appeared in a German surgical
journal [11]. By the beginning of the 20th century, the use of sterile NR gloves had become
widespread in surgical practice [5].

1.2. Market of Medical Gloves

The rising incidence of epidemic diseases such as swine flu (H1N1) and the more recent
and widespread COVID-19 (SARS-CoV-2) has driven the growth of the global medical
glove market. As reported by the Financial Times, during the latter pandemic, glove
industry sales and profits increased by over 100% [12,13]. According to data provided
by Global Market Insights, the worldwide market of medical gloves grew dramatically
as a result of the first phase of the COVID-19 pandemic expansion, reaching over USD
4 billion in 2020 [14]. In 2021, when the infection was best understood and the supply of
these products increased in line with demand, this market experienced a slight decline in
profits and reached USD 12.31 billion in value. Nevertheless, it is expected to increase at
a compound annual growth rate (CAGR) of 5.8% from 2022 to 2030 [15].

Figure 1 shows EU-27 imports of surgical gloves between January 2019 and December
2021. The graph was compiled from the Eurostat dataset “DS-1180622” for product code:
“B3-40151100 Surgical gloves, of vulcanized rubber other than hard rubber (excluding
fingerstalls)”. In the graph, the business as usual (BAU) trend line was plotted using import
data from January 2019 to March 2020, when the WHO proclaimed the global pandemic of
COVID-19. To estimate the rise in medical glove imports during the COVID-19 pandemic,
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the over-BAU value was estimated using data from April 2020 to August 2021. The value
of net imports in excess of BAU was approximately 62,000 Tons [16].
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Figure 1. Imports of surgical gloves in the EU-27 from January 2019 to December 2021. Chart
prepared by the authors based on Eurostat data [16].

MARGMA (Malaysian Rubber Glove Manufacturers Association) estimates that the
global demand for gloves grew by almost 200 billion units in the first months of 2020 due
to the COVID-19 pandemic [17]. In 2021, at the peak of this pandemic, the global demand
for rubber gloves reached 492 billion units. The exports of rubber gloves from Malaysia
in monetary value terms from 2014 to 2021 are illustrated in Figure 2. This graph clearly
reflects the significant growth that has occurred. Prior to the pandemic, the value of exports
in Malaysian ringgit (MYR) did not exceed MYR 20 billion; however, by 2020, exports had
reached MYR 35.26 billion, and in 2021, they peaked at around MYR 54.81 billion [18].

Figure 2. Exports of rubber gloves from Malaysia. The arrow indicates the sharp rise. Chart prepared
by the authors based on MARGMA data shown in reference [18].

Major players in the glove market include Top Glove and Comfort Gloves [19]. Figure 3
shows the quarterly financial report of Top Glove Corporation Berhad with its earnings dur-
ing the past pandemic period. In first quarter of 2021 (1Q-2021), this company achieved its
maximum quarterly net profit of MYR 2.38 billion, and a high revenue of MYR 4.76 billion.
The group’s quarterly net profit, compared to the previous quarter (4Q-2020), increased
84% from MYR 1.292 billion, while revenue increased 53% from MYR 3.11 billion [20,21].
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Figure 3. Quarterly financial report of Top Glove Corporation Berhad. Chart prepared by the authors
based on Bursa Malaysia data shown in reference [21].

The quarterly financial report of Comfort Gloves Berhad is presented in Figure 4.
This chart shows that the revenue increased from MYR 138.65 million in 1Q-2020 (before
COVID-19) to MYR 541.24 million in 2Q-2021, which represents a rise of 290%. In the same
quarters, the group net profit amounts were MYR 10.24 million and MYR 219.13 million,
respectively, which means an increase of 2040% [17,22,23].

10 16
43

90
138

219

149

46

139
153

198

277

319

541
504

221

0

100

200

300

400

500

600

1Q-2020 2Q-2020 3Q-2020 4Q-2020 1Q-2021 2Q-2021 3Q-2021 4Q-2021

M
YR

M
IL

LI
O

N

PERIOD

Figure 4. Quarterly financial report of Comfort Gloves Berhad. Chart prepared by the authors based
on Bursa Malaysia data shown in reference [22].

In terms of the medical glove material market, natural rubber (NR) and acrylonitrile
butadiene rubber (NBR) gloves are the most important sectors. NR gloves are the type
that generates the highest revenues, due to their variety of applications in fields such as
examinations and surgeries in the medical environment and as protection against chemicals
and pathogens in the general industrial sector [24]. In the 2020 market share, the NR
examination glove segment accounted for USD 5.1 billion, while the surgical glove segment
reached USD 4 billion [14]. In 2021, the global NBR glove market was valued at USD
8.54 billion, and its size is expected to expand at a CAGR of 10.54% from 2022 to 2029.
The NBR glove market attracted substantial new investments due to price incentives and
increased demand resulting from the COVID-19 outbreak [25].

147



J. Funct. Biomater. 2023, 14, 349

1.3. Production Process of Medical Gloves

The most common natural and synthetic rubber medical gloves are produced through
the dipping process (Figure 5). Slowly, hand-shaped porcelain or metal molds are immersed
in various tanks and subjected to different treatments. The main one is dipping in com-
pounded latex, which consists of a mixture of natural or synthetic latex and compounding
chemicals [26]. The compounding chemicals are the additives that must be included in
medical glove formulations to achieve the required characteristics, such as mechanical
strength, barrier integrity, color, aging protection, etc. [27]. These additives include vulcan-
izing agents, plasticizers, softeners, fillers, antioxidants, stabilizers, and different chemical
compounds intended to improve processability [28,29].

FORMER CLEANING PRE-CURING

LEACHINGCURINGSURFACE TREATMENT

Drying

Cleaning
Solution

COAGULANT DIPPING

Coagulant
Solution

LATEX DIPPING
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Latex Oven
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Figure 5. Production process of medical gloves by dipping.

The steps of the dipping process are briefly described below:
Former Cleaning: The procedure begins with washing and drying the hand-shaped

molds. Alkaline solutions, acidic solutions, oxidizing agents, surfactants, and combinations
of these can be employed as cleaning agents [28].

Coagulant Dipping: After cleaning the formers, they are coated with a coagulant,
which is usually a polyvalent metal salt, an organic acid, or an organic acid salt [28]. The
formers are dipped into the coagulant bath to promote adhesion and distribution of the
compounded latex. The coagulant solution may also contain a separating agent, often
calcium carbonate, which prevents the rubber from adhering to the molds. Subsequently,
the molds are subjected to a drying process [26].

Latex Dipping: Next, the glove formers are dipped in a tank containing the com-
pounded latex. The latter is a mixture of rubber suspension with several substances needed
to form a glove, known as compounding chemicals. Formerly, the term “latex” referred
to the white, milky sap gathered from the rubber tree; however, the terminology has also
come to refer to dispersions of fine rubber particles in a liquid composed predominantly
of water. Natural rubber (NR), polyisoprene rubber (IR), acrylonitrile butadiene rubber
(NBR), and chloroprene rubber (CR) are mainly used in the dipping process [26].

Before adding other chemicals to commercial latexes, they must be stabilized to avoid
alterations and variations in their ionic strength during the manufacturing process. The
formulation ingredients must be integrated directly into an aqueous dispersion. For proper
stabilization of the latex, the introduction of chemicals such as surfactants and rosin resins
are required. Usually, two stabilization processes are needed; the provider performs the first
stabilization step, but commercial latexes must be further stabilized before compounding
chemicals are added. This second stabilization is mostly an electrostatic stabilization
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accomplished by altering the ionic strength of the latex. Table 1 presents some chemicals
used for latex stabilization and their function [27].

Table 1. Typical chemicals used for latex stabilization [27].

Function Description

pH increasing Generally, KOH is added to latex to raise its pH to 10–11.

Surfactants Suspensions of chemicals in water can be made more stable with
the help of ionic and non-ionic additives.

Rosin resins
Some synthetic latexes, such as CR and IR, are formulated with
colophonium resins, which effectively perform the functions of

particle stability and film forming.

Once the latex has been adequately stabilized, crosslinking agents are usually applied
to bind the polymeric chains together and form a three-dimensional network that gives the
material the desired flexibility and performance. The crosslinking process may involve the
use of several crosslinking agents [27].

Vulcanization, in which crosslinking is carried out by means of sulfur bonds, is the
most common technique [8]. Colloidal sulfur is often employed with NR, IR, and NBR
latexes. Typically, 0.5 to 2.5 parts per hundred of rubber (phr) are used. Zinc oxide is
utilized in the range of 4.0–5.0 phr for CR [26]. Carbamates in conjunction with thiazoles
are ultra-fast accelerators for the crosslinking process. The latex mixture can alternatively
be vulcanized by adding sulfur donors such as thiurams and thioureas as activators.
Guanidines, or xanthates, also can be added [30].

Fillers, in particular calcium carbonate, are commonly used to reduce the cost of NR
examination gloves [27]. The degree of reinforcement offered by a filler for a rubber glove
depends on many factors. The most crucial aspect is to achieve a large filler–rubber interface,
which only colloidal filler particles can offer. To avoid dispersibility and processability
concerns, the particles must have a specific surface area between 6 and 400 m2/cm3 [31].

Medical gloves contain antioxidants that defend them against attack by oxygen while
in storage. Surgical and examination gloves contain non-staining antioxidants such as
phenolic antioxidants (styrenated and hindered phenols), which are sometimes combined
with a secondary antioxidant [30].

Pigments and dyes are combined with gloves to achieve opacification and impart the
desired hue to the product [27]. The use of pigments or UV absorbers can improve light
fastness to prevent hardening of NR gloves when exposed to direct sunlight. Also, by
adding so-called antiozonants, protection against ozone can be accomplished [30].

Pre-curing: After the latex dipping process, another drying phase takes place. In this
stage, the curing process is partially carried out, which is called the pre-curing process. The
compounded latex that has been deposited on the molds is allowed to acquire a certain wet
gel strength before the leaching step [28].

Leaching: This stage is often referred to as “wet gel leaching.” Once the latex mixture
has dried, residual chemicals and proteins on the gloves surface are removed through
immersion in tanks of hot water. The tanks are refilled periodically with fresh hot water [28].
The water immersion period ranges from 1 to 10 min, depending on the film width. Washing
NR latex film in a weak aqueous alkaline solution, such as aqueous ammonia or aqueous
potassium hydroxide solution, facilitates protein removal [26].

Curing: This process, also simply referred to as vulcanization, often involves a hot-
air circulation blower. The lowest vulcanization temperature varies depending on the
compounded latex. Normal ranges for NR and IR are 90–100 ◦C, for NBR 120–140 ◦C, and
for CR 120–130 ◦C [26]. The rubber reaches its final strength upon leaving the vulcanization
oven [28].

Surface treatment: The purpose of the treatment of the inner surface of gloves is to
prevent sticking together, to facilitate donning, to ensure a smooth fit, and to provide
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comfort during use. Traditionally, powder was employed for this purpose. However,
powder was associated with increased risks of irritation or hypersensitivity for both users
and patients, especially in NR gloves. NR latex proteins, which cause allergies, adhere to
the powder, and spread rapidly in the environment, increasing the prevalence of allergies.
As a result, the use of powder is increasingly restricted by regulation. In several countries,
such as the United States, Germany, and the United Kingdom, powder is prohibited [27,32].
As an alternative, other treatments can be applied, such as chlorination and polymeric
coatings [33].

Powdered gloves are formed by dipping them in a slurry. This substance is also
known as wet powder, and contains talc, silica, or crosslinked starch. For the chlorination
process, the gloves are dipped in a solution containing chlorine. The reaction with the
chlorine forms a thin film of chlorinated rubber on the glove surface. The chlorine solution
is produced by pumping chlorine gas into the water or by combining hydrochloric acid
with sodium hypochlorite [26]. Probably the most widely used method for producing
powder-free NR gloves is chlorination. The double bonds of the polymer chains present
in NR are highly prone to the addition of chlorine, which has the effect of stiffening and
detackifying the rubber surface of the glove [28].

Regarding polymer coating, it is common practice to dip gloves in hydrogel, an
aqueous dispersion based on acrylic or polyurethane diluted to the required concentration,
silicone polymer, or a polymer blend [26]. Coatings can be classified into two categories:
hydrogels and non-hydrogels. Hydrogel coatings are composed of substances that absorb
water several times their weight, swell, and become slick so that gloves can be easily donned.
Non-hydrogels are water-repellent, and the coating’s topology matches the features of
a powdered surface. Often, a dual strategy is employed: first, the donning side of the glove
is coated, and then the grip side is chlorinated [28].

Stripping from molds: After surface treatment, the gloves undergo a drying process
and are then demolded and packaged for sale [26].

1.4. Environmental Concerns Related to Medical Gloves

The global demand for rubber gloves keeps increasing despite the environmental
problems related to their disposal [34]. Rubber gloves account for 24% of total medical solid
waste [35]. Discarded NR gloves typically take at least two years to degrade in a natural
environment. Many highly additivated and crosslinked commercial NR gloves require
even longer to fully decompose in soil under ambient conditions [36].

The various stages of rubber glove production require multiple resources, including
potable water, chemicals, energy, and electricity. Water is often used for the preparation of
the compounded latex, as well as for cleaning, leaching, and cooling procedures. Heat is
utilized in the drying and curing processes. Electricity is mainly used for lighting, pumping
water, operating heavy machinery, and the treatment of liquid waste [37].

At each stage of the glove manufacturing process, there are material inflows and waste
outflows. Contaminated rinse water flows can be said to occur throughout the washing and
leaching stages. In operations involving heating or mechanical action, energy is consumed.
Ovens fueled by liquefied petroleum gas (LPG) produce carbon dioxide emissions as well
as energy losses. Gloves and packaging materials are also discarded downstream in the
production process. This manufacturing technique has effects on the environment as well
as human wellness [38].

It is important to note that sulfur is one of the most widely used crosslinking agents.
The sulfur-based curing system (vulcanization) is harmful from the point of view of environ-
mental and health problems. The emission of toxic sulfur-based gases can cause acid rain,
which returns considerable quantities of sulfuric acid to the earth, destroying vegetation
and degrading soil quality. In addition, gaseous sulfur compounds can induce irritation
and inflammation of the respiratory system. Higher levels of sulfur dioxide can cause eye
burns and be fatal to humans [39]. In addition, accelerators such as benzothiazoles, which
are toxic to aquatic life, are used in the vulcanization process [40].
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To counterbalance the disadvantages of the traditional sulfur process, alternative
curing methods include metal ionic crosslinkers, organic peroxides, or physical methods
such as UV and gamma rays. The basic mechanism underlying the functionality of the
metal ion as a crosslinker is related to its charges. Sulfur forms covalent bonds between
elastomer chains in vulcanization, and these sulfur bonds can be replaced by an ionic
bond with a multivalent metal ion, resulting in a reduction in process time and energy
consumption. The most common applications of metal ion crosslinking are NBR and CR
gloves. As this method does not require initiators or crosslinking accelerators, the cost of
materials is reduced [39].

In ultraviolet (UV) crosslinking, covalent bonds are generated via the UV-assisted
thiol–ene reaction, which represents an unconventional method for the crosslinking of NR.
It can be carried out at room temperature with short process times and without the use of
hazardous chemicals. UV-crosslinked NR articles exhibit good skin compatibility and high
tensile strength. Both the lattice density and Young’s modulus have been found to increase
with radiation intensity [41].

With respect to gamma ray crosslinking, research has shown that carboxylated NBR
can be crosslinked (forming covalent bonds) through high-energy radiation, such as gamma
rays or electron beams [41]. The advantages of this procedure include the absence of haz-
ardous chemical residues, full control of the crosslinking density, and improved mechanical
properties of the crosslinked material. Disadvantages include the large amount of energy
required for the process, the fact that direct exposure of humans could cause cancer, and
the lack of available technical data [42].

In recent years, the widespread usage of rubber and the resulting large amount of
waste of this material has increased interest in this field, with the objective of applying
bioremediation. NR can be degraded by bacteria and fungi, but the process is slow and
even slower in gloves with higher crosslinking densities [35,43]. Linos et al. (2000) found
that Pseudomonas aeruginosa AL98, a type of Gram-negative bacterium, was capable of
disintegrating NR, in its natural form as NR latex concentrates or in its crosslinked forms
as NR or IR gloves [44].

Although the biodegradation of NR has been widely investigated, progress in this
field of study has been hampered by the difficult isolation of appropriate bacteria, extended
cultivation periods, and the scarcity of genetic tools [45]. Actinomycetes have dominated
the literature about the rupture of cis-1,4-polyisoprene among NR-degrading bacteria.
The most prominent genera are Streptomyces, Mycobacterium, Nocardia, and Gordonia [46].
The three latter species directly attack the NR substrate, producing a biofilm and fusing
with the polymer to induce cell surface degradation. The adherent group of bacteria has
been implicated as much more efficient degraders of this substance than enzyme-secreting
strains [47].

There is evidence that some NR glove additives limit microbial descomposing action.
It has been demonstrated that the extraction of these inhibitory substances (antioxidants)
using organic solvents promotes the proliferation of Gordonia and Micromonospora species.
However, using chemical solvents to remove rubber inhibitors is not environmentally
friendly, so an alternative via microbial action was studied. Due to the similarities between
rubber additives and fungal degradable chemicals, the successful cleavage of antioxidants
by white rot fungus has been reported [46].

An example of a plant for the recycling and remediation of NR by microbial action
is shown in Figure 6. The waste NR is ground to promote further microbial attack. The
ground rubber is then heated to denature the unstable compounds, while sterilizing the
rubber to ensure the absence of pathogenic species that could inactivate or compete with
the microorganisms used in the bioreactors [46].

After heating, a detoxification process is performed in which white rot fungi can be
used to degrade the NR additives. Once the additives have been removed, a devulcaniza-
tion process is performed with Thiobacillus ferrooxidans to break the sulfur bonds of the NR.
The decomposition can be completed with potent degrader agents such as Nocardia sp. and
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Gordonia polyisoprenivorans. Then, the lower-molecular weight molecules can be catabolized
by Streptomyces sp. or Xanthomonas sp. Alternatively, the devulcanized NR can be filtered,
cleaned, dried, and blended with fresh NR for reprocessing [46].

Figure 6. Recycling and remediation of NR through microbial action. Reprinted and adapted with
permission from reference [46]. Copyright © 2013 Springer Nature.

2. Types of Medical Gloves

There is a variety of medical gloves based on the specific requirements of each ap-
plication. Essentially, the two main types of medical gloves are examination gloves, used
for normal medical check-ups and minor operations, and surgical gloves, used for op-
erations [48]. Examination gloves are thin (50–150 μm) and ambidextrous. As they are
usually for short-term use, they can be sterile or non-sterile depending on the risk to be
handled. On the other hand, surgical gloves are always packed in a sterile bag in pairs,
distinguishing the right hand from the left. These gloves are thicker than examination
gloves (180–250 μm) as they are worn longer; it is advisable to change them every 90 min,
or less if a perforation is detected [27].

The most common types of medical gloves (Figure 7) include those made of the
following materials: natural rubber (NR), polyisoprene (IR), acrylonitrile butadiene rubber
(NBR), chloroprene (CR), polyethylene (PE), and poly(vinyl chloride) (PVC) [32].

 

MEDICAL
GLOVES

NR IR

CIS-1,4-POLYISOPRENE

ACRYLONITRILE BUTADIENE
RUBBER

POLYCHLOROPRENE

POLYETHYLENE
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and
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CR
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Figure 7. Chemical structure of common types of medical gloves.
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2.1. Natural Rubber (NR)

Natural rubber (NR) is a key raw material that has modernized the world due to its
wide functionality and excellent elastic properties. NR is present in the latex of more than
2000 plant species, including Hevea sp., Castilla sp., Manihot sp., Guayule sp., and Taraxacum
kok-saghyz sp. [27,49]. Surprising examples, such as dandelions, are included. However,
only one tree source, Hevea brasiliensis, is commercially significant [31].

Hevea brasiliensis NR latex is a colloidal system of cis-1,4-polyisoprene particles dis-
persed in an aqueous serum. The milky white sap consists of approximately 34%
cis-1,4-polyisoprene, 2–3% protein, 0.1–0.5% sterol glycosides, 1.5–3.5% resins, 0.5–1.0%
ash, 1.0–2.0% sugars, and 55–65% water [31,50]. The production of milky latex generated
by the Hevea brasiliensis tree fluctuates between 19.8 g and 90.5 g per tree and per tap,
using a half-spiral cut extraction method on the bark of the tree with alternating daily
harvesting [42].

NR gloves, also known as latex gloves, are made of 90% to 95% NR and 5% to
10% compounding additives [30]. Thus, NR gloves are waterproof, and they exhibit
excellent mechanical properties, such as high elasticity, tactility, and tension retention [39].
These gloves are excellent for delicate applications due to their extreme comfort and
sensitivity [51]. The minimum and maximum operating temperatures are −51 ◦C and
104 ◦C, respectively. Most medical examination and surgical gloves are made of this
material, which provides excellent barrier protection against microorganisms and infectious
fluids [42]. A negative aspect of NR is the presence of impurities such as proteins, which
have antimicrobial properties and play an important role in plant defense responses, but
whose remaining presence in NR gloves causes allergies to a certain part of the exposed
population [52,53]. Sensitization may occur with repeated exposure [54]. NR gloves
typically have extractable protein (EP) levels ranging from 20 to 1000 μg/g. Despite this,
EP can be removed through various leaching processes [1]. Once NR gloves were identified
as a source of allergen exposure, awareness was raised, and risk reduction measures were
implemented. The transition to powder-free, low-protein NR gloves and synthetic gloves
corresponded with a decrease in the incidence of allergies [55].

2.2. Polyisoprene (IR)

Polyisoprene rubber (IR) is a synthetic rubber with the same chemical composition as
NR and therefore shares similar properties. Shell Company was the first to commercialize
IR in 1960 [56]. IR has a more uniform and lighter color than NR. IR also has a higher
tensile and tear strength due to a narrower molecular weight dispersion. This material
behaves like NR during processing and can be crosslinked using the same techniques [31].
Most synthetic surgical gloves are made of IR and are characterized by their high dexterity,
sensitivity, absence of protein, and high level of wearer comfort [57]. IR contains 90–92%
cis-1,4-polyisoprene, while NR contains approximately 99% of this configuration [58].

2.3. Acrylonitrile Butadiene Rubber (NBR)

Acrylonitrile butadiene rubber (NBR), also known as nitrile rubber, was patented in
1934 by the chemists Erich Konrad and Eduard Tschunkur of IG Farabenindustrie [59]. The
acrylonitrile content (18% to 50%) in this material gives it higher hardness, higher resistance
to oil and non-polar solvents, and better puncture and abrasion resistance compared to
NR [31]. This material is used in various surgical and examination gloves. They are
usually blue, purple, or black, and any needle puncture is evident [32]. NBR gloves have
a longer shelf life than NR gloves [24]. NBR gloves are flexible, soft, and comfortable.
However, they have drawbacks such as lower sensitivity and rougher texture than NR
gloves [51]. Their pathogen protection and temperature tolerance are moderate, with lowest
and maximum working temperatures of −34 ◦C and 121 ◦C, respectively [42]. NBR is one
of the most widely used synthetic rubbers because of its lower cost compared to other
synthetic rubbers [39,51].
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2.4. Polychloroprene (CR)

Polychloroprene (CR) is a DuPont patented and registered product known as Neoprene® [42].
It is produced through emulsion polymerization of chloroprene [31]. This is one of the most
frequently used synthetic rubbers for making gloves that are resistant to both temperature
and aggressive chemicals. Its environmental resistance, thermal stability, and good oil
resistance make it a standout in the glove sector [39].

CR gloves fit and feel like NR gloves. They are very comfortable and suitable for
people sensitive to NR. These gloves are extremely durable and can stretch quickly while
maintaining their original shape due to their high elasticity [60]. Their mechanical and
flammability resistance are also superior to those of NBR gloves [42]. The minimum and
maximum operating temperatures are −25 ◦C and 93 ◦C, respectively [61].

2.5. Polyethylene (PE)

Polyethylene (PE) is a polymer synthesized through polycondensation of ethylene.
PE is malleable, flexible, and resistant to heat, electrical current, chemicals, and degra-
dation [62]. Thin PE foils are welded together to create PE gloves available in various
thicknesses and with textured surfaces. They have a wide range of applications, including
non-sterile medical work, food handling, painting, and handling of electronic components.
The protective effect depends more on the strength of the welded seams than on the inherent
chemical resistance of the material [30].

2.6. Poly(vinyl Chloride) (PVC)

Polyvinyl chloride (PVC) is a synthetic rigid polymer that was converted into a flexible
material by Waldo Semon at BFGoodrich in the 1920s. Flexible PVC is vinyl compounded
with a plasticizer, which defines the properties of the final product [63]. Traditionally,
phthalates have been added to PVC as plasticizers. These substances have been gradually
replaced with less harmful substitutes such as adipates and vegetable oils [64]. PVC
gloves, also known as vinyl gloves, are stiffer than NR gloves and have comparatively
lower elastic modulus, tear strength, tensile strength, feel, and comfort, but on the plus
side, they have no residual protein and are less expensive [27,65]. PVC gloves are usually
transparent and fit loosely; they can be used in non-sterile environments and for handling
non-hazardous materials and drugs [32]. PVC gloves are permeable; investigations into
the permeability of gloves exposed to 13 chemotherapeutic drugs indicated that even after
short-term applications, transfer to the wearer’s skin occurs [51,66]. These gloves are easily
worn out by use [67].

Table 2 summarizes the main advantages and disadvantages of the different types of
medical gloves.

Table 2. Properties of main medical gloves.

Material Advantages Disadvantages

NR

Good resistance to alkali and acids.
Comfortable, good fitting and feeling for hands.

High elasticity and ability to adapt to shapes.
High tear strength.

Waterproof.

Permeable to several solvents.
Poor resistance to chemicals.

Possible allergies due to
residual protein.

IR
Absence of allergy associated with proteins in

NR gloves.
Good elasticity and break resistance.

It is costly.
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Table 2. Cont.

Material Advantages Disadvantages

NBR

Good alternative for people that are allergic to
NR gloves.

Resistance to various chemicals, especially oils,
fuels, weak acids, caustics, and some

organic solvents.
Eligible for handling most food materials.

Good resistance to mechanical stress.

It has a low level of sensitivity,
which may restrict how well

the hands adapt to and
operate with the gloves.

Low resistance to alcohols,
amines, ketones, ester, ethers,

concentrated acids,
halogenated hydrocarbons,
and aromatic hydrocarbons.

CR

Resistance to temperature and harsh chemicals.
Mechanical and flammability resistance are

superior to NBR gloves.
CR gloves fit and feel like NR gloves.

Appropriate for people allergic to NR.

It is costly.

PE Can be used for food material.
Inexpensive option.

Poor resistance and
barrier protection.

PVC
It is cost-effective, since PVC is inexpensive.

Good for those suffering from skin and chemical
allergies as it is skin-friendly.

Due to plasticizer, not
adequate for handling fatty

food since there is the
possibility of migration of the

plasticizer into the food.
Less stretch, comfort, and

elongation than NR.
Poor resistance to

chemical degradation.
High permeability to
chemotherapy drugs.

3. Mechanical Properties of Medical Gloves

There are international requirements that must be followed for medical gloves to be
suitable for their intended purpose. As an example, the ASTM standards for NR, NBR and
CR rubber examination gloves are presented in Table 3.

Table 3. Mechanical properties of examination medical gloves according to ASTM standards.

Property of
Examination Gloves

ASTM D3578—19 (NR) [68]
ASTM D6319—19

(NBR) [69]
ASTM D6977—19

(CR) [70]

Before Aging After Aging
Before
Aging

After
Aging

Before
Aging

After
Aging

Type I Type II Type I Type II

Minimum Tensile
Strength (MPa) 18 14 14 14 14 14 14 14

Maximum Stress at 500%
Elongation (MPa) 5.5 2.8 - - - - - -

Minimum Ultimate
Elongation (%) 650 650 500 500 500 400 500 400

The ASTM D3578 – 19 specification dictates the mechanical property values that NR
examination gloves must reach. The appendix of the standard provides physical criteria for
Type I and Type II gloves. This classification has been extended to provide customers with
a greater selection of fit, feel, and comfort [68]. For NBR and CR examination gloves, the
mechanical property values are dictated by ASTM D6319 – 19 [69] and ASTM D6977-19 [70],
respectively.
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For NR, NBR, and CR examination gloves, one of the following accelerated aging tests
must be performed: (a) being exposed to 70 ± 2 ◦C for 166 ± 2 h or (b) 100 ± 2 ◦C for
22 ± 0.3 h. Aging tests are designed to demonstrate that the performance of the gloves will
not deteriorate before the date of expiry. Accelerated aging testing is required since it is
impracticable to conduct real-time aging tests prior to releasing these products onto the
market. Under the standards’ test conditions, gloves must be able to resist the deterioration
caused by oxidative and thermal aging. Mechanical properties are expected to be altered
over the lifespan of the product, so they are measured before and after the aging test to
verify that gloves keep their physical integrity and protective capability [68–70].

The specifications for the mechanical properties of medical gloves according to Eu-
ropean standards are addressed in EN 455-2:2015 (Medical gloves for single use. Part 2:
Requirements and testing for physical properties). For accelerated aging, the gloves are
heated in an oven at 70 ± 2 ◦C. The minimum force at break (before and after aging) for sur-
gical gloves must be 9.0 N, for examination gloves except for thermoplastic materials 6.0 N,
and for examination gloves made of thermoplastic materials (e.g., PVC, PE) 3.6 N [71].

Table 4 shows the mechanical properties of examples of gloves made of NR and NBR
of KOSSAN Rubber Industries gloves published on the company website. It can be seen
that the properties of the products meet the normative requirements [72].

Table 4. Examples of mechanical properties of KOSSAN medical gloves [72].

Property
Latex Examination Glove PS60Y Nitrile Examination Glove CS30

Unaged Aged Unaged Aged

Tensile Strength (MPa) 20–24 16–20 28–32 29–33

Ultimate
Elongation (%) 700–740 600–640 500–540 460–500

Force at Break (N) 7.0–7.5 7.0–7.5 6.0–6.3 6.0–6.3

4. Prototypes of Medical Gloves with Performance-Enhancing Materials

The long-term viability of medical glove manufacturing processes is crucial from both
a financial and environmental protection point of view. The use of performance-enhancing
materials such as biomaterials, bio-fillers, biodegradable polymers, antimicrobial agents,
etc. in conjunction with natural and synthetic rubbers could help to support the three
pillars of sustainability in the environmental, social, and financial sectors.

Biomaterials such as bio-fillers help accelerate gloves’ degradation after disposal. Thus,
the extraction of bio-based chemicals and their incorporation into the polymeric matrix
could lead the way in a new era in disposable glove manufacturing [73]. Food waste,
terrestrial vegetation, and aquatic plants such as micro and macro algae could all be sources
for these bio-based compounds [39]. Since the green market is growing dramatically each
year, the introduction of biodegradable rubber gloves onto the market within the green
technology sector would present an opportunity for manufacturing companies [36].

Antibacterial components have become prevalent in daily life, and the antibacterial
properties of nanoparticles are rapidly being investigated and commercialized [39]. Despite
being sterilized and separately packed, surgical gloves are exposed to germs when the
package is opened [74].

The increasing number of antibiotic-resistant microorganisms has led to the search
for new agents that can prevent the spread of pathogenic microorganisms. Antibacterial
agents with the potential to be incorporated into natural or synthetic rubber gloves in-
clude biguanides such as chlorhexidine salts and poly(hexamethyl biguanide) (PHMB),
quaternary ammonium salts such as benzalkonium chloride and benzethonium chloride,
chlorinated phenols such as triclosan, essential oils such as farnesol, phenoxyethanol, oc-
toxyglycerin, antifungal agents, iodine compounds, silver salts, some vegetable oil extracts,
such as gentian violet, brilliant green, chitosan-based compounds, turmeric, and similar
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substances [4]. By covalently bonding the antibacterial agent to polymer surfaces, it is feasi-
ble to achieve an enduring effect, which leads to self-sterilized materials that may protect
themselves from pathogens and contribute to the eradication of harmful microbes [75].

4.1. Biodegradable Green Gloves Containing Ascorbic Acid from Maleate Epoxidized Natural
Rubber/Poly(vinyl Alcohol) Blend

Poly(vinyl alcohol) (PVA) is a biodegradable polymer that has been used as precursor
material for the production of decomposable gloves, as it is non-toxic, physically and
chemically resistant, and economically viable. Previous research has reported the improve-
ment of biodegradability when PVA is combined with NR [76]. Ascorbic acid (L-ascorbic
acid), also identified as vitamin C, has been shown in numerous studies to have antibacte-
rial properties. It has been demonstrated that it inhibits the growth of Helicobacter pylori,
Campylobacter jejuni [77], Staphylococcus aureus, Enterococcus faecalis [78], and Mycobacterium
tuberculosis [79]. In vitro studies have demonstrated that L-ascorbic acid can improve the
action of antibiotics like azithromycin [80] and levofloxacin [81,82].

Riyajan et al. studied maleate epoxidized natural rubber (MENR) and PVA (MENR/PVA)
blends for producing a biodegradable glove with ascorbic acid (AA) encapsulated, repre-
sented in Figure 8. To produce MENR, under a nitrogen atmosphere and intensive stirring,
20 wt% NR latex was combined with 10% non-ionic surfactant. Then, formic acid and water
were added to the previous mixture, which was held at 30 ◦C for 15 min. The temperature
was increased to 70 ◦C and the reaction was completed after 5 h of stirring. Maleic anhy-
dride (MA) in the presence of 10% Triton X-100 was then added to the resultant epoxidized
natural rubber (ENR) latex at 80 ◦C and agitated for 3 h. The mixture was agitated for
15 min at 70 ◦C, after the addition of the free radical initiator potassium persulfate [83].

CROSSLINKING BETWEEN MENR
AND PVA

ASCORBIC ACID

PVA

GLOVE RUBBER MATERIAL

ENCAPSULATED
ANTIMICROBIAL AGENT

MENR

0.5, 1, 2, and 3 wt%

40/60 MENR/PVA blend

Figure 8. MENR/PVA blend glove with encapsulated AA. Graphic prepared by the authors based
on reference information [83].

To prepare the MENR/PVA blends for the gloves, a 10 wt% PVA aqueous solution
was combined, at 78 ◦C, with various MENR concentrations of 10, 20, 30, and 40% using
magnetic agitation. Then, on glass plates, 80 g of the MENR/PVA blends was dehydrated
at 30 ◦C for 3 days. The biodegradation of this material was examined by monitoring the
weight loss of samples with different proportions of PVA and MENR in the blend. Samples
of PVA alone and with MENR contents of 10, 20, 30, and 40% blended with the PVA
were evaluated. The samples were weighed and then buried in soil, irrigated daily with
water to maintain its moisture content, at ambient temperature. PVA alone exhibited the
greatest biodegradation, due to the existence of hydroxyl groups in this compound. After
10 days buried in the soil, 50% of the PVA’s weight had been lost, and after 40 days, it had
decomposed completely. The biodegradation rate of the samples is reduced as the MENR
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proportion in the sample is increased, because crosslinking takes place. Nevertheless,
all the blends decomposed properly in the natural environment through water-induced
hydrolysis and enzymatic breakdown. After 90 days, at the end of the experiment, the
samples containing 10 and 20% of MENR almost had a weight loss of 100%, and the samples
with 30 and 40% of MENR lost around 75 and 60% of their weight, respectively [83].

The encapsulation of AA in a 40/60 MENR/PVA blend was explored in order to
impart antibacterial activity to gloves. The encapsulation efficiency (EE) was 100, 99, 98.5,
and 96%, respectively, for 0.5, 1, 2, and 3 wt% AA. The cumulative in vitro release of AA
from the MENR/PVA blend films can be described as two distinct stages based on these
data. The first 12 h are characterized by a burst release phase in which about 25, 33, 38, and
43% of the total AA was released from the MENR/PVA blends with 0.5, 1, 2, and 3 wt%
AA, respectively. During this phase, AA was released via diffusion through the walls
of the MENR/PVA blend. Up to 70 days, the release process is characterized by a more
progressive release, accounting for approximately 100, 90, 75, and 64% of the total for 3, 2,
1, and 0.5 wt% AA, respectively. The initial burst release is caused by the leaching of AA
near the capsule walls. As there is no polymer coating, the rate of matrix dissolution is
quite rapid, and AA adjacent to the wall could promptly diffuse away [83].

It has been established that gloves manufactured with an MENR/PVA blend con-
taining antimicrobial agent effectively prevent microbial transmission. Controlled and
optimized release of AA from the MENR/PVA blend could play a significant role in the
development of a medical glove [83].

4.2. NR Films/Gloves and Carboxylated-NBR (XNBR) Films Containing Sago Starch as Bio-Filler

The creation of effective bio-based products would aid in the prevention of environ-
mental degradation. NR can be utilized as a matrix material in composite applications,
where it is supplemented with bio-fillers to improve thermo-mechanical and barrier prop-
erties. In NR gloves, efforts to substitute ordinary calcium carbonate with bio-fillers such
as polysaccharides, eggshell, and chitosan are frequently considered [36]. The advantages
of employing bio-fillers over synthetic fillers are their renewability, abundance, and low
cost; the negatives are comparatively weaker mechanical qualities. Because cellulose,
chitin, and starch are hydrophilic, they are less compatible with the NR matrix. Achieving
a homogenous filler–NR matrix mixing is difficult due to the different structural features
of the components. Fillers with small particle size enhance the physical interaction with
the matrix. Hence, the mechanical resistance, thermal stability, sorption, crystallinity, and
biodegradability of the bio-fillers can be improved as result of their smaller size. On the
other hand, the presence of hydroxyl groups in bio-fillers may result in low compatibility
with NR [84].

A chemical treatment of the bio-filler can reduce the hydroxyl group content to im-
prove compatibility, resulting in composites with higher strength and crystallinity. Further
research is required to investigate the primary obstacles: inadequate hardness, moisture
absorption, and suitability for outdoor and heavy-duty uses [85]. It is known that some
bacteria and fungi are capable of degrading NR, despite the lengthy nature of the pro-
cess [86]. The addition of polysaccharides to the NR system serves to enhance the action of
microorganisms, facilitating degradation via enzymatic polysaccharide rupture and oxida-
tion of the rubber backbone chain [87]. The polysaccharides are particularly favorable for
the biodegradation process since they can be used as sustenance for microorganisms, hence
promoting their proliferation and degradative action [36]. Starch is a typical polysaccharide
used in biodegradable rubber films. It is made up of 70–80% amylopectin and 20–30%
amylose [88].

Amylose content is a key criterion for its usage as a biodegradable material since
it may provide nutrients to microorganisms, allowing them to begin the biodegradation
activity [34]. When compared to other forms of starches, sago palm (Metroxylon sagu) starch
has a greater amylose concentration (27%). To reach the required qualities of rubber films,
starch must undergo a physical or chemical transformation. Acid hydrolysis may be used
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to chemically modify native sago starch (NSS) by inducing the creation of sulphate ester
groups on the starch surface, which increases the interaction between the rubber matrix
and the starch [89].

Daud et al. designed an experiment with sago starch to improve the biodegradability
of NR and XNBR films. Sago starch with sulphate ester groups (AHSS) was obtained by
treating NSS with aqueous sulfuric acid solution for 7 days at room temperature. The
particle size of NSS was initially 1.233 μm, and it was lowered to 0.313 μm after the acid
hydrolysis process. SEM micrographs of the NSS and AHSS are shown in Figure 9(a1)
and Figure 9(a2), respectively. The surface of the AHSS particles is more porous, more
rugged, and largely eroded than that of the NSS particles. In order to make an adequate
comparison, unfilled NR, NSS-filled NR, AHSS-filled NR, unfilled XNBR, NSS-filled XNBR,
and AHSS-filled XNBR films were prepared. To prepare the films, NR latex was mixed with
compounding ingredients (with or without filler, depending on the case) and mechanically
stirred for 1 h to obtain the NR compounded latex, which was then matured for 24 h at
room temperature prior to the dipping process. For the prevulcanization procedure, the
NR compounded latex was then heated to 80 ◦C and continuously stirred. XNBR latex
was compounded similarly to NR latex, with the difference that the maturation period
was 48 h. Prior to the dipping procedure, the prevulcanized compounded latexes were
stirred for 15 min. Clean aluminum plates were dipped for 10 s in a coagulant bath, dried
for 5 min, and left to cool at room temperature for 5 min before being dipped for 10 s in
a latex dipping tank and cured at 100 ◦C. NR and XNBR were cured for 10 and 90 min,
respectively [34].

 

0

5

10

15

20

25

NR XNBR

M
AS

S 
LO

SS
 (%

)

CONTROL
NSS
AHSS

20 μm

a1

15 μm

a2

b

Figure 9. SEM images of (a1) NSS and (a2) AHSS. The red circle shows the porous surface of the
starch particle after acid hydrolysis (b) Mass loss of NR and XNBR films (control, NSS-filled, and
AHSS-filled) after 3 weeks. Reprinted and adapted with permission from reference [34]. Copyright ©
2019 Elsevier.

Regarding mechanical behavior, in both cases, NR and XNBR unfilled films have the
best properties. The poor interfacial bond between the hydrophilic sago starch and the
hydrophobic rubbers resulted in a decrease in the tensile properties of films when NSS
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was added. Incorporating AHSS into the films improved the mechanical properties and
swelling resistance of NR and XNBR compared to NSS. This distinction may be attributed
to the superior compatibility of AHSS in NR and XNBR films compared to NSS in these
same films. The low amorphous content, reduced particle size, and existence of sulphate
ester groups contribute to the increased rubber–filler interaction between AHSS and the
rubber matrix [34].

Figure 9b shows the mass loss of unfilled, NSS-filled, and AHSS-filled NR and XNBR
films after 3 weeks of soil burial. The percentage of mass loss was highest for AHSS-filled
NR films, followed by NSS and unfilled NR films [34].

The mass loss tendency of NR films is comparable to that of XNBR films. Both the
unfilled NR and XNBR films experienced a lower mass loss. Compound additives, such
as sulfur, are reported to inhibit the rate of biodegradation of rubber films. Incorporating
sago starch, however, would encourage soil microorganisms to consume this bio-filler and
secrete enzymes that can degrade rubber molecular chains [36]. The AHSS-filled NR and
XNBR films showed significant mass loss. This could be accredited to the decrease in the
amorphous section after acid hydrolysis of sago starch, which makes rubber and glycosidic
chains more susceptible to attack by microorganisms [34].

Rahman et al. studied the degradation of gloves made from NR with sago starch as
bio-filler from buried soil samples by a mixed culture containing starch-degrading bacteria
as well as NR-degrading bacteria. The aim of the starch hydrolysis test was to confirm
the presence of starch-degrading bacteria in the mixed culture. In this test, the evaluated
bacteria were grown on agar plates containing starch. After incubation, an iodine indicator
was added to the plates. Hence, when a few drops of potassium iodide solution were
applied to the sample, the surface of the plate became blue-black because the reaction
between starch and iodine produces polyiodide chains. The amylose in starch forms helices
around which the iodine molecules are clustered. This blue-black color does not occur
when starch is broken down or hydrolyzed into smaller carbohydrate units. Therefore,
transparent, clear zones were formed next to the colonies that hydrolyze starch, while the
other parts of the plate remained colored [90].

Figure 10 shows a clear zone in the iodine test on an agar plate that proved the starch
hydrolyzation. Based on the biodegradation rate data, the presence of starch-degrading
microorganisms as well as rubber-degrading bacteria was detected, which accelerated the
biodegradation of sago-filled NR gloves by 53.68%, while the biodegradation rate for NR
gloves (without filler) was lower, at around 50.31% [35].

GLUCOSE = CLEARING

STARCH = BLUE-BLACK

HYDROLYSIS
(MICROBIAL

ACTION)

Figure 10. Starch hydrolysis test of the mixture culture. The blue and the orange arrows show the
areas where the starch remains unchanged and where it has been hydrolyzed to glucose by microbial
action, respectively. Reprinted and adapted with permission under a Creative Commons license
(CC BY 3.0) from reference [35].
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4.3. Mangosteen Peel as Antimicrobial Agent in NR Gloves

Xanthones are secondary metabolites found in plants, fungi, and lichens. They have
been isolated in the pericarp area of the mangosteen, a typical fruit of the tropics. Xan-
thones have potent antioxidant, anticancer, anti-inflammatory, anti-allergic, antibacterial,
antifungal, and antiviral properties [91]. In fact, the peel of mangosteen is a kind of hy-
drophobic biomaterial that can be used in medical care, cleaning products, skin care, and
cosmetics. It can inhibit exposed cells such as S. aureus, S. albus, and M. luteus, as well as
plant pathogenic fungus like F. oxysporum f. sp. vasinfectum, A. tenuis, and D. oryzae. It is
also effective against P. acnes and S. epidermidis and can be used as an alternate therapy
against acne. Furthermore, due to proven good properties, it can suppress cancer cells and
has potential for both preventative and therapeutic purposes [92].

Moopayak and Tangboriboon used mangosteen peel as a bio-filler to produce NR
medical gloves. The addition of mangosteen peel powder to NR formulation as a bio-filler
can improve the antimicrobial properties of the gloves without sacrificing the softness, film
thickness, and mechanical characteristics [93].

NR gloves with mangosteen peel powder have been obtained with good appearance,
smooth, transparent, and thin, with good elongation, good tensile strength, no water
leakage, and no skin toxicity. Comparing NR gloves with and without mangosteen peel,
it was detected that the mechanical properties with the addition of the bio-filler were not
only preserved, but slightly improved. The microstructure of the mangosteen peel used is
presented Figure 11 [93].

Figure 11. SEM (a1,a2) and FESEM (b1–b4) micrographs of mangosteen peel. The main physical prop-
erties of mangosteen peel powder are summarized below. Reprinted and adapted with permission
from reference [93]. Copyright © 2020 John Wiley and Sons.

To prepare the NR gloves, a porcelain hand mold, concentrated NR latex, and com-
pounding chemicals were used. The mold was washed, dried, and dipped for 3 s in
coagulant. The coagulant-coated hand mold was then dipped into the NR for 15 s and
dried at room temperature for 2–3 min. The NR compounded latex film was then cured
for 30 min at 120 ◦C, allowed to dry, and demolded. The toxicity of gloves containing
mangosteen peel was lower than that of gloves containing silver nitrate, which can impact
human skin and should be used in the appropriate ratio to prevent microbial infections.
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E. coli, B. subtilis, S. aureus, and P. aeruginosa were shown to be inhibited by mangosteen
peel concentrations between 80 and 100 g/mL [93].

4.4. NR Films with Cellulose Nanocrystals as Reinforcing and Crosslinking Agent for Application
in Gloves

Because of their elevated rigidity and reinforcing capacity, cellulose nanocrystals
(CNCs) are a promising bio-filler. Typically, CNCs are obtained from renewable resources
through acid hydrolysis, as is shown in Figure 12a [94–96]. CNCs are normally dispersed
in NR latex without modification due to their great dispersibility in aqueous media, which
is a result of their high content of hydroxyl groups [97]. However, it has been demonstrated
that modifying the surface of CNCs enhances their reinforcement effect on NR. As a result
of the hydrophobic–hydrophobic interaction between modified CNCs and NR, the tensile
strength and the elongation at break increased significantly compared to unmodified CNCs.
To ensure compatibility with the rubber while preserving the dispersion of CNCs aqueous
media, it is crucial to strike a balance in the degree of modification of the CNCs [98].

Figure 12. (a) Depolymerization of cellulose to nanocellulose (reprinted with permission under
a Creative Commons license (CC BY 3.0) from reference [96]). (b) Illustration of the formation of
a Zn–cellulose complex with CNC in the cross-linked NR matrix [99]. (c) Illustration of the proposed
permeation mechanism through NR and NR–CNC nanocomposites and THF. (b,c) Reprinted and
adapted with permission from reference [99]. Copyright © 2020 American Chemical Society.

Blanchard et al. studied the influence of CNCs on the reinforcing, crosslinking, and
solvent barrier characteristics of lightly crosslinked NR films [99]. In nonpolar matrices, it
is difficult to efficiently disperse CNCs due to their extensive surface area and their trend
to form aggregates bonded together by hydrogen bonds. Therefore, for proper dispersion,
it was necessary to prepare an aqueous colloidal suspension of CNCs [100].

As an initial step for experimentation, NR composite latex was prepared by predis-
persing the compound chemicals, including ZnO and sulfur, in water. This predispersion
mixture was subsequently incorporated into NR formulations [99].

For NR-CNC films, CNCs were incorporated at concentrations of 0 (NR control), 0.5,
1.5, 3, and 5 phr. Dipping films were produced using glass substrates that were dipped in
a coagulant solution for 10 s and then dried at 65 ◦C for 20 min. The substrate was then
dipped for 40 s in the NR formulations and cured at 100 ◦C for 1 h. The cured films were
then peeled off from the glass substrates and cured for an additional hour. The dynamic and
tensile mechanical properties of these dipping films were analyzed. Increased crosslinking
resulted in significant improvements in both tensile strength and modulus compared to
the base NR control. The force required to break the films increased as film thickness
decreased [99].
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To prepare cast films, latex formulations containing 40 wt % total solids were cast
on glass substrates to obtain dried NR films of 12 mm in thickness. The films were then
cured at 100 ◦C for 1 h, peeled off, and post-cured for 1 h. The cast films were used to
evaluate the impact of CNCs on morphology, crosslinking density, and barrier properties.
The addition of CNCs resulted in an increase in the crosslinking density of the NR films.
This was presumably attributed to increased dispersion of the crosslinking activator ZnO
due to the development of a Zn–cellulose complex, with the CNCs acting as a dispersant
(Figure 12b) [99].

The nanocomposite thin films had low permeability to nonpolar solvent vapors, such
as tetrahydrofuran (THF), but high permeability to water vapor, as shown in Figure 12c.
This ability of the material to reach or surpass NR strength at lower film thicknesses may
allow for thinner gloves and for hand perspiration to pass through while functioning as a
barrier to solvents. It may also lead to cost savings by reducing the use of NR. The findings
of this investigation indicate that NR composite films produced using NR/CNCs have
considerable potential for application as gloves [99].

4.5. NR and NBR Gloves Coated with Gardine Solution

Gardine solution is an innovative antiseptic dye with broad-spectrum antibacterial
effects prepared by combining brilliant green with chlorhexidine. Brilliant green and
chlorhexidine, when used independently, have been shown to have low antimicrobial
efficacy, but when combined, they have a synergistic effect with significantly improved
efficacy. Chlorhexidine is a non-toxic chemical widely used in low concentrations in
mouthwash solutions along with other antiseptics [4]. Historically, brilliant green has
been used as a topical anti-infective for skin lesions and is currently used in combination
with gentian violet and proflavine hemisulfate in neonatal nurseries as a broad-spectrum
antiseptic solution [101].

In the study conducted by Reitzel et al., NR and NBR gloves were impregnated
with Gardine solution to create antimicrobial coating. The results indicated that Gardine-
coated NR and NBR gloves were highly effective in reducing pathogenic contamination
in the short term and long term. For the short-term exposure test, 1 cm2 segments of NR
and NBR coated and uncoated control gloves were exposed to 1.5 × 108 colony-forming
units (cfu)/mL of methicillin-resistant Staphylococcus aureus (MRSA), vancomycin-resistant
enterococci, multidrug-resistant (MDR) E. coli, MDR Acinetobacter baumannii, and Candida
albicans. The segments were dried for 30 s, 10 min, 30 min, and 1 h, and then distributed
on agar plates, which were incubated overnight at 37 ◦C, and growth was measured. All
microorganisms tested were significantly reduced within 30 s and completely eliminated
within 1 h when exposed to Gardine-coated NR gloves. Figure 13(a1) shows the complete
kill within 30 s for E coli and Figure 13(a2) for MRSA [101].

For the long-term exposure test, MRSA and E coli were employed because they are
biofilm-forming microorganisms typically found in hospital environments. Figure 13b
shows that the average number of MRSA and E. coli colonies adhered to the surface of
Gardine-coated gloves was significantly lower than that of control gloves. After 24 h, the
adhesion of MRSA and E. coli to the surface of Gardine-coated NR gloves decreased by at
least 95%. On the surface of Gardine-coated NBR gloves, there was an 80% reduction in
MRSA and a 100% reduction (total kill) in E coli [101].

These coated gloves represent an alternative means of preventing the spread of inva-
sive microbial pathogens. In terms of final cost, the Gardine impregnation process would
be carried out during the manufacture of the gloves, reducing the costs associated with a
separate additional manufacturing process. In addition, Gardine solution is made up of
low-cost components. These antimicrobial gloves would be cost-effective based on material
and production time estimates [101].
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Figure 13. (a1) Brief exposure test of Gardine-coated gloves. (a2) Long-term exposure. (b) Mean
colony counts recorded for all coated glove types after 24 h exposure to MRSA or E. coli. Reprinted
and adapted with permission from reference [101]. Copyright © 2009 Elsevier.

4.6. NBR Gloves Coated with Poly(hexamethylene Biguanide) Hydrochloride

Poly(hexamethylene biguanide) hydrochloride (PHMB) is a positively charged poly-
mer with antibacterial and antiviral activity [102]. It is effective against a wide range of
pathogenic microorganisms, including Gram-negative bacteria, Gram-positive bacteria,
and fungi [103]. Due to its strong and nonspecific interaction with negatively charged
phospholipids in the cellular membranes of microorganisms, PHMB possesses a broad
antibacterial spectrum [102]. PHMB has been utilized for decades with no reports of bac-
terial resistance [104]. It has been demonstrated to pose a minimal risk of skin sensitivity
and a low toxicity risk to humans in general [102]. Moreover, PHMB has disinfectant and
antiseptic properties [104], which makes it suitable for house cleaning, water sanitization,
hygiene products, and wound treatment [103].

Leitgeb et al. conducted an in vitro examination of the antibacterial efficacy of a new
non-sterile NBR medical glove coated with PHMB on its outer surface provided for Ansell
Ltd. These gloves are intended for use during patient examinations to avoid microorganism
cross-contamination across surfaces in healthcare environments. The study’s goal was to
evaluate the performance of NBR medical gloves, with and without antibacterial PHMB
coating on the outside surface, (Figure 14a) made from the same formulation [105].

For this investigation, the quantity of bacteria recovered from a stainless-steel coupon
after touching a pigskin substrate with both gloves was evaluated. Pigskin substrates
were contaminated with suspensions containing 1 × 109 colony-forming units of E. faecium
ATCC 51559, E. coli ATCC 25922, K. pneumoniae ATCC 4352, and S. aureus ATCC 33591.
After impregnating sections of pigskin with bacterial suspensions, swatches of coated and
uncoated (control) gloves were tightly pressed onto the inoculated pigskins. Immediately,
a sterile weight was placed on the glove swatch and left in place for 1 min; then, the sample
was placed in a sterile Petri plate with the exposed side facing up and left for 5 min at room
temperature. The contaminated side of the glove swatch was then positioned on a sterile
40 mm diameter stainless steel coupon. The weight was immediately placed onto the test
glove for 1 min. Separately, the contaminated pigskin, stainless steel coupon, and test glove
swatch were placed in buffer solution and carefully vortexed [105].
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Figure 14. (a) Schematic illustration of coating (illustration prepared by the authors based on reference
information [105]). (b) Pre- and post-exposure populations of challenge microorganisms following
transfer procedures. Adapted with permission under a Creative Commons license (CC BY) from
reference [105]. Copyright © 2013 Elsevier.

Bacterial extractions were carried out on the pigskin substrate, stainless steel coupons,
and each glove swatch, and the difference between the coated and uncoated control gloves
was analyzed (Figure 14b). In comparison to the non-coated control glove, the coated glove
reduced E. faecium recovery by 4.63 log cfu, E. coli recovery by 5.48 log cfu, K. pneumoniae
recovery by 5.03 log cfu, and S. aureus recovery by 5.72 log cfu. According to these findings,
the use of antibacterial medical gloves may be an innovative method for preventing or
limiting cross-contamination and, consequently, the indirect spread of infections in intensive
care unit (ICU) settings [105].

4.7. NR Antimicrobial Three-Layer Glove

In some instances, external coating is not suggested for surgical gloves since it might
create undesired side effects. There is a possibility of transferring the coating to the patient’s
tissues, cells, and organs during surgery. For these reasons, a three-layer glove is a good
alternative for invasive procedures.

The three-layer antimicrobial coating method, used in surgical gloves, inserts antimi-
crobial chemicals between NR films. It is possible by triple-dipping the glove mold in NR
compounded latex and antimicrobial solutions during the manufacturing process. Triclosan,
nanocomposites, metal ion-based antimicrobial agents, vegetable oil surfactants, antiseptic
dyes, chlorhexidine, gluconate, dodecyl dimethyl ammonium chloride salt, benzalkonium
chloride, and similar antimicrobial agents might be incorporated in this manner [39].

Daeschlein et al. created a prototype of a new NR three-layer antibacterial surgical
glove. Figure 15a shows a microscopic cross-sectional view of a droplet-like mixture of
antimicrobial agents (chlorhexidine and quaternary ammonium salts) in the intermediate
layer, while Figure 15b is a representation of the inner (I) and outer (O) surfaces adjacent
to the rubber border layers. The antimicrobial agent is released from the interlayer upon
penetration of the glove, resulting in deposition of the active antimicrobial agent at the
site of damage or puncture. Because the antimicrobial agent droplets are trapped between
two NR boundary layers, there is no continuous exposure of the material to the skin
surface in the absence of lesions, hence lowering the possibility of sensitivity from extended
contact [106].
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Figure 15. Three-layer NR glove with antimicrobial agent. (a) Cross-section micrograph. (b) Three-
layer scheme. Reprinted with permission from reference [106]. Copyright © 2011 Elsevier.

4.8. NBR Antimicrobial Gloves Coated with Electrospun Trimethylated Chitosan (TMCh)-Loaded
(PVA) Fibers

Usually, antimicrobial agents have been added to gloves through coatings. But after
this treatment, the surface of the gloves tends to become smoother, and they tend to slip
more when they are used. Thus, alternative coatings that make the surface of the glove
rougher are needed. Ultrafine fibers, loaded with antibacterial agents, are one of the
materials that solve this problem. Electrospinning is the method most often used to make
these fibers because it provides the opportunity to conveniently control the fiber dimensions.
This approach essentially utilizes an electric field to draw a polymer strand [107].

Chitosan is a highly biocompatible antibacterial agent composed of β-(1→4)-D-glucosamine
and y β-(1→4)-N-acetyl D-glucosamine units. Water-soluble chitosan derivatives such
quaternized chitosan (QCh) and alkylated chitosan like trimethylated chitosan (TMCh) are
alternatives to chitosan alone (usually only soluble in acidic media) for use as antibacterial
agents in neutral pH conditions [107]. The presence of lipoteichoic acids, a significant
component of the cell wall of Gram-positive bacteria, and lipopolysaccharide, of the
outer membrane of Gram-negative bacteria, which provide a linkage for polycationic
TMCh and disrupt the membrane functions, may explain the antibacterial capabilities of
TMCh [108]. Normally, lipopolysaccharide and proteins are kept together by electrostatic
interactions with divalent cations, which are essential for the outer membrane stability.
Polycations compete with divalent metals such as Mg2+ and Ca2+ ions in the cell wall,
hence compromising the cell wall integrity [109].

Vongsetskul et al. effectively coated NBR gloves with ultrathin electrospun PVA fibers
loaded with TMCh. Using water as a solvent, solutions containing 4% w/v of TMCh mixed
with 8% w/v of PVA and 2% w/v of TMCh mixed with 10% w/v of PVA were prepared.
These solutions were subjected to the electrospinning process using a feed rate of the
solutions of approximately 0.5 mL/h [107].

Different electrical voltage values were used (12, 14, 16, 18, and 20 kV) to analyze its
effect on the morphological appearance of the produced fibers. As the applied voltage
increased from 12 to 16 kV, the fibers became smoother and smaller. SEM studies revealed

166



J. Funct. Biomater. 2023, 14, 349

that the optimal conditions to produce uniform fibers (101 to 133 nm of diameter) were a
voltage of 16 kV and solution of 4% w/v TMCh-8% w/v PVA [107].

For the surface roughness and wettability study, film-coated NBR gloves were pre-
pared by dipping in a 4% w/v TMCh-8% w/v PVA solution and drying at room temperature.
The surface roughness was increased from 429 to 511 μm2 by coating electrospun fibers on
the glove. The contact angle measurements of the NBR glove surface, TMCh-PVA film on
the NBR glove surface, and TMCh-PVA electrospun fibers on the NBR glove surface were
80.1◦ ± 1.2◦, 59.3◦ ± 8.9◦, and 37.1◦ ± 2.7◦, respectively. These values indicate that the
hydrophilicity of the gloves increased when coated with TMCh-PVA films or TMCh-PVA
fibers [107].

To evaluate the antimicrobial activity of the fiber-coated gloves, the agar plate method
was used. E. coli, P. aeruginosa, A. baumannii, and C. albicans were tested. In the results of
antimicrobial testing, a zone of growth inhibition against the tested microbes by the TMCh-
PVA fiber-coated NBR gloves was observed, whereas no antimicrobial activity was observed
for the PVA fiber-coated ones. In conclusion, NBR gloves coated with these TMCh)-loaded
(PVA) fibers exhibited antibacterial properties against Gram-negative bacteria, including
E. coli, P. aeruginosa, and A. baumannii, as well as yeast Candida albicans. Likewise, this
coating on the external surface of the glove improved roughness and wettability, which
would be advantageous for gripping and practical applications [107].

4.9. Antibacterial NR Films with Surface-Anchored QP4-VP for Application in Medical Gloves

Quaternary ammonium compounds (QACs) are cationic active biocides, which, in
addition to their antibacterial action, are ideal for cleaning and deodorizing [4]. The
mechanism of action of QACs against bacterial and viral phospholipid membranes is
depicted in Figure 16a, where the red spheres represent positively charged nitrogen atoms.
When bacteria encounter cationic ammonium agents, several processes take place: first,
QACs connect to and insert themselves into the cell wall; then, they interact with the
cytoplasmic membrane, releasing cytoplasmic material outside the membrane; and finally,
they cause the cell wall to disintegrate via autolytic enzymes. In general, the loss and
destruction of various sections of the bacteria results in their inactivation [4,110].

 
Figure 16. (a) Mode of action of QACs against both bacterial and viral phospholipid membranes
(Reprinted with permission under standard ACS Author Choice/Editors’ Choice usage agreement
from reference [110]). (b) Antibacterial activity of QP-4VP-conjugated NR films vs. Control NR films.
Reprinted with permission from reference [111]. Copyright © 2022 Elsevier.
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In the work of Arakkal et al., NR films were converted into an effective antibacterial
material (Figure 16b) through surface conjugation of quaternized poly(4-vinylpyridine)
(QP4-VP) via an amide linkage bond using chloroacetic acid. The antibacterial action of
poly(4-vinylpyridine) has been extensively examined and explored in ion exchange resins,
but its low biocompatibility prevents its widespread application in biomedicine. However,
it has also been shown that with the right choice of space groups and copolymerization, the
hemolytic activities of the polyelectrolyte can be inhibited while maintaining antibacterial
activity [111].

To evaluate the antimicrobial activity and stability of the NR films coated with
a QP4-VP-conjugated surface layer, they were subjected to a leaching process in milli-Q
water at 50 ◦C for 4 days. Subsequently, coated NR and leached coated NR films were
exposed to P. aeruginosa and A. baumannii strains [111].

The results indicated that the microbial load of P. aeruginosa was reduced by 93.25%
and 99.98% with the coated NR films and leached coated NR films, respectively. Similarly,
the reduction in A. baumannii was 32.41% and 99.99%. The improved bacterial reduction
rate confirmed that the leaching process at elevated temperatures allows the disoriented
QP4-VP chains to organize efficiently, resulting in a higher conjugation density. This
conjugation method could be used to develop similar antibacterial surfaces for various
applications, such as medical gloves [111].

4.10. NR, NBR, and PE Medical Gloves with Blood-Repellent, Antibacterial, and Wound Healing
Properties, Modified through Spraying Process

Medical blood-repellent gloves (MBRGs) were proposed by Zhuo et al., by means
of treating the surface of conventional NR, NBR, and PE medical gloves with a novel
procedure to achieve blood repellency and promote wound healing. This treatment was
executed with a mist spray (MS), which was elaborated by mixing sodium citrate (SC),
didecyldimethylammonium chloride (DDAC), and a silicon oil emulsion (SOE) containing
aminoethylaminopropyl polydimethylsiloxane (AEAPS). It was intended that SC would
combine with blood calcium ions to inhibit blood coagulation and glove adhesion, that
AEAPS would be responsible for the hemophobicity and hydrophobicity of the treated
gloves, and that DDAC, being a quaternary ammonium compound, would endow the
gloves with antibacterial properties [112].

MBRGs were created by spraying MS onto the surface of commercial NR, NBR, or PE
medical gloves and waiting for one minute. Experiments in vitro and in vivo demonstrated
that these gloves are hemophobic and facilitate the healing of infected wounds. The
antibacterial efficiency of MBRGs was tested against known bacteria strains. In vitro
antimicrobial testing was performed with MS concentrations of 800, 400, 200, 100, and
50 g/mL. A solution of S. aureus or E. coli was added to each MS concentration and
incubated first in tubes and then on agar plates. Phosphate-buffered saline (PBS) was used
instead of MS in the control group. After 24 h, the antibacterial efficacy was assessed. MS
showed outstanding activity against S. aureus, with an antibacterial rate close to 100% at a
concentration of 50 μg/mL. In the case of E. coli, the antibacterial effect was close to 100%
when the concentration was 200 μg/mL. The antibacterial activity of MS was also verified
through the live/dead viability assay. In this study, S. aureus and E. coli were treated with
MS. After treatment with MS, red fluorescence (dead bacteria) was clearly visible, whereas
blue fluorescence (living bacteria) was nearly non-existent [112].

4.11. NR Gloves with SiO2 and ZnO Hybrid Nanofillers

Silicon dioxide (SiO2) or silica is a well-known reinforcing filler in the rubber industry
and is commonly used to improve the physical and mechanical properties of NR [113]. To
achieve the desired result of reinforcement, conventional silica fillers must be applied in
high quantities. Studies have shown, however, that when the size of SiO2 particles reaches
the nanometer range, the nanoparticles can not only drastically reduce the filler content,
but also provide superior reinforcement effects [114].
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Zinc oxide (ZnO) is an n-type semiconducting particle with catalytic, electrical, and
optical properties. This material has a broad UV absorption spectrum, good photostability,
thermal stability, and biocompatibility. Due to the nano-size effect, ZnO has photocatalytic
antibacterial properties when its size reaches the nanoscale. When ZnO is exposed to UV
light, the photon energy is higher than the bandgap energy, which causes the valence band
electrons to gain energy and migrate. As a result, many electron–hole pairs are generated
on the nano-ZnO surface [115].

The holes (h+) created on the surface of nano-ZnO generate reactive oxygen species
(ROS) when they combine with water or oxygen from the air. These oxidative species
adsorb onto the surface of the nanoparticles. Some studies have determined that the
interaction between ROS and cells is the key antibacterial mechanism of nano-ZnO [115].
There are indications that antibacterial activity can be initiated not only by UV rays, but
also by ambient light [116]. Furthermore, when microorganisms come into contact with
nano-ZnO, the released Zn2+ and the sharp edges of ZnO nanoparticles can rupture their
cell walls [117].

Mou et al. investigated the combination of the exceptional functional capabilities of
nano-SiO2 and nano-ZnO as fillers of NR to create medical gloves. The ZnO and SiO2
nanoparticles used had an average particle size of about 78 nm and 65 nm, respectively.
To evenly distribute the fillers in a composite nano-dispersion, the researchers created a
high-speed and high-pressure nano-disperser. To obtain experimental glove samples using
the dipping method, NR latex, composite nano-dispersion, and compounding chemicals
were thoroughly combined. Initially, the cleaned and dried mold was dipped for 5 s into
the previous mixture, then dried at 85 ◦C for 20 min, and then leached in water at 75 ◦C for
30 s. After hemming, the gloves were dried at 120 ◦C for 40 min. Finally, after demolding,
they were placed in a drum drier and vulcanized at 120 ◦C for 20 min [114].

The results indicated that the uniform dispersion of nano-SiO2 filler enhanced the
amount of molecular chain entanglements in the NR, as depicted in Figure 17(a1,a2),
making the material structure more compact and improving the barrier performance and
aging resistance. The combination NR fillers with 1 phr of ZnO and 4.2 phr of SiO2 reported
the highest tensile strength of 32.6 MPa and elongation at break of 957% in mechanical
properties tests. These results represented an interesting improvement in tensile strength
and elongation at break compared to the unfilled NR sample, whose values were 27.8 MPa
and 880%, respectively. Figure 17(b1,b2) shows scanning electron microscopy images at
different magnifications. In addition, the elemental distribution of the LZ1S4.2 sample is
presented in Figure 17(b3,b4) [114].

 

Figure 17. (a1,a2) Schematic diagram of nanoparticle enhancement mechanism. Scanning electron
microscopy images of (b1,b2) LZ1S4.2 and element distribution of (b3) Si and (b4) Zn. Reprinted
with permission from reference [114]. Copyright © 2022 John Wiley and Sons.
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Strains of E. coli and S. aureus were chosen for antibacterial testing. The findings of the
antibacterial activity of NR gloves are described in Table 5. The quantity of bacteria on the
blank immediately after inoculation is given by U0, whereas the quantity of bacteria on the
blank and on the antibacterial sample after 24 h of incubation are Ut and At, respectively.
The antibacterial activity R is equivalent to log Ut - log At. A value of R greater than 2 shows
that the antimicrobial test is passed. After 24 h of culture, nano-ZnO-treated samples had
virtually no bacteria. The R values for E. coli and S. aureus were more than 99.9% and greater
than 5.2, respectively. Furthermore, the NR gloves containing hybrid nanofillers remained
biocompatible. Therefore, this NR/ZnO/SiO2 nanocomposite may have applications in the
development of other NR products [114].

Table 5. Antibacterial test results of gloves [114].

Microorganisms
Tested

U0 (cfu/cm2) Ut (cfu/cm2) At (cfu/cm2) R
Antibacterial

Rate (%)

E. coli 2.1 × 104 2.9 × 105 <0.6 >5.3 >99.9

S. aureus 2.1 × 104 2.3 × 105 <0.6 >5.2 >99.9

4.12. NR Antimicrobial Gloves Impregnated with Biosynthesized Silver Nanoparticles

Ionic silver (Ag+) has long been recognized as an antibacterial metallic element capable
of acting against bacteria such as E. coli [4,118]. To take advantage of silver ion activity,
silver nitrate (AgNO3), a solid powder with antiseptic qualities, is frequently utilized.
It can be applied as a surface coating on various items to eliminate viral and bacterial
cells [93]. The specific mechanism of silver antibacterial activity has not yet been fully
understood. Among the variety of approaches, the main three of several pathways that
determine the antibacterial activity of silver nanoparticles are the following: (1) irreversible
bacterial cell membrane damage caused by direct contact; (2) production of reactive oxygen
species (ROS); and (3) interaction with DNA and proteins [119]. Nanoparticle size plays
an important role in antibacterial activity. It has been shown that the smaller the size of
the nanoparticle, the greater its ability to penetrate bacteria. The nanoparticles attach to
the bacterial cell wall, penetrate it, and cause damage and alterations in various metabolic
pathways. It affects DNA replication and protein synthesis; due to oxidative stress, ROS
generation occurs, which eventually leads to cell death [120].

Paosen et al. developed NR gloves coated with biosynthesized silver nanoparticles
(AgNPs). The biosynthesis of AgNPs was performed using extract of Eucalyptus citriodora
ethanolic leaf. NR gloves were cut into pieces, dipped into the AgNP solution, and dried.
The elemental analysis of the coated gloves revealed that 24.8% wt silver was firmly
adhered to the surface. Biofilms of S. aureus ATCC 25923, P. aeruginosa ATCC 27853, and
Candida albicans ATCC 90028 were expected to develop on glove samples during 24 h of
incubation [121].

Figure 18(a1–a6) shows the differences in the effect of staining microbial biofilms with
uncoated gloves and AgNP-coated gloves. The results revealed that AgNP-coated gloves
effectively removed S. aureus biofilms. Images from fluorescence microscopy were stained
with a red fluorescent DNA-specific dye that only penetrates cells with damaged mem-
branes and dead bacteria. The pictures revealed that P. aeruginosa cells were significantly
less abundant and viable when cultured on AgNP-coated gloves compared to uncoated
gloves, suggesting that AgNPs killed and inhibited microbial adhesion [121].

Figure 18(b1–b4) shows the scanning electron micrographs taken to examine the
surface morphology of the bacterial adhesion by the mixed culture of P. aeruginosa, S. aureus,
and C. albicans after 24 h of incubation. At magnifications of 5000 and 10,000, microbial cells
on glove surfaces (indicated by red arrows) could be observed. Polymicrobial cells were
fixed and colonized in the untreated gloves, whereas microbial cells were observed in tiny
quantities on the coated surfaces. The viability of gloves coated with AgNPs was proven.
These gloves presented significant antimicrobial activity, particularly against multidrug-
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resistant bacteria, and may be suitable for preventing or minimizing cross-contamination
and indirect pathogen transmission in hospital settings [121].
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Figure 18. Fluorescence microscopy images of (a1,a4) S. aureus ATCC 25923, (a2,a5) P. aeruginosa
ATCC 27853, and (a3,a6) C. albicans ATCC 90028 biofilms incubated with (a1–a3) uncoated gloves
and (a4–a6) AgNP-coated gloves. Scanning electron microscopy (SEM) analysis. SEM micrograph
of polymicrobial anti biofilm activity of (b1,b2) uncoated gloves and (b3,b4) AgNP-coated gloves.
Reprinted with permission from reference [121]. Copyright © 2021 John Wiley and Sons.

4.13. NR Antimicrobial Gloves with Poly(dimethylsiloxane)-Copper Coating

Multiple studies have demonstrated that copper (Cu) possesses antimicrobial prop-
erties against E. coli, L. monocytogenes, C. difficile, yeasts, and viruses [122]. Cu-containing
surfaces have been found to reduce environmental microbial contamination [123]. Cu has
also been demonstrated to be a powerful antibacterial agent that can inhibit the growth of
antibiotic-resistant bacteria such as MRSA, EMRSA-1, and EMRSA-16 [124,125].

In the research of Tripathy et al., an antimicrobial coating consisting of poly(dimethylsil-
oxane) (PDMS) combined with copper hydroxide nanowires (PDMS Cu) was developed.
PDMS-Cu’s antibacterial properties have been demonstrated to reduce the viability of
a panel of multidrug-resistant clinical pathogens (E. coli, S. aureus (MRSA), and K. pneumoniae).
The PDMS-Cu surface exhibited superior activity as an antimicrobial film compared to
the control (a glass coverslip). The antibacterial effectiveness of the PDMS-Cu surface was
also evaluated in a patient room alongside controls (glass coverslips and PDMS substrates).
On this occasion, PDMS-Cu was found to have the lowest amount of attached bacterial
colonies compared to the controls [126].

In addition to the previous tests, it was established that coating a stethoscope di-
aphragm with a thin layer of PDMS-Cu could inhibit the transfer of infections from one
patient to another in a hospital setting. The possibility of coating commercially available
NR gloves with a thin layer of PDMS-Cu provides compelling evidence and an attractive
opportunity to introduce antibacterial gloves into hospitals to minimize the transmission
of nosocomial infections [126].

Figure 19a presents a schematic explanation of the antibacterial behavior of the PDMS-
Cu surface. Figure 19(b1,b2) shows bacterial colonies on chocolate agar plates after 2 and
4 h (respectively) of exposure to the environment in a patient room. Figure 19c shows the
confocal microscopy of E. coli biofilm on coverslip and PDMS-Cu surfaces after 5 days of
incubation in Luria broth (LB) culture media [126].
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Figure 19. Images of the antibacterial activity of PDMS-Cu. Reprinted with permission from refer-
ence [126]. Copyright © 2018 American Chemical Society.

5. Conclusions

The sustainability of medical glove production processes is essential to support the
three pillars of sustainability in the environmental, social, and financial sectors. In this sense,
the use of performance-enhancing materials such as biomaterials, bio-fillers, biodegradable
polymers, antimicrobial agents, etc. becomes a promising route to create new medical
gloves with improved properties.

The integration of antiseptic substances or drugs with antimicrobial properties repre-
sent a viable option against drug-resistant bacteria and cross-contamination of pathogenic
microorganisms and viruses. In this regard, ascorbic acid, biguanides, quaternary am-
monium compounds, chitosan derivates, chlorhexidine, and Gardine solution have been
successfully assayed. Furthermore, nanoparticles of metals, especially silver and copper, as
well as metallic oxides such as ZnO and CuO have been effectively employed.

The use of low-cost bio-fillers such as sago starch, mangosteen peel, and cellulose
nanocrystals can improve the biodegradability properties of gloves without sacrificing the
softness, film thickness, and mechanical characteristics.

When scaling the knowledge obtained in the laboratory to industry, it is important to
consider the ease of production and the profitability of the modifications. In this regard,
processes that incorporate performance-enhancing materials directly into rubber formu-
lations or that only require an extra dipping process may be the most attractive from an
economic point of view. In summary, the optimization of crucial manufacturing parameters
is necessary to obtain safe and high-quality gloves that meet regulatory criteria and are
attractive to consumers and investors.
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Abstract: In this work, scaffolds based on poly(hydroxybutyrate) (PHB) and micronized bacterial cel-
lulose (BC) were produced through 3D printing. Filaments for the printing were obtained by varying
the percentage of micronized BC (0.25, 0.50, 1.00, and 2.00%) inserted in relation to the PHB matrix.
Despite the varying concentrations of BC, the biocomposite filaments predominantly contained PHB
functional groups, as Fourier transform infrared spectroscopy (FTIR) demonstrated. Thermogravimetric
analyses (i.e., TG and DTG) of the filaments showed that the peak temperature (Tpeak) of PHB degra-
dation decreased as the concentration of BC increased, with the lowest being 248 ◦C, referring to the
biocomposite filament PHB/2.0% BC, which has the highest concentration of BC. Although there was
a variation in the thermal behavior of the filaments, it was not significant enough to make printing
impossible, considering that the PHB melting temperature was 170 ◦C. Biological assays indicated
the non-cytotoxicity of scaffolds and the provision of cell anchorage sites. The results obtained in this
research open up new paths for the application of this innovation in tissue engineering.

Keywords: 3D printing; micronized bacterial cellulose; poly(hydroxybutyrate); tissue engineering;
scaffolds

1. Introduction

Three-dimensional (3D) printing, also referred to as additive manufacturing (AM), has
gained significant traction in the industry due to its ability to achieve mass customization
and bring intricate designs to life, surpassing the limitations of traditional manufacturing
methods [1]. Among the several 3D printing technologies, fused deposition modeling
(FDM) stands out as the market’s most widely used method of obtaining scaffolds [2].

The FDM technique was introduced and commercialized by the Stratasys corporation
in the United States during the early 1990s. Since then, FDM has been employed to produce
several materials, ranging from polymers and metal powder to ceramics and composites.
FDM has gained significant popularity in biomaterial research due to its affordability,
compact size, ability to create intricate structures, and lack of organic solvents [3]. In
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FDM, materials are melted and deposited layer by layer onto a print bed, following a
programmed pattern [4].

Polymers are the most used class of materials in additive manufacturing due to
their high availability, diversity of applications, and low cost [5]. Nowadays, polymers
from natural origins are preferred for 3D printing for tissue engineering because of their
biocompatibility, in addition to being renewable, non-toxic, biodegradable, sustainable,
and ecologically correct [6].

Currently, thermoplastics such as poly(lactic acid) (PLA) and acrylonitrile butadiene
styrene (ABS) dominate the FDM materials market [7]. Due to its non-biodegradability
and limited cell integration, ABS is not the preferred choice for fabricating tissue engineer-
ing scaffolds [8]. PLA is an example of a biodegradable and bioresorbable thermoplastic
biopolymer that has been successfully applied in regenerative medicine and tissue engi-
neering, being widely used for the construction of scaffolds via 3D FDM printing [9–12]. In
addition, PLA gels can cause irritation via polymer hydrolysis in the surrounding tissue in
which they are applied because the pKa of lactic acid is 3.86.

A class of biopolymers that has gained prominence in recent years is polyhydrox-
yalkanoates (PHAs). PHAs are synthesized directly from bacterial metabolism occurring
at low concentrations of nitrogen, phosphorus, oxygen, or magnesium and an excess of
carbon, representing an advantage compared to PLA. Other advantages are their complete
biodegradability and the multiplicity of their structures [5,9]. Poly(hydroxybutyrate) (PHB)
is an extensively investigated member of the polyhydroxyalkanoate (PHA) family. It is a
biodegradable biopolymer with piezoelectric properties, rendering it suitable for various
biomedical applications. PHB demonstrates high biocompatibility with different cell types,
including osteoblasts, epithelial cells, and chondrocytes. Its biocompatibility is attributed
to the presence of low molecular weight PHB in the body and the natural occurrence of its
degradation product, 3-hydroxybutyric acid, which serves as a natural metabolite in organs
like the brain, heart, and lungs. These inherent characteristics, coupled with its ability to
promote bone growth, favorable mechanical properties, and cost-effectiveness, position
PHB as a highly promising material for medical applications [13,14].

Although it has desirable characteristics for a wide spectrum of applications, PHB has
some shortcomings that limit its use for producing the scaffolds applied in tissue engineer-
ing, especially if the FDM technique is used; these shortcomings include hydrophobicity, a
low degradation rate, fragility, and contamination via pyrogenic compounds and thermal
instability [13,14]. To address the limitations of PHB, the incorporation of PHB into compos-
ites with other biopolymers has been extensively explored [15–17]. In particular, cellulose
has emerged as a commonly used biopolymer for this purpose. In a study by da Silva
Moura et al. (2019) [18], treated coconut fibers containing approximately 40–60% cellulose
were employed as reinforcing agents in PHB composites. Including these fibers resulted in
enhanced mechanical properties, improved thermal stability, and an increased modulus of
elasticity without additional additives. Similarly, Barud et al. (2011) [19] utilized bacterial
cellulose (BC) to fabricate composites, which exhibited superior mechanical properties
compared to the individual polymers, mainly in terms of tensile strength, elongation to
rupture, and Young’s modulus.

BC is composed of β-D-glucopyranose units joined together by β-1,4-glycosidic bonds
arranged in a ribbon-like network of fibrils less than 100 nm in length and 2–4 nm in
diameter. Unlike vegetal cellulose, the BC network is free of lignin, hemicellulose, and other
constituents of lignocellulosic materials [20]. In addition to the composition, BC differs
from celluloses from other sources due to its high degree of purity and polymerization (up
to 8000), crystallinity (70–80%), high water content (up to 99%), physical and mechanical
resistance, flexibility, and high biocompatibility [21]. BC is a non-cytotoxic, non-genotoxic,
biodegradable, and biocompatible biomaterial [22,23]. This interest is reflected by the
variety of works in the literature involving bacterial cellulose, many of them focused on
medical applications and, more specifically, in the tissue engineering sector [24–27].
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The high applicability of BC is not only due to its unique characteristics but also to
the forms and structures employed. BC can be used in the form of a membrane, either
wet or dry, in the form of cellulose nanomaterials (CNM), such as cellulose nanocrystals
(CNC), cellulose nanofibers (CNF), obtained through the rupture of amorphous domains
or from the simple separation of fiber bundles, and as micronized cellulose particles (CMP),
obtained through treatments capable of weakening supramolecular interactions through
a process called cellulose activation [28]. However, there are challenges to be faced when
producing high-quality BC (and its derivatives), such as the reduction of operating costs
and the viability of large-scale production. For this reason, there has been a growing
interest in the search for solutions, such as developing new bioreactor projects and process
automation. Furthermore, alternative raw materials (especially waste) have been explored
as a promising option [23,29].

MELO et al. (2020) [30] demonstrated the circular economy for BC by recycling its
waste from commercial wound dressings to obtain CNC and develop sustainable and
biodegradable packaging. An additional example of the circular economy in action in
the production chain of BC and its derivatives is the replacement of hazardous chemical
processes and/or reagents commonly used in BC pre-treatment and hydrolysis to obtain
CNM and CMP through processes and/or sustainable reagents. Swelling agents such
as dimethylsulfoxide (DMSO) and dimethylformamide (DMF) are often used to activate
cellulose and obtain micronized particles. However, these reagents pose risks to human
health and are not ecologically friendly, in addition to requiring high financial and energy
costs for production, purification, collection, recycling, and disposal. Therefore, there is a
growing search for sustainable alternatives, such as mechanochemical processes, to obtain
these structures [31].

In this context, aiming at the concept of upcycling and circular economy, the present
work developed a biocomposite product with high added value, such as scaffolds. Mi-
cronized BC was obtained from industrial dressing residues through the mechanochemical
process, and was used as a reinforcing agent in the development of biocomposite filaments
based on a PHB matrix. The manufactured scaffolds were physicochemically and mor-
phologically characterized, and in vitro cytotoxicity assays were performed to confirm the
viability for tissue engineering applications.

2. Materials and Methods

2.1. Materials

The PHB, Biocycle 1000 (Mn 147.596 g mol−1, Mw 376 g mol−1, and PDI 2.5), was
supplied by PHB Industrial S/A, São Paulo. Bacterial cellulose residues were provided
by the company BioSmart Nanotechnology LDTA. The micronizes were obtained using
a Polymix® PX-IG 2000 Impact Grinder ball milling from the company Kinematica. The
mechanochemical process was applied for 20 min at frequencies of 10 Hz, 20 Hz, and 30 Hz.

To obtain the biocomposites, micronized BC at 20 Hz was used. Both PHB and
BC biopolymers were submitted to a thermokinetic mixer (MH-50H, 48 A), with speed
maintained at 5250 rpm, for 1 min. The amount of micronized BC inserted into the PHB
varied between 0.25%, 0.50%, 1.00%, and 2.00% (wt%). The mixtures obtained were ground
in a granulating mill (Plastimax, 3.7 kW) and dried at 50 ◦C for 2 h. The biocomposites
were extruded in a mini extruder (Weellzoom, model B Desktop, Guangdong Province,
Guangzhou, China) to obtain the filaments. The temperature in processing the filaments
was 165 ◦C, and the extrusion speed was 85 mm min−1.

2.2. Methods

X-ray diffraction (XRD) measurements were performed on an XRD-6000 diffractome-
ter (Shimadzu). The patterns of micronized BC were recorded using Cu-Kα radiation
(λ = 1.5406 Å) at 40 kV and 40 mA in the 2θ region from 10 to 60◦. Segal and peak deconvo-
lution methods were applied to diffractograms to analyze the influence of micronization
on crystallinity indices (CI). The pseudovoight 1 function was used to determine the crys-
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talline portion from peak deconvolution. The particle size of BC was determined using the
Anton-Paar PSA 1190 LD particle size analyzer. The results were reported for D10, D50,
and D90, which are the volume diameters of the particles at 10%, 50%, and 90% cumulative
volume, respectively. The surface area was measured using the Anton-Paar NOVA touch
BET Surface Area and Pore Size Analyzers, with nitrogen as the adsorbate. The degree
of polymerization (DP) of BC was determined using the transparent Cannon-Fenske-type
viscometer n. 150, according to TAPPI standard T 230om-94: Viscosity of pulp (capillary
viscometer method), 2013. Time measurements were performed in triplicate and the aver-
age obtained was used to calculate the degree of polymerization following the calculations
presented by [32].

BC surface and filament cross-section morphologies were visualized in a JEOL 7500F
electron microscope at 2.00 kV after being fixed onto stubs using a carbon film and coated
with a thin carbon layer. Thermal analysis of both BC and PHB/BC biocomposite filaments
was performed using TA Instruments SDT Q600 equipment. The samples were heated
in an alumina crucible from 30 to 600 ◦C within an atmosphere of N2 flowing at 100 mL
min−1. Fourier Transform Infrared Spectroscopy was performed using a Bruker-Vertex
70 spectrophotometer in attenuated total reflection (ATR) mode. The BC and PHB/BC
biocomposites spectra were obtained by accumulating 64 scans with a 2 cm−1 resolution in
the range of 4000–650 cm−1.

For the 3D printing of the scaffolds, the digital design was taken from the “Thingiverse”
file bank. Design sizing and slicing were performed using Ultimaker Cura 4.0 software.
The scaffolds were sized 10 × 10 × 5 mm on the x, y, and z axes, respectively, and the part
fill was set to 50%. Printing was performed using a CREALITY Ender-3 3D printer, with
a maximum speed of 180 mm s−1, 0.4 mm nozzle, structure in anodized aluminum, and
printing area of 220 × 220 × 250 mm. The temperature used in the process was 185 ◦C.

For PHB/BC biocomposite filament cell viability assays, L929 cells were cultured
at 1 × 104 cells/well in a 96-well culture plate. The cell viability was performed via
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay, according to
International Organization of Standardization (ISO) protocols for the biological evaluation
of medical devices [33,34]. Thus, filaments from polymer blending between PHB and BC
named PHB/BC 0.25%, PHB/BC 0.50%, PHB/BC 1.00%, and PHB/BC 2.00% were cut
into 6 cm size and incubated with 3 mL of DMEM extraction medium at 37 ◦C for 24 h.
Subsequently, the cell culture medium was removed, and 100 μL of each extraction media
was added in contact with monolayer culture for 24 h in a CO2 incubator. Afterward,
the extract media were removed, and the wells were washed three times with PBS 1X.
Next, 100 μL of the MTT solution (1 mg mL−1) was added to each test well. Further, the
microplate was incubated at 37 ◦C for 3 h. After the MTT was removed and 50 μL of
isopropanol added to each well, the optical density was read at a wavelength of 570 nm
using a spectrophotometer reader (SoftMax® Pro 5). The assay was performed in triplicate.
Cell viability was defined as the absorbance ratio from the sample to the absorbance
measured for negative control (survive control) and represented as a mean value ± standard
deviation [35].

To confirm the PHB/BC-based biocomposite as a scaffold, cell adhesion assays were
performed. PHB/BC scaffolds were seeded with 5 × 104 cells/well in a 24-well culture
plate containing 2 mL of DMEM supplemented with 10% FBS and 100 U/mL penicillin-
streptomycin and maintained at 37 ◦C in a CO2 incubator for 3 days to study cell attachment.
The cultured cells on the scaffolds were then fixed with glutaraldehyde 0.25% for 0.5 h
and then washed three times with PBS 1X. Afterward, the scaffolds were dehydrated
with ethanol series and air-dried. Scanning Electron Microscopy (SEM) micrographs were
captured under a JEOL JSM-6510 operating at 5 kV. All specimens were sputter coated with
gold (Balzer, SCD 050) [36].
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3. Results

3.1. Bacterial Cellulose Micronized

The micronized BC resulting from the mechanochemical process at three different
grinding frequencies (10, 20, and 30 Hz) had a powdery appearance and a slightly yel-
lowish color when micronized at 30 Hz. This coloration is possibly due to the rise in the
temperature of the process, consequent to the increase in frequency and, therefore, the
increase in energy caused by the greater collision of the sample in the ball mill (Figure 1A).
Scanning Electron Microscopy (SEM) showed that despite the milling at frequencies 10 and
20 Hz, the BC fibers were maintained compared to the BC before the mechanochemical
process. Figure 1B shows a representative image of micronized BC at 20 Hz and Figure 1C
confirms that the fibers morphology was maintained. It was also observed that increasing
the grinding frequency to 30 Hz disfigured the cellulose fibers, forming agglomerates and
exposing more of the amorphous portion of the cellulose.

The mechanochemical method known as ball milling is widely disseminated in the
literature and used to obtain many micronized products [37–40]. This technique is used
to fragment the BC into microparticles through mechanical collisions that break the hy-
drogen bonds, which are responsible for most of the intra- and intermolecular bonds and,
consequently, for the three-dimensional crystalline structure of this biopolymer [31,41,42].

For the development of biocomposite filaments, the micronized particles must present
an adequate balance between the characteristics of crystalline and amorphous cellulose
structures since BC is used as a reinforcing agent. Still, it also needs to be degraded by the
organism as cells differentiate and tissue regenerates.

Crystallinity indices (CI) were determined by Segal and peak deconvolution methods.
The equation used for the Segal method was:

CI =
(I200 − Iam)

I200

where CI is the relative crystallinity index, I200 is the maximum intensity (in arbitrary units)
of the peak referring to the plane (200), and Iam is the diffraction intensity of the amorphous
portion at 2θ = 18◦.

The pseudovoight 1 function was used to determine the crystalline portion via peak
deconvolution. Through this function, it was possible to determine the peaks referring
to the crystalline portion and the amorphous portion. Consequently, the amounts of
crystalline and amorphous material in the micronized BC samples were determined. This
method considers the contributions of amorphous and crystalline cellulose for the entire
spectrum; therefore, this technique has greater precision for determining the CI than the
Segal method [43]. The CI of micronized BC samples and BC residue, calculated using the
diffractograms in Figure 1D, are shown in Table 1.

It is observed that the Segal method provides higher CI values than the peak de-
convolution method, except for the micronized CI at 30 Hz. These values portray an
overestimation of the CI as previously reported [43], and reinforce the results obtained
by [42,44]. It is also noted that the BC micronized at 10 Hz maintained most of its crys-
talline structure. In comparison, the BC micronized at 30 Hz showed the dominance of the
amorphous portion, probably due to the disruption of the intra- and intermolecular bonds.
The BC micronized at 20 Hz presented a greater balance between the portions, which is
favorable for obtaining the biocomposite.
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Figure 1. (A) Images of BC scraps and micronized BC at 10, 20, and 30 Hz, respectively;
(B,C) representative SEM images of micronized BC at 20 Hz; (D) DRX curves, (E) TGA curves
and (F) FTIR spectra of BC and micronized BC scraps at 10, 20, and 30 Hz, respectively.
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Table 1. Crystallinity indices (CI) determined by Segal and peak deconvolution methods for bacterial
cellulose (BC) scraps and BC micronized at 10, 20, and 30 Hz, respectively.

Method
Bacterial Cellulose

Scraps 10 Hz 20 Hz 30 Hz

Segal 0.99 0.89 0.81 0.27
Peak

deconvolution 0.99 0.80 0.69 0.32

The TGA curves (Figure 1E) show two events with considerable mass losses observed
in all micronized BC samples. The first event between 50 and 150 ◦C (≈5% initial mass
loss) is attributed to water loss. The second event between 250 and 400 ◦C (with a loss
of ≈75% of the initial mass) corresponds to the thermal degradation of cellulose, i.e., the
processes of depolymerization, dehydration, and decomposition of the glycosidic units
followed by the formation of carbonaceous residues [45]. Cellulose micronization breaks
the hydrogen bonds that maintain the three-dimensional crystalline structure, causing the
cellulose chains to depolymerize and become amorphous, which corroborates the XRD
results. Increasing the frequency of the mechanochemical process increased the entropy of
the system, consequently leading to a decrease in decomposition temperatures [31]. That is,
the depolymerization and amorphization phenomena are incremented with the increase in
the milling frequency; therefore, the Tpeak, Tonset, and Toffset temperatures are lower, and
mass loss events are anticipated.

In the FTIR spectrum for BC scraps and their micronized counterparts (Figure 1F), the
presence of significant absorption bands at the same wavelength was observed, indicating
similarity between the functional groups, i.e., there was no evidence of the formation of
new bonds or changes in chemical structure. It was also observed that as the grinding
frequency of the scraps increased, the transmittance of the bands decreased, which was
very evident in the bands at 3300 cm−1 referring to OH stretching, and at 1140–1015 cm−1

referring to deformation CO [46]. This can be explained by the decrease in the crystallinity
of BC, while micronization breaks hydrogen bonds [47]. This effect was also observed
by [48–50] in their respective works. The other absorption characteristic bands for BC are:
2880 cm−1—CH stretching of alkanes and asymmetric stretching CH2; 1645 cm−1—OH
strain; 1420 cm−1—CH2 deformation; 1370 cm−1—OH deformation [46].

The results of the granulometric analysis (Table 2) demonstrated an inversely pro-
portional relationship between the grinding frequency and the average diameter of the
micronized BC. As the frequency in the mechanochemical process increased, the average
particle diameter decreased. This relationship can be observed in the three measurement
ranges, named D10, D50, and D90, which represent 10, 50, and 90% of the total volume
of particles, respectively. Ball milling reduced the mean particle diameter, but standard
deviation variations in percentiles were observed. At the frequency of 10 Hz, particles were
reduced, but not all of them were homogeneous; therefore, the observed standard deviation
was higher than the deviations of the other frequencies used. At the frequency of 30 Hz, an
increase in standard deviation was also observed in the deviation at 20 Hz. This result is
due to the agglomerative phenomena that occur in more energetic processes in which the
portion amorphous part of the material is gradually more exposed [47,51–53]. In this case,
the phenomena of breakage and aggregation co-occur.

Table 2. Mean size and standard deviation of bacterial cellulose (BC) micronized at 10, 20, and 30 Hz.

BC Samples
Average Diameter (μm)

D10 D50 D90

10 Hz 33.3 ± 6.4 109.9 ± 18.6 276.1 ± 87.5
20 Hz 7.8 ± 0.7 53.6 ± 3.5 123.8 ± 12.7
30 Hz 6.4 ± 1.8 41.5 ± 12.6 74.9 ± 24.4
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The average diameter of the micronized BC and its respective standard deviations
are fundamental parameters for its application in filament formation. The sizes directly
interfere with the ability to obtain a homogeneous biocomposite and the ability of this
material to be extruded uniformly without breaking, preventing clogging of the extruder
heads and the 3D printer.

The micronized BC at 10 Hz showed a high diameter and standard deviation compared
to the others, which could become an obstacle to obtaining and printing the filament. The
micronized filaments at 20 and 30 Hz had similar diameters, but the standard deviation
of the micronized filaments at 20 Hz was smaller; therefore, the micronized ones at 20 Hz
could provide better homogeneity to the filaments.

In the analysis of the determination of the surface area, it was expected that the
increase in the grinding frequency correlated with an increase in the observed surface area,
following the results of the granulometric analysis and the results obtained by [44]. This
relationship was observed with the frequencies 10 and 20 Hz. However, at the frequency of
30 Hz, the surface area decreased compared to the milling performed at lower frequencies
(Table 3), possibly due to the aggregation of micronized products due to the high level of
energy transferred in the process.

Table 3. The surface area of bacterial cellulose (BC) micronized at 10, 20, and 30 Hz.

BC Samples Surface Area (m2 g−1)

10 Hz 1.47
20 Hz 1.59
30 Hz 1.20

The degree of polymerization (DP) refers to the number of repeated structural units
observed in the constitution of a macromolecule; that is, the number of monomers that
constitute the polymer. As the frequency used in the micronization process increased,
bond breaking also increased and, consequently, the DP decreased (Table 4). These results
corroborate the literature, in which micronization processes tend to reduce the DP of
polymers due to the breaking of the bonds that unite the monomers [54,55], in the case of
BC, corresponding to the β-1,4 glycosidic bonds.

Table 4. Degree of polymerization (DP) of bacterial cellulose (BC) scraps and their micronization at
10, 20, and 30 Hz.

Samples Average Flow Time (s) Degree of Polymerization (DP)

Solvent + water 31 -
Scraps 977.33 1576.28

BC 10 Hz 798.33 1387.87
BC 20 Hz 380.33 845.12
BC 30 Hz 83 207.97

3.2. PHB/BC Biocomposite Filaments

The filaments obtained after extrusion were homogeneous, and no cracks, flaws, burns,
or BC agglomerates were observed. All filaments showed relative fracture resistance, but
the filaments without BC, with 0.25 and 0.50% BC were more malleable and flexible than
the others.

Figure 2 shows the TGA and DTG curves of the biocomposite filaments. Two mass
loss events were observed in all samples. In the first event, between 50 ◦C and 120 ◦C, a
small mass loss corresponds to the vaporization of residual moisture. In the second event,
between 170 ◦C and 350 ◦C, the mass loss is significant, as complete degradation of PHB
occurs, mainly due to the β-cleavage of the PHB chains in C=O and C–O bonds, which fa-
cilitates the formation of crotonic acid, dimeric, trimeric, and tetrameric volatiles [19,56,57].
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PRADHAN et al. (2017) [56] also observed that the PHB synthesized from the fermen-
tation of hydrolysates rich in hexose had greater crystallinity and resistance to thermal
degradation. In addition, it is possible to observe in the TGA and DTG curves that the
filaments with higher concentrations of BC showed a reduction in thermal resistance. The
biocomposite filament PHB/2.00% BC, with the highest concentration of micronized BC,
showed the lowest thermal resistance. This reduction in thermal resistance is related to
the decrease in crystallinity of the filament as the micronized material was added. The
amorphous portion of BC is exposed with the micronization of cellulose and consequent
breakage of hydrogen bonds, and the three-dimensional crystalline structure responsible
for thermal resistance is lost.

Considering that the filaments obtained are intended for application in scaffolds, the
observed decrease in thermal stability does not represent a problem for application in
3D printing because the average melting temperature (Tm) of PHB (temperature used in
printing) is 170 ◦C and the lowest Tonset observed was 235 ◦C.

The DSC curves of the filaments (Figure 3) show two peaks of endothermic events at
approximately 180 ◦C and 290 ◦C, which correspond to the melting and decomposition of
PHB, respectively [19,56,58]. The DSC peak between 250 and 300 ◦C refers to the thermal
decomposition of PHB. What is being observed is that the thermal stability of PHB decreases
with the addition of micronized BC. Considering only PHB, the temperature of thermal
decomposition depends on the number average molecular weight, Mn, and the weight
average molecular weight, MW, and polydispersibility, PDI. PHB has a high PDI (2.5),
which can contribute to decreased thermal stability. The literature presents the Tm of PHB
close to 170 ◦C, but the Tm of PHB and its composites depend on many factors, such as
morphology and particle size, crystallization kinetics, and the composition process [58].
PRADHAN et al. (2017) [56] obtained PHB through Bacillus megaterium and Cupriavidus
necator with Tm observed at 175 ◦C and 176 ◦C, respectively; these values were also higher
than the standard literature presents.

In Figure 3, TGA/DTG curves of PHB/BC, the Tonset and Toffset values were indi-
cated. The increase in BC up to 2.0% in the PHB/BC composite decreased the maximum
de-composition temperature (MDT) from 290 ◦C to 248 ◦C (ΔT = 42 ◦C). However, BC con-
centrations up to 0.5% do not show drastic changes in the MDT, but high BC concentrations
than 0.5% decrease the MDT in −25.1 ◦C/BC (%) (Figure S1, Supplementary Material) with
consequent partial loss of PHB/BC composite stability.

Comparative analysis of TGA/DTGA with DSC shows some differences in the max-
imum endothermic temperatures compared with the MDT. However, it is possible to
observe at the beginning of the reaction Tonset, similar values in the DSC and TGA/DTG
curves. Additionally, the trends of temperature decrease with the increase in BC content
are similar in Figures 2 and 3. Also, it is relevant to consider that during the processes of
sample heating and cooling, TGA instruments are measuring the mass changes with the
temperature; meanwhile, DSC measures the shifts in energy absorption or release related
to the temperature variations.

In fact, TGA/DTG and DSC were obtained using the same equipment simultaneously
and separated in Figures 2 and 3 to facilitate the visualization of the events.

Figure 4 shows the main bands observed in the PHB/BC biocomposite filaments. Refer-
ring to PHB: 1000–1300 cm−1—C-O elongation of the ester group; 1455 cm−1—asymmetric
bending of -CH2 or -CH3; 1718 cm−1—ester C=O elongation; 1271 cm−1—CH group;
2853 cm−1, 2926 cm−1 and 2981 cm−1—C-H elongation [59,60]. Regarding the micronized
BC, the bands are different compared to the PHB. However, these vibrations were not
observed in the spectra of the biocomposite filaments that remained with most of the indi-
vidual characteristics of the PHB, probably because of the low sensitivity of the technique.
This demonstrates that even when using micronized BC as a reinforcing agent, maintaining
the PHB chemical groups in most of the biocomposite material was possible.
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Figure 2. TGA and DTG curves of pristine PHB and PHB/BC-based biocomposite filaments contain-
ing 0.25, 0.50, 1.00, and 2.00% BC, respectively.

The average diameter of the filaments was 1.60 ± 0.04 mm, as determined by the
images obtained by SEM (Figure 5). It was also possible to observe that the cross-section con-
tained an entirely uniform, compact, and bubble-free surface, indicating high homogeneity,
an essential characteristic for filaments used in 3D printing.

The pristine PHB filaments and the PHB/BC-based biocomposites containing 0.25,
0.50, and 1.00% BC were printed homogeneously without clogging the printer head or
breaking the filament during printing. Figure 6 shows a representative image comparing
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pristine PHB and PHB/0.50% BC-based scaffolds. Filaments with 2.00% of micronized BC
caused clogging of the 0.4 mm printer nozzle diameter. This clogging probably occurred
due to the cellulose particles aggregation on the surface of the filament and the consequent
change in the viscosity of the material, as previously reported [61].

Figure 3. DSC curves of pristine PHB and PHB/BC-based biocomposite filaments containing 0.25,
0.50, 1.00, and 2.00% BC, respectively.
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Figure 4. Fourier Transform Infrared Spectroscopy (FTIR) of micronized bacterial cellulose (BC) at
20 Hz, pristine poly(hydroxybutyrate) (PHB) filaments, and PHB/BC-based biocomposite filaments.

Figure 5. Cont.
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Figure 5. Scanning Electron Microscopy (SEM) of the printed filaments: (A) pristine PHB and
PHB/BC-based biocomposites with 0.25, 0.50, 1.00, 2.00% BC ((B–E), respectively).

Figure 6. Scaffolds printed using pristine Poly(3-hydroxybutyrate) (PHB, left) and a representative
image of PHB/0.50% BC-based biocomposite filaments (right).

3.3. Biological In Vitro Assays

The metabolic viability of L929 cells exposed to PHB/BC-based biocomposites was
determined via the MTT assay after 24 h of exposure. The results showed that all samples
were safe, resulting in cell viability higher than 70%, similar to control (Figure 7). This
result confirmed previous ones that demonstrated no toxicity of biocomposites based on
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PHB/BC, and PHB blended with different biopolymers, including PLA and Hydroxyapatite
(HA) [62,63]. Furthermore, the PHB/BC-based biocomposites proved to support 3T3-
L1 preadipocyte proliferation and induced a positive effect on osteoblast differentiation
in vivo.

Figure 7. L929 viability assayed with the MTT assay revealed the using liquid extracts derived from
PHB/BC-based biocomposites after 24 h of incubation.

Regarding cell adhesion assay, the cell–scaffold interaction was examined following
the cultivation of L929 cells on PHB/BC scaffolds. Following a three-day culture, SEM
images were obtained. Figure 8A–D demonstrates a representative sample PHB/BC 0.50%.
It is possible to observe that the blend greatly supports cell adhesion, indicating the non-
cytotoxicity of the scaffolds and the provision of cell anchorage sites.

Figure 8. SEM microphotographs with approximation of: (A) 7×; (B) 20×, (C) 100×, and (D) 1000×,
proving the L929 cell adhesion on the surface of PHB/BC 0.50% scaffolds after 3 days culture.
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4. Conclusions

The PHB/BC-based scaffolds were obtained through 3D printing using filaments con-
taining micronized BC. Among the different mechanochemical processes, BC micronized at
20 Hz showed the best properties in terms of granulometry and homogeneity for obtaining
biocomposite filaments. In addition, BC micronized at 20 Hz presented a balance between
the crystalline and amorphous portions verified via XRD analysis. This is an important
characteristic, since BC performs the function of a reinforcing agent but can simultaneously
be degraded as tissue regeneration occurs. TGA, FTIR, and SEM measurements confirmed
that there is a reduction in the crystalline portion of BC, and that micronized BC at 20 Hz
maintained the structure of the fibers and exhibited an insignificant decrease in thermal
stability, considering the melting point of PHB for application in 3D printing. The pro-
duction process of the biocomposite filaments resulted in homogeneous structures based
on PHB/BC without cracks or breaks, which allows them to be used in 3D printing. The
physical–chemical characterization, cytotoxicity, and cell adhesion evaluation carried out in
the present study are sufficient to preliminarily validate that biocomposite filaments have
the potential to be applied in tissue engineering. Obtaining these filaments also stands out,
as BC industrial scraps were used. These new processes and products add value to them,
as they are aligned with the concepts of circular economy, upcycling, and sustainability.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/jfb14090464/s1, Figure S1: Changes of the maximum decomposition
temperature of PHB/BC related to the BC composition. Data obtained from Figure 2.
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Abstract: Regenerated cellulose fibers are a highly adaptable biomaterial with numerous medical
applications owing to their inherent biocompatibility, biodegradability, and robust mechanical prop-
erties. In the domain of wound care, regenerated cellulose fibers facilitate a moist environment
conducive to healing, minimize infection risk, and adapt to wound topographies, making it ideal
for different types of dressings. In tissue engineering, cellulose scaffolds provide a matrix for cell
attachment and proliferation, supporting the development of artificial skin, cartilage, and other
tissues. Furthermore, regenerated cellulose fibers, used as absorbable sutures, degrade within the
body, eliminating the need for removal and proving advantageous for internal suturing. The medical
textile industry relies heavily on regenerated cellulose fibers because of their unique properties
that make them suitable for various applications, including wound care, surgical garments, and
diagnostic materials. Regenerated cellulose fibers are produced by dissolving cellulose from natural
sources and reconstituting it into fiber form, which can be customized for specific medical uses. This
paper will explore the various types, properties, and applications of regenerated cellulose fibers in
medical contexts, alongside an examination of its manufacturing processes and technologies, as well
as associated challenges.

Keywords: regenerated cellulose fibers; medical; viscose; lyocell; modal; recycling

1. Introduction

Civilizations dating as early as the ancient Egyptians used natural materials such as
flax, silk, hemp, and cotton to create sutures and bandages for wound healing. Some natural
fibers are still in use today because of their intricate and versatile structures, favorable
biocompatibility, and abundance.

In recent years, the definition of “textile” has broadened, necessitating an emphasis on
the increasing significance of diverse textile materials for applications in technology, indus-
try, construction, architecture, agriculture, and medicine [1–3]. The medical textile segment
is regarded as the most rapidly expanding sector within the technical textile industry [4–6].
Textile materials, in conjunction with scientific methodologies, are extensively utilized in
medical and surgical applications due to their durability, versatility, convenience, and an-
timicrobial properties [7]. These polymers should be dissolvable or meltable for extrusion,
and their molecular chains should be linear, long, flexible, and capable of orientation and
crystallization.

Medical textiles are engineered for various medical uses, including both internal
and external applications, with the capability of being implantable or non-implantable.
They are utilized in biological structures for the assessment, treatment, enhancement, or
regeneration of tissues, organs, or physiological functions. Examples include plasters,
dressings, bandages, and compression garments [8].

Ensuring a sustainable world from the textile perspective has motivated the usage of
sustainable and biodegradable materials as alternatives.
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1.1. Textile Fibers for Medical Applications

Polysaccharide-based fibers, particularly cellulose, are widely used in medical applica-
tions such as wound dressings and hemostats due to their thrombogenic properties [9]. As a
natural biopolymer, cellulose is an integral component of plant cell walls and is synthesized
by specific microbes, making it the most abundant organic substance on Earth. This abun-
dance, coupled with properties like biocompatibility, biodegradability, and renewability,
makes cellulose an attractive choice for designing biomaterials in biomedical fields.

Cellulose, derived from various natural sources, such as cotton and woody biomass,
varies in content; cotton has up to 90% cellulose, making it nearly pure, while woody
biomass contains about 40% to 50% cellulose [10]. Its structural strength comes from
β-1,4-glycosidic linkages that form long chains of D-glucose units. These properties are
harnessed in the creating of advanced healthcare products like aerogels, hydrogels, films,
and fillers [11,12].

Incorporating cellulose into medicated textiles and pharmaceutical products fosters
the development of new healthcare approaches, aligning with the goal of reducing the
medical sector’s impact by substituting non-biodegradable waste with sustainable, green
polymers. This aligns with the wider movement towards sustainability in material science,
emphasizing the critical role of naturally occurring substances in modern applications.

The regeneration process transforms the cellulose chain conformation from cellulose I
to cellulose II, resulting in a structure with more amorphous regions and enhanced crys-
tallinity [13]. This change also facilitates extensive modifications in regenerated cellulose
(RC) products, including hydrogels, aerogels, cryogels, xerogels, membranes, thin films,
and fibers [14]. The most commonly used structures in medical textiles are fibers [15–17].
Fibers are the primary materials for the textile industry, which vary in type based on
their origin and chemical composition, as natural and chemical (man-made and synthetic).
Regenerated cellulose fibers are paramount in the medical textile industry due to their
exceptional biocompatibility, biodegradability, and mechanical properties. These fibers,
derived from natural cellulose, undergo various chemical processes to transform their
structure, making them suitable for diverse medical applications.

Cellulose can be regenerated to produce films/membranes, hydrogels/aerogels, fila-
ments/fibers, microspheres/beads, bioplastics, etc., which show potential applications in
textiles, biomedicine, energy storage, packaging, etc. Importantly, these cellulose-based
materials can be biodegraded in soil and oceans, reducing environmental pollution [18].
The cellulose solvents, dissolving mechanism, and strategies for constructing the regener-
ated cellulose functional materials with high strength and performances, together with the
current achievements and urgent challenges, are summarized, and some perspectives are
also proposed.

There are five conventional types of regenerated cellulose or cellulose-derived fibers:
viscose; lyocell; cupro; acetate; and modal. These fibers have been widely recognized for
their biocompatibility, moisture retention capabilities, and biodegradability, making them
suitable candidates for various medical applications, including wound care and tissue
scaffolding. Recent innovations have focused on improving their structural properties,
antimicrobial functionality, and integration with bioactive agents. These developments
have opened new avenues for more efficient and sustainable healthcare solutions. The
advantages of regenerated cellulose fibers in medical applications compared to synthetic
fibers (like polypropylene and polyester) and natural fibers (like cotton or silk) are presented
in Table 1.
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Table 1. The advantages of regenerated cellulose fibers, used for medical applications, compared to
synthetic and natural fibers.

Property
Regenerated Cellulose
Fibers (Viscose, Lyocell,
Modal, and Acetate)

Synthetic Fibers
(Polypropylene and
Polyester)

Natural Fibers (Cotton
and Silk)

Scientific
References

Cost-effectiveness
Moderate cost, relatively
inexpensive production due
to large-scale manufacturing.

Low cost, very cheap due to
petrochemical origin and
established production lines.

High cost for premium
fibers like silk; cotton can
vary in price depending on
the quality.

[19–21]

Biodegradability

Highly biodegradable
(especially lyocell and
viscose); reduces
environmental impact in
disposable medical products.

Non-biodegradable;
contributes to long-term
environmental pollution
(plastic waste).

Biodegradable, but cotton
production has a
significant environmental
footprint (e.g., water
usage).

[19–21]

Biocompatibility

Excellent biocompatibility
due to cellulose origin;
minimal risk of allergic
reactions or irritation.

Variable; some synthetic
fibers may cause skin
irritation or inflammation,
especially in sensitive
patients.

High biocompatibility;
natural fibers like silk are
hypoallergenic, but cotton
can sometimes be harsh on
sensitive skin.

[21–23]

Absorbency

Excellent moisture
absorption (e.g., lyocell and
viscose); ideal for wound
care and surgical dressings.

Poor moisture absorption;
tends to repel liquids, which
is useful in some protective
textiles but not for wound
care.

High absorbency
(especially cotton); suitable
for certain medical textiles
but not as specialized as
cellulose fibers.

[21–23]

Sterilization
compatibility

Can be sterilized via
autoclaving, gamma
radiation, and other methods
without losing structural
integrity (except acetate).

Excellent for sterilization;
resistant to degradation by
most sterilization methods.

Natural fibers like cotton
can be sterilized but may
lose structural integrity or
shrink over time. Silk is
more delicate in
sterilization.

[19,20,22]

Environmental
sustainability

High sustainability
(especially lyocell with
closed-loop processing);
lower chemical and energy
inputs than synthetic fibers.

Poor sustainability due to
petrochemical base and
non-renewable resources
used in production.

Mixed; cotton production
is water-intensive, but silk
is more environmentally
friendly in small-scale
production.

[19,20,23]

Patient comfort

Soft, breathable, and
skin-friendly; suitable for
long-term wear in medical
garments and wound
dressings.

Less breathable and can
cause skin irritation; often
uncomfortable for long-term
skin contact (e.g., hospital
gowns).

High comfort for silk, but
cotton can sometimes
cause friction on sensitive
or healing skin.

[21–23]

Applications in the
medical field

Used in wound dressings,
surgical swabs, hygiene
products, and biodegradable
implants due to
biocompatibility and
absorbency.

Used in protective clothing,
surgical masks, and other
disposable medical products,
but less suitable for direct
skin contact.

Used in traditional
bandages, sutures (silk),
and some medical textiles,
but less common in
advanced medical
applications.

[20,21,23]

Durability

Moderate durability; can be
engineered for strength in
specific medical applications
(e.g., lyocell scaffolds).

High durability; long-lasting
and tear-resistant, ideal for
protective gear like surgical
drapes.

Variable; silk is strong but
delicate, while cotton is
less durable in clinical use
due to wear and tear.

[19,20,22]

Antimicrobial
functionalization

Can be functionalized with
antimicrobial agents (e.g.,
silver and iodine) for
advanced wound care
applications.

Often treated with
antimicrobial agents, but
additives may leach over
time or be toxic.

Silk has natural
antibacterial properties,
while cotton may require
treatment to gain
antimicrobial properties.

[19,21,22]
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The microscopic views of regenerated cellulose fibers and some common synthetic
fibers are presented in Figure 1. More microscopic views of different fibers may be found
in [24].

  
(a) (b) 

  
(c) (d) 

  
(e) (f) 

  
(g) (h) 

Figure 1. Cont.
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(i) (j) 

 
(k) (l) 

Figure 1. The microscopic views of regenerated cellulose fibers and some common synthetic
fibers [24,25]: (a) microscopic view of viscose fiber cross-section; (b) microscopic longitudinal view
of viscose fiber; (c) microscopic view of lyocell fiber cross-section; (d) microscopic longitudinal
view of lyocell fiber; (e) microscopic view of cupro fiber cross-section; (f) microscopic longitudinal
view of cupro fiber; (g) microscopic view of modal fiber cross-section; (h) microscopic longitudinal
view of modal fiber; (i) microscopic view of acetate fiber; (j) microscopic view of typical melt spun
synthetic fibers cross-section, i.e., polyester, polyamide, and olefin; (k) microscopic longitudinal
view of polyester fiber; (l) microscopic longitudinal view of polyamide fiber; ((a–h,k,l) Reprinted
with permission from Ref. [24]. Copyright 2012 Lithuanian Standards Board). ((i,j) Reprinted with
permission from Ref. [25]. Copyright 2008 Elsevier).

1.2. The Classification of These Different Regenerated Cellulose Fibers Is Based on Fiber
Production Method

• Viscose fibers

Viscose fibers are derived from natural cellulose, primarily sourced from wood pulp
or cotton linters. The process of converting cellulose into viscose involves several chemical
treatments, including steeping, shredding, and xanthation, resulting in fibers that closely
resemble natural fibers like cotton and silk in texture and appearance. Viscose is appreci-
ated for its versatility and biodegradability, making it a popular choice in various textile
applications [26]. The development of viscose fibers dates back to the late 19th century
when researchers sought to create a fiber that mimics the properties of natural silk. The
viscose process was first patented by British chemists Charles Cross, Edward Bevan, and
Clayton Beadle in 1892, marking the beginning of commercial production in the early 20th
century [27].

Viscose rayon, the oldest and most widely used regenerated cellulose fiber, is produced
by dissolving cellulose in a solution of sodium hydroxide and carbon disulfide to form
cellulose xanthate. This solution is then extruded into fibers and regenerated in an acidic
bath [28,29]. Viscose rayon is highly absorbent and soft, making it ideal for applications
such as wound dressings, bandages, and surgical swabs. Its excellent sterilizability further
enhances its suitability for medical applications [30,31].
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Viscose rayon fibers typically have a round or slightly irregular cross-sectional shape.
The cross-sectional geometry of viscose fibers is largely influenced by the coagulation
conditions during the spinning process, which can lead to variations in shape and size.
Studies have shown that these fibers often exhibit a circular or slightly oval cross-section
depending on the specific conditions under which they are formed [32,33]. The internal
structure often shows a central lumen (a hollow core) surrounded by a cellulosic wall with
varying degrees of fibrillation. This lumen, a characteristic feature of regenerated cellulose
fibers like viscose, is formed due to the rapid coagulation of the cellulose solution during
spinning, which traps air or other gasses within the fiber structure [34]. The cellulosic wall
surrounding the lumen is composed of aligned cellulose microfibrils, which can vary in
their degree of crystallinity and orientation, affecting the fiber’s mechanical properties [35].
The cross-section of viscose rayon appears with a smooth, even texture but can exhibit
some degree of irregularity due to the manufacturing process. Variations in coagulation
conditions, such as temperature and solvent concentration, can lead to irregularities in
the fiber cross-section, contributing to a less uniform appearance [36,37]. This irregularity
can also be attributed to fluctuations in the flow rate during extrusion, which affects the
fiber’s final shape. In the longitudinal view, viscose rayon fibers display a smooth surface
with longitudinal striations or fibrils along their length. These striations result from the
stretching and drawing processes during fiber production, which align the cellulose chains
and create a characteristic fibrillar texture [32]. The surface of viscose fibers may also exhibit
undulations or waviness, which are linked to the mechanical drawing and relaxation steps
that the fibers undergo during spinning. The fibers are generally smooth but can show some
periodic variations in diameter due to variations in spinning conditions. These variations in
diameter are primarily caused by inconsistencies in the extrusion and coagulation phases,
where factors like pressure, temperature, and draw ratio play significant roles [33]. The
periodic changes in diameter can impact the fiber’s overall mechanical performance and its
suitability for various applications.

Recent advancements in viscose rayon technology have focused on improving fiber
strength and reducing environmental impacts. For instance, innovations in the viscose
process have led to the development of more sustainable production methods and enhanced
fiber properties [38].

For medical textiles, viscose fibers may be engineered to have specific structural prop-
erties, such as enhanced porosity, higher purity, and tailored surface characteristics, to
improve their performance in medical applications. Medical-grade viscose fibers require
higher purity levels to avoid any adverse reactions. This involves more rigorous washing
and bleaching processes to remove any residual chemicals or impurities [33]. The fiber
structure can be adjusted to enhance porosity and surface area, which is critical for appli-
cations like wound dressings, where absorbency and moisture management are crucial.
Viscose fibers for medical use may be coated with antimicrobial agents or other functional
substances to provide additional benefits such as infection control [39,40].

• Lyocell

Lyocell fibers are a type of regenerated cellulose fiber known for their eco-friendly
production process and superior performance characteristics. Lyocell is a form of rayon,
primarily derived from wood pulp. Unlike other types of rayon, such as viscose, the
production of lyocell involves an environmentally friendly process that uses a non-toxic
solvent, N-methylmorpholine N-oxide (NMMO). Introduced in the 1990s, lyocell has
quickly gained popularity due to its sustainability and high performance [41,42]. The
development of lyocell fibers was driven by the need for a more sustainable alternative
to traditional rayon fibers. The first commercial production of lyocell was by Courtaulds
Fibers under the brand name Tencel in the early 1990s [33].

Lyocell fibers are renowned for their distinctive structural and mechanical properties,
which set them apart from other regenerated cellulose fibers such as viscose. The cross-
sectional profile of lyocell fibers is typically round and exhibits a smooth, uniform surface.
Unlike viscose fibers, which often display a central lumen, lyocell fibers generally have
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a more compact and dense cellulosic structure with minimal or no lumen. This compact
structure results from the solvent-spinning process used in lyocell production, where
cellulose is dissolved in N-methylmorpholine N-oxide (NMMO) and then extruded and
regenerated in a controlled manner [41,43]. The uniform and round cross-section of lyocell
fibers contribute to their high tensile strength and smooth texture, making them particularly
well suited for applications requiring durability and a fine hand feel. The absence of
significant internal voids, such as a pronounced lumen, and the alignment of cellulose
microfibrils during the spinning process result in fibers that are not only strong but also
resistant to deformation. This is a crucial advantage in textile applications, where fiber
consistency and performance are critical [33]. In terms of surface characteristics, lyocell
fibers are characterized by their smooth and even surface, which is evident in both cross-
sectional and longitudinal views. The spinning process ensures that the fibers have fewer
surface defects compared to viscose fibers, which often show more pronounced striations
and irregularities. The smooth surface of lyocell fibers contributes to their luxurious feel
and low surface friction, making them ideal for high-end textiles, including apparel and
home textiles. Moreover, this smoothness enhances the fibers’ dyeing properties, allowing
for vibrant and uniform coloration [44]. The longitudinal view of lyocell fibers further
emphasizes their superior quality. The fibers are generally straight with a high degree of
smoothness and uniformity. This straightness, combined with the fiber’s inherent strength,
reduces the likelihood of pilling and wear, which is a common issue with less uniform
fibers. The enhanced mechanical properties of lyocell fibers, including their high tensile
strength and durability, make them suitable for a wide range of applications, from fashion
textiles to technical fabrics [45].

Lyocell fibers are produced using the N-methylmorpholine N-oxide (NMMO) process,
which is considered more environmentally friendly compared to the viscose process [42,46].
The NMMO solvent effectively dissolves cellulose, which is then extruded into fibers
and regenerated. Lyocell fibers exhibit high tensile strength, excellent moisture manage-
ment, and biocompatibility, making them suitable for surgical gowns, drapes, and wound
dressings [26,47].

Similarly to viscose, lyocell fibers intended for medical textiles undergo specific modi-
fications and enhanced production methods to meet medical standards. Lyocell fibers for
medical use are often engineered to have properties such as higher absorbency, enhanced
biocompatibility, and tailored mechanical strength. Ensuring biocompatibility involves
minimizing any potential cytotoxicity. This can be achieved by optimizing the fiber’s
chemical composition and ensuring the absence of harmful residual solvents [33]. Medical
applications may require fibers with higher tensile strength and durability, especially for
sutures or implants [48].

Recent studies have highlighted the advantages of lyocell fibers in medical textiles
due to their enhanced mechanical properties and environmental sustainability. The lyocell
process continues to evolve, with research focusing on improving fiber functionality and
reducing environmental impacts [42]. The ongoing evolution of the lyocell process has
focused on improving fiber functionality, such as controlling fibrillation and enhancing
the durability of the fibers for demanding medical applications like wound dressings and
surgical textiles. Advances in the lyocell process include the use of cross-linking agents
and enzymatic treatments to minimize fibrillation, thus improving fiber performance in
medical applications [49,50].

Moreover, the lyocell process continues to innovate with research aimed at further
reducing its environmental impact, including the development of more efficient solvent
recovery systems and the exploration of alternative raw materials for cellulose produc-
tion [51,52].
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• Modal

Modal fibers are a subtype of rayon specifically designed to improve upon the proper-
ties of regular viscose rayon. They are made from beech tree pulp and undergo a series
of chemical processes to achieve their unique qualities. Modal fibers are often praised for
their luxurious feel and durability, making them a popular choice in the textile industry.

Modal fibers were developed as a response to the need for a more robust and high-
performing type of rayon. The name “modal” was coined by the Austrian company Lenzing
AG, which remains one of the leading producers of these fibers [53,54]

Modal fibers, a type of regenerated cellulose fiber, are produced through a process
similar to viscose but with modifications that enhance fiber strength and elasticity [52].
Modal fibers are known for their softness, durability, and resistance to shrinkage. These
properties make them suitable for reusable medical textiles, such as hospital bed linens and
patient clothing [47].

Modal fibers often have a slightly oval cross-section. The internal structure is similar
to viscose but with improved structural integrity and uniformity due to modifications
in the production process. The cross-sectional view shows a more consistent shape and
density compared to standard viscose fibers. Modal fibers exhibit a smoother and more
consistent surface compared to viscose. The longitudinal view shows a straight and uniform
appearance with fewer surface irregularities. The fibers are typically smooth, with fewer
longitudinal striations compared to viscose fibers. [55]

Modal fibers are increasingly being used in combination with other fibers to create high-
performance textiles for medical applications. Research has shown that modal fibers can be
blended with antimicrobial agents to enhance their functionality in medical textiles [56].

• Cupro (Cuprammonium Rayon)

Cupro fibers are derived from cellulose, specifically cotton linter, which is a byproduct
of the cotton industry. The production of cupro fibers involves dissolving cellulose in a
copper–ammonium solution, hence the name cuprammonium rayon [26,57].

Cupro fibers are produced using the cuprammonium process, where cellulose is
dissolved in a copper–ammonium solution [58]. These fibers are smooth, lustrous, and
hypoallergenic, making them suitable for applications requiring non-abrasive materials,
such as advanced wound care products [59,60]

Recent advancements in the cuprammonium process have focused on improving fiber
strength and exploring new applications in medical textiles. Cupro fibers are being studied
for their potential use in high-performance medical textiles due to their unique properties.

Cupro fibers typically have a round or slightly irregular cross-sectional shape. The
internal structure is dense and smooth, with minimal lumen. The fibers have a smooth
and even cross-section, reflecting their fine, high-quality texture. In the longitudinal view,
cupro fibers display a very smooth surface with minimal striations or surface defects. The
fibers are straight and exhibit a high level of smoothness and sheen [60,61].

Cupro (cuprammonium rayon) fibers are characterized by their silk-like feel and high
moisture absorption. For medical uses, the fibers are often engineered to enhance their
biocompatibility and reduce potential allergic reactions.

• Acetate

Acetate fibers, also known as cellulose acetate fibers, are derived from cellulose. They
are produced by acetylating the cellulose extracted from wood pulp or cotton linters.
Acetate fibers are unique due to their blend of natural and synthetic properties, which
provide distinct advantages in textile manufacturing [26,62].

Acetate fibers are produced through the acetylation of cellulose, where cellulose is
reacted with acetic anhydride or acetyl chloride in the presence of a catalyst. This process
yields a fiber with distinct properties compared to other regenerated cellulose fibers. Acetate
fibers are characterized by their smooth texture, lustrous appearance, and relatively low
moisture absorption [63].

203



J. Funct. Biomater. 2024, 15, 348

Acetate fibers are generally biocompatible, which makes them suitable for certain
medical applications. Their smooth surface can reduce irritation in contact with the skin. In
addition, acetate fibers are known for their soft and silky feel, which can enhance comfort in
medical textiles like patient clothing and surgical drapes. This type of fiber can be sterilized,
making them suitable for medical textiles that require sterilization before use [64–66].

While acetate fibers are not as commonly used as some other regenerated cellulose
fibers in medical textiles, they possess properties that make them suitable for specific
applications. Their softness, biocompatibility, and potential for customization through
chemical treatments can make them a viable option for certain medical textile products.
Regenerated cellulose fibers (RCFs) offer a solution to the drawbacks of synthetic fibers
while preserving the benefits of natural fibers. According to The Materials Market Report
2023 by Textile Exchange [67], the RCFs covered 6% (i.e., 7,3 mln. tons of fibers) of a global
market in 2022; among that, viscose fiber production accounted for 80% of all the RCFs and
a production volume of around 5.8 million tons in 2022. Acetate covered 13% of all the RCF
market, and lyocell, modal, and cupro, respectively, 4%, 3%, and 0.2%. Along with that,
0.5% of all RCF market shares recycled regenerated cellulose fiber producers.

2. Production of RC

RCFs have attracted attention because they can be easily processed via fiber spinning
to produce man-made fibers using bio-based feedstocks rather than the cases of natural
fibers [68]. There are several methods for producing high-quality regenerated cellulose (RC)
fibers through dissolution and regeneration processes [69,70]. Typically, these fibers are
created using the spinning method. One of the most common techniques is wet spinning,
where a cellulose solution is extruded through a spinneret into an acid bath for coagulation.
Following this, the fibers are washed first with hot water and then with distilled water to
remove salts formed during coagulation. The resulting RC fibers are then dried at room
temperature [71].

The properties of regenerated cellulose (RC) fibers can be influenced by different
solvent systems [68]. Each solvent system impacts the final characteristics of the RC fibers
and offers distinct advantages. The solubility and spinnability of cellulose are influenced by
multiple factors, including solvent properties (solvating power and viscosity), raw material
characteristics (degree of polymerization, molecular structure, and chemical composition),
process parameters (such as temperature, duration, and pressure), and the equipment used
for dissolution and spinning [72,73].

The structural and mechanical properties of RC fibers can be optimized by adjusting
parameters, such as draw ratio, spinning dopes, and the spinning process. Research [71,74]
shows that at low draw ratios, regenerated cellulose (RC) fibers display an irregular
morphology with pronounced surface grooves. Conversely, when fibers are produced at
high draw ratios, they have a smoother surface and a more rounded structure.

High-purity cellulose pulp is essential for producing medical-grade viscose fibers. Ad-
vanced purification techniques, such as enzymatic treatment and bleaching, are employed
to remove impurities and ensure biocompatibility [6,75,76].

2.1. Production Methods of Viscose Fibers

The production of viscose fibers involves several stages, including the preparation
of cellulose pulp, dissolution, regeneration, and finishing. Specific production methods
tailored for medical textiles focus on enhancing the purity and functionality of the fibers.

The first step in producing viscose fibers is extracting cellulose from wood pulp or
cotton linters. The pulp undergoes purification to remove hemicellulose, lignin, and other
impurities [77–79]. The purified cellulose is then treated with sodium hydroxide (NaOH)
to form alkali cellulose. This process increases the cellulose’s reactivity, preparing it for the
subsequent chemical reactions [80]. The alkali cellulose is aged under controlled conditions,
typically for 1–2 days. Aging reduces the degree of polymerization, which is necessary for
achieving the desired viscosity in the final viscose solution [81]. Aging is followed by the
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xanthation process, where the alkali cellulose reacts with carbon disulfide (CS2) to form
cellulose xanthate. This reaction imparts solubility to the cellulose in aqueous sodium
hydroxide. The cellulose xanthate is dissolved in dilute sodium hydroxide to produce
a viscous orange-yellow solution known as viscose. The solution is allowed to ripen
for a specific period, enabling the cellulose chains to rearrange and achieve the required
spinnability [29]. The ripened viscose solution is filtered to remove undissolved particles
and degassed to eliminate air bubbles. These steps are crucial for ensuring the uniformity
and quality of the fibers [82].

The viscose solution is extruded through a spinneret into an acid bath (usually sulfuric
acid), where the cellulose is regenerated into solid fibers through a process of acid precipita-
tion and coagulation. This step determines the final properties of the viscose fibers [83,84].
Viscose rayon fibers can be produced in two forms: continuous filament and staple fibers,
but generally, viscose rayon is manufactured as staple fiber.

After regeneration, the fibers undergo various post-treatment processes, including
washing, bleaching, and finishing. These treatments enhance the fibers’ properties, such as
whiteness, strength, and softness [70,85].

The production of viscose fibers involves the use of chemicals such as sodium hy-
droxide and carbon disulfide, which can pose environmental and health risks. However,
advancements in production technologies aim to mitigate these impacts through improved
chemical recovery and waste management systems [84,86].

The production methods of viscose fibers for medical textiles often incorporate ad-
ditional steps to ensure the fibers meet medical standards. Medical-grade viscose fibers
must be sterilizable. The production methods may include steps that ensure fibers can
withstand sterilization processes, such as autoclaving, gamma irradiation, or ethylene oxide
treatment. The entire production process is subjected to more rigorous quality control to
ensure the fibers are free from contaminants and have consistent properties suitable for
medical use [87,88].

The principal production scheme of viscose fibers is presented in Figure 2.

 

Figure 2. Production scheme of viscose fibers [89] (Reprinted with permission from Ref. [89]. Copy-
right 2021 Elsevier).
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2.2. Production Methods of Lyocell Fibers

The production of lyocell fibers involves several key stages: cellulose extraction,
dissolution, spinning, and post-treatment. The most distinguishing feature of lyocell
production is the use of N-Methylmorpholine N-oxide (NMMO) as the solvent, which is
non-toxic and recyclable.

The primary raw material for lyocell production is wood pulp from sustainably
managed forests. The pulp is purified to remove lignin and hemicellulose, resulting in
high-purity cellulose suitable for dissolution [90]. In the lyocell process, purified cellulose is
dissolved directly in an aqueous solution of NMMO. This solvent system is highly effective
in dissolving cellulose with no chemical derivatization, distinguishing lyocell from other
types of rayon [46,91,92].

The cellulose-NMMO solution, known as the spinning dope, is filtered to remove
undissolved particles and air bubbles. The filtered solution is then extruded through
a spinneret into a coagulation bath, typically water or a dilute NMMO solution, where
the cellulose fibers are regenerated [33,93]. After regeneration, the lyocell fibers undergo
several post-treatment steps, including washing to remove residual NMMO, drying, and
finishing. These steps are crucial for enhancing the mechanical properties and appearance
of the fibers [91]. A significant advantage of the lyocell process is the efficient recovery and
reuse of NMMO. Over 99% of the solvent is typically recovered and recycled, minimizing
environmental impact and production costs [43,94].

The production of lyocell fibers is considered more environmentally friendly compared
to other types of rayon due to the closed-loop solvent recovery system and the use of non-
toxic chemicals. Additionally, lyocell fibers are biodegradable and derived from renewable
resources, aligning with principles of sustainable development [15,70,95].

The production process for medical-grade lyocell fibers often includes additional
purification and validation steps to meet stringent medical standards. The NMMO solvent
recovery process is optimized to ensure that no toxic residues are present in the fibers.
This is critical for medical applications where patient safety is paramount. Additional
washing and bleaching steps are implemented to achieve the high purity required for
medical use [96,97].

The principal production scheme of lyocell fibers is presented in Figure 3.

 

Figure 3. Production scheme of lyocell fibers [89] (reproduced with permission from Elsevier, Carbo-
hydrate Polymers; published by Elsevier, 2021).
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2.3. Production Methods of Modal Fibers

The primary raw material for modal fibers is beech wood pulp, which is processed to
remove lignin and hemicellulose, resulting in high-purity cellulose [52,98].

The purified cellulose is treated with sodium hydroxide to form alkali cellulose, which
is then reacted with carbon disulfide to form cellulose xanthate. This process is similar to
the viscose process but is optimized for better fiber strength and quality [99–101].

The cellulose xanthate is dissolved in a dilute sodium hydroxide solution to form a
viscous solution. This solution is further processed to ensure uniformity and the desired
viscosity for spinning.

The spinning dope is filtered and degassed before being extruded through a spin-
neret into a coagulation bath, typically containing sulfuric acid. The coagulation process
regenerates the cellulose, forming solid fibers [33,102].

After spinning, the fibers undergo several post-treatment processes, including wash-
ing to remove residual chemicals, bleaching to achieve desired whiteness, and finishing
treatments to enhance fiber properties [50].

The production of modal fibers is considered more environmentally friendly compared
to traditional viscose rayon. This is primarily due to the closed-loop process used by
manufacturers like Lenzing, which recycles chemicals and reduces waste.

Beech wood, the primary source of cellulose for modal fibers, is typically sourced from
sustainably managed forests, ensuring a renewable supply of raw materials [103,104].

The production process includes the efficient recovery and recycling of chemicals,
such as sodium hydroxide and carbon disulfide, minimizing environmental impact [91].

The production of modal fibers for medical applications may involve additional
purification steps to remove any residual chemicals and impurities that could cause adverse
reactions. This can include more rigorous washing and bleaching processes. Special finishes
or coatings may also be applied to improve antimicrobial properties [105].

2.4. Production Methods of Cupro Fibers

The primary raw material for cupro fibers is cotton linter, which is a short fiber left on
the cottonseed after the longer cotton fibers have been removed. These linters are purified
to remove impurities, resulting in high-purity cellulose [77].

The purified cellulose is dissolved in a cuprammonium solution, which is a mixture of
copper(II) hydroxide and aqueous ammonia. This process creates a viscous solution that
can be extruded to form fibers. The dissolution process is unique to cupro fibers and differs
significantly from other cellulose regeneration methods, like the viscose process [55,106].

The cellulose solution is extruded through a spinneret into a coagulation bath, where
the cellulose is regenerated, forming solid fibers. The bath typically contains a dilute
sulfuric acid solution, which precipitates the cellulose from the solution.

Cupro fibers undergo post-treatment processes that involve washing to eliminate
residual chemicals, bleaching for the desired whiteness, and further treatments to improve
fiber properties. The fibers are also stretched to align the cellulose molecules, which
improves their strength and uniformity.

The production of cupro fibers involves the use of copper and ammonia, which require
careful handling and disposal to minimize environmental impact. Modern cupro produc-
tion processes include systems for recovering and reusing these chemicals to improve
sustainability [107].

To ensure safety and sterility, the manufacturing process for medical-grade cupro
fibers includes additional steps to eliminate any residual copper ions and other potentially
harmful substances. Enhanced purification and finishing processes are employed to achieve
the required medical standards [108].
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2.5. Production Methods of Acetate Fibers

The main raw materials for acetate fibers are wood pulp and cotton linters. These
materials are purified to remove lignin, hemicellulose, and other impurities, yielding
high-purity cellulose [109].

The purified cellulose is then subjected to acetylation, where it is reacted with acetic
acid and acetic anhydride in the presence of a catalyst (usually sulfuric acid). This reac-
tion converts the hydroxyl groups in the cellulose into acetyl groups, forming cellulose
acetate [110].

The cellulose acetate is then dissolved in a suitable solvent, typically acetone, to form
a viscous solution. This solution is prepared for the spinning process, where it will be
extruded to form fibers [111].

The spinning dope (cellulose acetate solution) is extruded through a spinneret into a
coagulation bath or directly into the air (dry spinning). In the coagulation bath, the solvent
is removed, and the cellulose acetate fibers solidify. In dry spinning, the solvent evaporates
as the fibers solidify [112].

After spinning, the fibers undergo post-treatment processes such as washing to re-
move residual solvents, stretching to orient the polymer chains, and finishing treatments to
enhance properties like dyeability and luster. The production of acetate fibers involves the
use of solvents and chemicals that require careful handling and disposal to minimize envi-
ronmental impact. Advances in solvent recovery and recycling technologies have helped
to improve the sustainability of acetate fiber production. Sustainability efforts include
sourcing cellulose from sustainably managed forests and using eco-friendly solvents and
catalysts during the acetylation and dissolution processes [6].

Modern production processes include systems for recovering and reusing solvents like
acetone, which reduces waste and environmental impact. Additionally, the development of
biodegradable acetate fibers contributes to their environmental sustainability [113,114].

The production of acetate fibers for medical textiles includes a rigorous purification
process to remove any acetic acid and other residual chemicals. Additional treatments may
be applied to impart antimicrobial properties, which are crucial for preventing infections in
medical settings. This often involves coating the fibers with antimicrobial agents [9].

In recent years, researchers have investigated alternative solvents for cellulose dissolu-
tion, with substantial research and development concentrated on a category of solvents
known as ionic liquids (ILs). These solvents are considered environmentally sustainable
and have demonstrated suitability for spinning regenerated cellulose fibers [115].

Ionic liquids (ILs) are salts that melt below 100 ◦C and exhibit unique properties such as
low vapor pressure, high thermal stability, and a strong ability to dissolve various organic
and inorganic substances. These liquids dissolve cellulose by disrupting its hydrogen
bonding network, a process that does not require derivatization. Commonly, the ILs
used for this purpose feature cations like imidazolium, pyridinium, or ammonium, which
are paired with anions such as chloride or acetate. Once dissolved, the cellulose can be
regenerated into fibers through a coagulation bath. Often regarded as green solvents, ILs are
non-volatile and recyclable, although their cost and biodegradability can vary widely [116].

Another promising process for cellulose dissolution is the urea/alkali process. The
urea/alkali process, utilizing a mixture of urea and sodium hydroxide, offers a promising
method for cellulose dissolution. In this process, urea serves as a hydrogen bond acceptor,
effectively disrupting the hydrogen bonds within cellulose to facilitate dissolution, typically
at temperatures below 0 ◦C, which enhances energy efficiency. This method not only
stabilizes the cellulose solution but also is environmentally friendly due to the non-toxic
nature of the solvents. However, to achieve commercial viability, this process still requires
the optimization of conditions and parameters to enhance the mechanical properties of the
fibers. Compared to ionic liquids, scaling this process for large-scale industrial applications
presents challenges in terms of efficiency and scalability.

The CarbaCell process is a cellulose dissolution method that uses organic carbonates,
such as dimethyl carbonate (DMC), as the primary solvent. This process is noted for its low
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toxicity and environmental friendliness, as DMC is a biodegradable and less hazardous
solvent compared to traditional solvents like carbon disulfide (CS2) used in the viscose
process. The CarbaCell process dissolves cellulose by activating the hydroxyl groups
of the cellulose molecules with organic carbonates, which facilitate the breakdown of
intermolecular hydrogen bonds within cellulose. The resulting cellulose solution can be
regenerated into fibers through processes such as wet or dry-jet wet spinning [55].

Each of these processes offers distinct advantages for cellulose dissolution and re-
generation into fibers. The CarbaCell process, in particular, stands out due to its low
environmental impact and mild operating conditions, utilizing low-toxicity organic carbon-
ates that are both biodegradable and easily recoverable. This makes it an attractive option
for sustainable fiber production [117]. Ionic liquids (ILs), on the other hand, are highly
effective solvents for cellulose dissolution, but they can be costly and have varying environ-
mental profiles depending on the specific IL used. While ILs provide efficient dissolution
and can be recycled, their biodegradability and overall environmental impact need careful
consideration [118]. The urea/alkali process is also a promising method because of its
low toxicity and cost-effectiveness, making it a sustainable option for cellulose processing.
However, it may face challenges in terms of scalability and efficiency compared to ILs and
CarbaCell [119].

3. Properties of Main Types Regenerated Cellulose Fibers

Cellulose fibers stand out among all the textile fibers for their vast diversity in struc-
ture and properties. Natural cellulose fibers feature highly crystalline fibrillar structures
arranged in various helical patterns, while fibrils in regenerated cellulose are less in ordered
arrangement, and exhibit a wide range of structural variations. Chemically altered and
regenerated through different processes, regenerated cellulose fibers, such as viscose rayon,
modal, lyocell (Tencel), acetate, and cupro (cuprammonium), are widely used in the textile
industry and for medical applications due to their unique properties. The structural diver-
sity of regenerated cellulose fibers results in a broad spectrum of properties (see Table 2)
and applications [54].

Table 2. Properties of cotton and some regenerated cellulose fibers [50,70,77,120–122].

Characteristic Cotton Viscose Rayon Modal Lyocell Tencel Cupro Acetate

Density, g/cm3 1.52 1.46–1.54 1.53 1.5 1.5 1.5 1.29–1.33

Tenacity, cN/tex 19.5–35 8.8–24 34 30–45 36–44 9–28 12.8

Moisture regain, % 7–8 11–14 11.8 10–13 11 11–12.5 6–7

Elongation, % 7–14 17–30 12 12–18 16–18 6–25 24

Crystallinity, % 60–70 30–40 40–48 50–65 50–65 30–40 20–30

Circularity of fiber
cross-section * 0.4–0.8 0.5–0.8 closer to 1 approaching 1 approaching 1 0.7–0.9 Lower

circularity

Note: *—where 1 represents a perfect circle.

Regenerated cellulose fibers are composed of cellulose—a natural polymer of glucose.
The chemical properties of regenerated cellulose fibers are influenced by the degree of
substitution and the method of regeneration, e.g., viscose rayon fibers often feature a
lower degree of polymerization and higher susceptibility to degradation compared to
other regenerated cellulose types, and lyocell excels in improved mechanical and chemical
properties, while modal exhibits enhanced strength and durability properties if compared
to viscose [43].

The regenerated cellulose fibers are highly hydrophilic because of the hydroxyl groups
(–OH) on the cellulose chain. This property enhances their ability to absorb and retain
moisture and makes them suitable for medical applications like wound dressing and
surgical sutures where moisture management is a key parameter [122,123].
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Regenerated cellulose fibers exhibit moderate chemical stability. They can be affected
by strong acids and alkalis, but they generally maintain their integrity in physiological
conditions, which is advantageous for medical use [123]. Regenerated cellulose fibers are
insoluble in water, but can be dissolved in certain solvents, e.g., lyocell dissolves in cupram-
monium hydroxide and N-Methylmorpholine N-oxide (NMMO), and viscose dissolves
in sodium hydroxide. The solubility characteristic is exploited in the fiber production
process [15,124,125]. But these fibers exhibit limited solubility in biological fluids, which
makes them suitable for medical applications, like wound dressing [126].

The fibers of regenerated cellulose decompose naturally under environment conditions
due to the presence of cellulose. This property is particularly beneficial for medical appli-
cations as post-use disposal is a consideration [126]. The biocompatibility of regenerated
cellulose fibers is a key property of medical applications [127].

Regenerated cellulose fibers decompose at temperatures typically ranging from 200 ◦C
to 300 ◦C. The exact decomposition temperature can vary depending on the fiber type
and degree of polymerization, e.g., lyocell fibers usually have a higher thermal stability
compared to viscose [128]. The glass transition temperature (Tg) of regenerated cellulose
fibers is influenced by their molecular weight and crystallinity. These fibers generally
exhibit a Tg around 250 ◦C [129,130].

Regenerated cellulose fibers each have distinct properties, which make them versatile
for various textile applications, from everyday clothing to high-end fashion. Influenced
by their production processes and chemical treatments, the following properties can be
observed [32,120,131]:

• Viscose rayon: Softness, good dyeability, and moderate strength.
• Modal: Stronger, more durable, and excellent moisture management.
• Lyocell (Tencel): High strength, environmentally friendly, and excellent moisture

control.
• Acetate: Luxurious feel, moderate moisture absorption, and lower strength.
• Cuprammonium (Cupro): Silk-like texture, good drape, and moderate strength.

3.1. Viscose Rayon Fibers

Viscose rayon, a type of regenerated cellulose fiber, exhibits lower crystallinity com-
pared to natural cellulose fibers like cotton. The crystallinity of viscose rayon depends on
the specific manufacturing conditions and post-treatment processes. The process disrupts
the highly ordered crystalline structure of the original cellulose, leading to a more amor-
phous arrangement in the resulting fibers. However, the lower crystallinity also means that
viscose rayon fibers are generally less strong and durable compared to natural cellulose
fibers like cotton, especially when wet, and they may exhibit lower resistance to mechanical
and environmental stresses [77,132].

The properties imparted by this level of crystallinity in viscose rayon include the
following [58,132]:

• Softness and drapability: The lower crystallinity contributes to a softer and more
drapable fabric, making viscose rayon ideal for clothing and textiles that require a
fluid drape.

• Enhanced dyeability: The increased amorphous regions in viscose rayon fibers allow
for better dye penetration, resulting in vibrant and uniform colors.

• Moisture absorption: Viscose rayon has good moisture-wicking properties, similar to
cotton, providing comfort in clothing.

• Versatility: Its blend of properties makes viscose rayon suitable for a wide range of
applications, from fashion garments to home textiles.

3.2. Modal Fibers

Modal is a type of regenerated cellulose fiber similar to viscose rayon but produced
through a modified process that results in higher crystallinity and improved properties.
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The increased crystallinity of modal fibers imparts several advantageous proper-
ties [133,134]:

• Strength and durability: Higher crystallinity leads to increased tensile strength and
durability, making modal fibers more robust and long-lasting. Modal fibers are
stronger and more durable than viscose rayon, both wet and dry.

• Softness and smoothness: Despite the higher crystallinity, modal fibers retain a smooth,
silky texture and soft hand feel, which is ideal for high-quality textiles and apparel,
often used in premium fabrics.

• Dimensional stability: Modal fibers exhibit better dimensional stability, maintaining
their shape and size after repeated washing and drying.

• Moisture absorption: Modal fibers have excellent moisture-wicking properties, pro-
viding superior comfort and breathability in clothing. Modal has excellent moisture-
wicking properties, superior to cotton and viscose.

• Color retention: The enhanced structure allows modal fibers to hold dyes well, result-
ing in vibrant, long-lasting colors.

These properties make modal fibers a popular choice for a variety of textile applica-
tions, including underwear, activewear, and bed linens, where both comfort and durability
are desired.

3.3. Lyocell (Tencel®) Fibers

Lyocell has similar strength as polyester and it is stronger than cotton or all other
man-made staple cellulosic fibers. It also has a very high dry and wet modulus in both the
dry and wet states. All man-made cellulosic fibers lose strength and modulus when wetted,
but lyocell reduces by much less than the others. However, the fibers do fibrillate during
wet abrasion and thus, specific finishing techniques are required to achieve the best results.

Tencel® can be processed via the established yarn manufacturing routes, using con-
ventional machinery with few major changes to settings or procedures. Tencel® possesses
a non-durable crimp; it has a high modulus and there is little fiber entanglement. Thus,
Tencel® will open easily with little nep and yield yarns with high tensile strength and few
imperfections. Tencel® blends well with other fibers, especially other cellulosic fibers. It
adds strength to the final yarn and enhances the performance and aesthetic values of the
final fabrics [54].

Lyocell is a type of regenerated cellulose fiber known for its high crystallinity and eco-
friendly production process. The higher crystallinity is attributed to the solvent-spinning
process used in its production, which involves dissolving cellulose in a non-toxic solvent
(N-methylmorpholine N-oxide or NMMO) and then regenerating the cellulose fibers in
a coagulation bath. The higher crystallinity of lyocell/Tencel® fibers results in several
beneficial properties [93,135,136]:

• Strength and durability: The high degree of crystallinity provides lyocell fibers with
exceptional tensile strength and durability, making them more resilient to wear and
tear. The value of lyocell fiber tenacity is larger than for viscose and modal fibers,
and is almost equal to polyester fiber. Lyocell is the only regenerated cellulose fiber
with a wet tensile strength reaching the cotton wet strength. Lyocell has a significantly
reduced elongation compared to viscose, but slightly above modal fibers.

• Softness and comfort: Despite their strength, lyocell fibers are also known for their
smooth, soft texture, which enhances comfort in textiles and apparel. Lyocell fibers
feature a fibrillar structure with microfibrils aligned parallel to the fiber axis because
of a high degree of cellulose crystallinity, which allows lyocell fiber to easily develop a
fibrillated surface under mechanical abrasion. Due to the high cellulose crystallinity
produced via lyocell spinning, the moisture regain of lyocell fiber is slightly lower
than for viscose.

• Moisture management: Lyocell fibers exhibit excellent moisture-wicking abilities,
which help in maintaining dryness and comfort, making them suitable for activewear
and intimate apparel.
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• Biodegradability: The natural cellulose base and environmentally friendly production
process contribute to the biodegradability of lyocell fibers, making them a sustainable
choice.

• Sustainability: The solvent used in the production process is non-toxic and is recycled
in a closed-loop system, making Tencel a more sustainable and environmentally
friendly fiber.

• Versatility: The combination of strength, softness, and moisture management makes
lyocell suitable for a wide range of applications, from fashion to home textiles.

• Environmental impact: The production process is more sustainable using a closed-loop
system that recycles solvents.

These properties, driven by the high crystallinity of lyocell, contribute to its popularity
as a premium, sustainable textile material.

3.4. Cuprammonium (Cupro) Fibers

Cuprammonium fibers, commonly known as cupro, are a type of regenerated cellulose
fiber produced using the cuprammonium process. Regarding their crystallinity, cupro fibers
generally exhibit lower crystallinity compared to natural cellulose fibers but higher crys-
tallinity than some other types of regenerated cellulose fibers, such as viscose rayon. This
intermediate level of crystallinity imparts cupro fibers with several desirable properties,
including a silky texture, good drape, and a soft hand feel. Additionally, the lower crys-
tallinity compared to natural fibers results in improved dyeability and a smoother surface,
which enhances their suitability for high-quality textiles and apparel applications [58,137]:

• Softness and smoothness: Cupro fibers are known for their silk-like feel and smooth
texture.

• Moisture absorption: Good moisture-wicking properties.
• Drape: Excellent drape and fluidity.
• Strength: Generally weaker compared to lyocell, but stronger than some types of

viscose.

3.5. Cellulose Acetate Fiber

Acetate fibers, also known as cellulose acetate, typically exhibit lower crystallinity
compared to other cellulose fibers like cotton, modal, or lyocell. It is no longer considered
a regenerated cellulose fiber because the polymer formula to form acetate fiber is acetate
(cellulose ester) instead of cellulose. The relatively low crystallinity is due to the chemical
modification of cellulose during the production process. In this process, cellulose is acety-
lated by reacting it with acetic anhydride, resulting in cellulose acetate. This modification
reduces the ability of the cellulose chains to align and form crystalline regions, leading to a
more amorphous structure.

The properties imparted by this level of crystallinity in acetate fibers include the
following [58]:

• Softness and drapability: The low crystallinity contributes a soft, smooth texture and
excellent drapability, making acetate suitable for lightweight, flowy fabrics. Acetate
fibers have a luxurious feel and a high sheen, and excellent drapability and fluidity.

• Sheen and luster: Acetate fibers have a natural sheen and luster, giving fabrics made
from acetate an attractive, silky appearance.

• Moisture absorption: While not as absorbent as more crystalline cellulose fibers,
acetate still has moderate moisture absorption, providing some level of comfort. It is
moderate, though less effective compared to cotton and lyocell.

• Color retention: Acetate fibers take dyes well and retain color vibrantly, which is
beneficial for fashion and decorative textiles.

• Resistance to shrinkage and wrinkling: The chemical structure of acetate fibers pro-
vides good resistance to shrinkage and wrinkling, enhancing their durability and ease
of care.

• Strength: Lower tensile strength compared to other regenerated cellulose fibers.
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However, the lower crystallinity also means that acetate fibers are generally less strong
and durable compared to higher crystallinity cellulose fibers. They may also have lower
resistance to heat and chemical damage.

4. Medical Applications of Main Regenerated Cellulose Fibers

Medical textiles are one of the fastest-growing sectors of technical textiles. The product
range in this sector encompasses a wide array of items, spanning from disposable health-
care and hygiene products (e.g., napkins and diapers) to specialized products including
operating room textiles, sutures, scaffolds, and sensors. The selection of fibers and fabrics
for these applications varies significantly based on the specific property requirements
of the medical textile raw materials. Medical textile products demand biocompatibility
(biostability or biodegradability), non-toxicity and nonallergenic, absorbency and softness,
elasticity and flexibility, and relative mechanical properties (tenacity, strength, durability,
and sterilizability) [138].

Medical textile products are classified into four categories: (1) non-implantable materi-
als, (2) implantable materials, (3) extracorporeal devices, and (4) healthcare and hygiene
products [139–142].

Non-implantable materials are designed exclusively for external application in the
human body. Their primary functions include protecting the skin from external infections,
absorbing body fluids, or delivering medication to damaged skin. Non-implantable materi-
als encompass wound dressings, plasters, bandages, gauze, and compression bandages,
among others. These materials are essential for wound healing, providing protection against
infection, and absorbing blood and exudates. These products are typically manufactured
from various types of textile fibers, selected based on specific application requirements and
end uses. [142–144]

The inherent comfort of cellulose-based materials like cotton and regenerated cellu-
losic fibers (viscose rayon) makes them ideal for non-implantable textile products (see
Table 3). The porous structure of cellulose-based fibers provides excellent moisture-wicking
capabilities, and it also has unique characteristics such as biodegradability and ease of
dyeing, in addition to its being soft and comfortable [145,146]. Regenerated cellulose fibers
are widely used in non-implantable materials due to their versatile properties, such as
softness, absorbency, and environmental sustainability. These fibers are applied in various
non-medical and industrial contexts.

Table 3. Regenerated cellulose fibers used for non-implantable materials [147,148].

Type of Regenerated Cellulose Fibers Used Application Areas

Viscose and lyocell Absorbent pad for wound care

Viscose, lyocell, and modal Wound-contact layer

Viscose Base material for wound care

Viscose and lyocell Base material for pads and bandages

Viscose and lyocell Simple bandages

Viscose and lyocell High-support bandages

Viscose and lyocell Compression bandages

Viscose and lyocell Orthopedical bandages

Viscose Plasters

Viscose and lyocell Gauze dressing

Viscose and cotton linters Wadding

Cotton linters Virus removal filter

Regenerated cellulose fibers are versatile and used in a wide range of non-implantable
materials:

213



J. Funct. Biomater. 2024, 15, 348

• Viscose rayon: Common in textiles and nonwovens for its softness and absorbency.
Viscose rayon fibers are used as wound dressings due to their absorbency and comfort
and are employed in surgical drapes and gowns only in non-critical settings for their
softness and cost-effectiveness.

• Lyocell (Tencel): Used in apparel and home textiles for its strength and moisture
management. Lyocell fibers are advanced wound dressings due to biocompatibility
and moisture management. As materials for surgical gowns and drapes, lyocell fibers
are used in high-performance medical textiles.

• Modal: Employed in underwear and towels for its softness and absorbency. Modal
fibers are used in high-performance medical textiles such as patients’ gowns and
beddings, and for wound dressings due to softness and moisture management.

• Acetate: Used in fashion fabrics and linings for its luster and drape. Used in some
medical linens for its softness.

• Cuprammonium fibers (cupro): Applied in luxury textiles and some technical fabrics
for their softness and breathability. Used in high-end medical linens due to their
softness—for luxury medical linens. Emerging applications due to their sustainability
and performance for medical textiles.

Implantable material textiles are materials designed for use within the human body
or beneath the skin. The primary requirement for these applications is biocompatibility,
versatility, and suitability for medical applications. These materials are generally used for
repairing damaged internal organs, skin, or wounds, particularly during surgery. They
can be categorized into soft tissue implants, orthopedic implants, and cardiovascular
implants. Soft tissue implants are used in areas such as ligaments and cartilage. Orthopedic
implants function as artificial bones, and cardiovascular implants are employed in heart
valves and vascular grafts (see Table 4). Surgical sutures, which are commonly used to
close skin wounds, also fall under this category. The fibers used in these applications
range from natural materials like silk and biodegradable polymers such as chitin, collagen,
and chitosan, to synthetic polymers including polyester, polyamide, polyethylene, and
polytetrafluoroethylene [143,144,147].

Table 4. Regenerated cellulose fibers used for implantable materials [53,143,144,147].

Type of Regenerated Cellulose Fibers Used Application Areas

Viscose sutures

Viscose, lyocell, and Ioncell surgical meshes, e.g., for hernia

Lyocell, cupro, and Ioncell scaffolds for tissue engineering

Modal surgical dressings

Acetate controlled drug release systems

Acetate biodegradable meshes

Cupro surgical textiles

Regenerated cellulose fibers are employed in various implantable materials due to
their properties:

• Viscose rayon: Used in sutures and surgical meshes for its absorbability and bio-
compatibility, but in general, the use of viscose is limited and usually not used for
implantable materials due to lower durability and potential for degradation.

• Lyocell (Tencel): Ideal for tissue engineering scaffolds and surgical meshes due to
its strength and biocompatibility. Lyocell fibers are utilized in scaffolds for tissue
regeneration.

• Modal: Applied in implantable textiles and surgical dressings for its softness and
flexibility. Generally not used for implantable materials or is limited in use.

214



J. Funct. Biomater. 2024, 15, 348

• Acetate: Utilized in controlled release systems and biodegradable meshes for its
biodegradability and film-forming capabilities. Limited used, not typically used for
implantable materials due to lower durability.

• Cuprammonium fibers (cupro): Used in tissue engineering and surgical textiles for its
softness and smoothness. Rarely used for implantable materials—limited use.

• Ioncell: Investigated for advanced applications in tissue engineering and surgical
meshes due to its high strength and biocompatibility. Potential for implantable materi-
als because of biocompatibility.

These fibers provide various benefits in implantable materials, enhancing performance
and patient outcomes.

Analogous to implantable textiles, extracorporeal devices are implantable artificial
organs composed of textile materials. These artificial organs are utilized within the human
body to support vital organ functions, including artificial kidneys, livers, and lungs. These
devices are used to replace or support the function of diseased organs. The primary function
of these artificial organs is to purify the blood during bodily functions through processes
such as dialysis, filtration, and adsorption [93]. Mostly synthetic fibers are used for such
products, but regenerated fibers are employed as well (see Table 5).

Table 5. Regenerated cellulose fibers used for extracorporeal devices [54,144,147,149].

Type of Regenerated
Cellulose Fibers Used

Application Areas Function

Hollow viscose artificial kidney remove waste products from
patients’ blood

Hollow viscose artificial liver
separate and dispose of
patients’ plasma, and supply
fresh plasma

Viscose, lyocell, and modal hemodialysis membranes the selective filtration of waste
products from the blood

Viscose, lyocell, modal,
and acetate peritoneal dialysis

to facilitate the exchange of
waste products and
electrolytes through the
peritoneal membrane

Viscose, lyocell, and modal plasma filters
for removing proteins, toxins,
and other unwanted
substances from the blood

Viscose, lyocell, and modal dialyzer units for both hemodialysis and
hemofiltration

Regenerated cellulose fibers have been employed in extracorporeal devices due to their
favorable properties, such as biocompatibility, high absorbency, and structural integrity.
Extracorporeal devices are medical devices that perform functions outside the body, such
as in dialysis machines and blood filtration systems.

Regenerated cellulose fibers are crucial in extracorporeal devices due to their properties:

• Viscose rayon: Used in dialysis membranes and blood filtration due to high absorbency
and biocompatibility, but general viscose fibers are not commonly used in extracorpo-
real devices.

• Lyocell (Tencel): Preferred for its strength and excellent biocompatibility in dialysis
and blood filtration. The protectional applications of lyocell fibers for emerging uses
in extracorporeal devices due to biocompatibility.

• Modal: Applied in specific blood filtration systems with good moisture absorption,
but in general, not commonly used in extracorporeal devices or in limited use.

• Acetate: Utilized in niche applications for its softness and moderate moisture manage-
ment. Not commonly used or in limited application.
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• Cuprammonium fibers (cupro): Employed in high-performance dialysis membranes
and specialized blood filtration systems due to their smooth texture. Limited applica-
tion in extracorporeal devices, not commonly used.

• Ioncell: Emerging uses—potential applications in extracorporeal devices.

These fibers offer different advantages depending on the specific requirements of the
extracorporeal devices, enhancing performance and patient safety.

Healthcare and hygiene products are designed to protect both medical personnel
and patients from infections. They can be either washable or disposable after use. This
category includes items ranging from personal protective clothing to disposable masks.
Additionally, personal hygiene products such as napkins, tissues, hospital bed linens,
uniforms, and diapers fall under this category. Using regenerated cellulose fibers in
healthcare and hygiene products includes face masks, personal protective equipment
(PPE), and sanitary products. The COVID-19 pandemic significantly increased the demand
for these products. The primary requirements for these textiles are that they must be
nonallergenic, non-toxic, and non-carcinogenic. Nonwoven materials, often made from
regenerated cellulose fibers, have been widely used due to their breathability, strength, and
bacterial resistance [144,148,150,151].

Cellulose-based materials like cotton and regenerated cellulosic fibers (viscose rayon)
are predominantly used in medical applications due to their high moisture absorbency
and comfort properties, which makes them ideal for hygienic and healthcare clothing (see
Table 6). The porous structure of cellulose-based fibers provides excellent moisture-wicking
capabilities, along with a soft handle and drape, which identifies it as a skin-friendly
material [145,146].

Table 6. Regenerated cellulose fibers used for healthcare/hygiene products [54,144,147].

Type of Regenerated Cellulose Fibers Used Application Areas Structure of the Fabric

Viscose Surgical caps Nonwoven

Viscose Surgical masks Nonwoven

Superabsorbent fibers and wood fluff, modal,
lyocell, and acetate Absorbent layer for incontinence diaper/sheet Nonwoven

Viscose and lyocell, modal, and cupro Surgical swabs, drapes, and cloths/wipes, Nonwoven

Regenerated cellulose fibers are extensively used in healthcare and hygiene products
due to their excellent absorbency, softness, and biocompatibility. These fibers are commonly
found in items such as wound dressings, surgical drapes, hygiene products, and more.

A summary of the medical application of conventional regenerated cellulose fibers is
presented in Table 7.

Table 7. Medical application of conventional regenerated cellulose fibers.

Fiber Type Primary Medical Application Advantages Challenges References

Viscose rayon Wound care and surgical
sponges

High absorbency and
cost-effective

Residual chemicals from
production [21]

Cupro Bandages and medical textiles Soft and hypoallergenic Copper residue may require
further purification [152]

Modal Patient garments and hospital
bedding

Durable and
moisture-wicking Moderate cost [20]

Lyocell Advanced wound dressings
and tissue scaffolds

Biodegradable and high
absorbency Limited production capacity [153]

Acetate Medical packaging and drug
delivery systems

Good barrier properties and
biocompatible Low absorbency [154]
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Regenerated cellulose fibers offer numerous benefits for healthcare and hygiene products:

• Viscose rayon: Used in wound dressings, surgical drapes, and hygiene products for its
absorbency and softness, and because of its comfort and absorbency, viscose fibers are
utilized in hygiene products, such as sanitary pads and medical linens.

• Lyocell (Tencel): Applied in advanced wound care and hygiene products for its
moisture management and biocompatibility. These fibers are used for hospital bedding
and garments because of their comfort and performance.

• Modal: Used in hygiene products and medical textiles for its softness and absorbency;
for sanitary pads and medical linens, these fibers are used for their high absorbency
and comfort.

• Acetate: Utilized in wound dressings and some hygiene products for its softness and
moisture management. Occasionally used in nonwoven hygiene products (sanitary
products).

• Cuprammonium fibers (cupro): Employed in healthcare textiles and premium hy-
giene products for their softness and biocompatibility. Employed in certain high-end
healthcare textiles.

These fibers provide various advantages in healthcare and hygiene applications,
enhancing the performance and comfort of these products.

5. The Newest Regenerated Cellulose Fibers Used for Medical Applications

The newest regenerated cellulose fibers used for medical applications are typically
advanced variations in traditional cellulose fibers, incorporating innovations in production
techniques and functional properties to meet specific medical needs. Some latest developed
regenerated cellulose fibers used for medical applications are as follows:

• Nanocellulose fibers: Fibers are produced by breaking down cellulose into nanoscale
dimensions. This can be performed through chemical, mechanical, or enzymatic
methods. These fibers exhibit extraordinary mechanical properties, high surface
area, and biocompatibility. These properties contribute to their suitability for various
biomedical applications, such as wound dressings, tissue engineering scaffolds, and
drug delivery systems. Applications: used in wound dressings, drug delivery systems,
and tissue engineering scaffolds due to their high strength and ability to support cell
growth [155,156].

• Regenerated cellulose nanofibers (RCNFs): RCNFs are produced using advanced
methods to extract and refine cellulose fibers to the nanometer scale. They offer
enhanced mechanical properties, high surface area, and improved interactions with
biological tissues. These properties enhance their suitability for various medical
applications, including wound care, tissue engineering, and drug delivery systems.
Application: utilized in advanced wound care products, tissue engineering, and as
carriers for drug delivery systems [157,158].

• Bioactive cellulose fibers: Bioactive cellulose fibers are engineered to incorporate
active agents such as antimicrobial or anti-inflammatory agents within the cellulose
matrix. These fibers provide additional therapeutic benefits beyond the structural
support of traditional cellulose. Bioactive cellulose fibers are designed to have specific
properties that enhance their performance in medical applications. These fibers are
often functionalized with bioactive agents to provide additional therapeutic benefits,
such as antimicrobial properties or enhanced healing. These properties contribute to
their effectiveness in various medical applications, such as wound care, drug delivery
systems, and implants. Applications: employed in wound dressings, surgical sutures,
and implants to enhance healing and reduce infection [159,160].

• Electrospun cellulose nanofibers: Electrospinning techniques are used to produce ultra-
fine cellulose fibers with diameters in the nanometer range. These fibers have high
surface area–volume ratios, which are beneficial for medical applications. Electrospun
cellulose nanofibers, produced using electrospinning techniques, possess specific
properties that make them highly suitable for medical applications. These properties
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are crucial for their performance in areas such as tissue engineering, wound healing,
and drug delivery. These properties make electrospun cellulose nanofibers highly
effective for applications in tissue engineering, wound care, and drug delivery systems.
Applications: used in creating scaffolds for tissue engineering, drug delivery systems,
and wound care products [161,162].

• Lyocell-like fibers with enhanced functionalization: Recent advancements in lyocell-
like fibers involve functionalizing the fibers with additional properties such as en-
hanced biocompatibility, controlled drug release, or specific mechanical attributes
tailored for medical use. Applications: employed in a range of medical textiles, includ-
ing wound dressings, surgical gowns, and drug delivery systems [163].

• Ioncell is a relatively new type of regenerated cellulose fiber produced using an ionic
liquid process. The circularity of Ioncell fibers is generally high, reflecting their more
regular cross-sectional shape compared to other regenerated cellulose fibers. Ioncell
is a type of regenerated cellulose fiber produced using an ionic liquid-based process.
This innovative process offers several advantages over traditional methods. The
crystallinity of Ioncell fibers is typically high, often ranging from 50% to 60%. This
high crystallinity is achieved through the controlled dissolution and regeneration
process, which promotes the formation of well-ordered crystalline regions within the
fiber. Applications: Applied in advanced hygiene products and medical textiles for
their strength and durability. Used in certain medical textiles (healthcare textiles) for
their properties [164,165].

The main properties of some new regenerated cellulose fibers, described above, are
presented in Table 8.

Table 8. Properties of some new regenerated cellulose fibers [155–165].

Characteristic
Nanocellulose
Fiber

Regenerated
Cellulose
Nanofibers
(RCNFs)

Bioactive
Cellulose Fibers

Electrospun
Cellulose
Nanofibers

Lyocell-like
Fibers

Ioncell

Density, g/cm3 1.5–1.6 1.5–1.6 1.5–1.6 1.5–1.6 1.48–1.52 1.5

Tenacity, cN/tex 1 × 108–2 × 108 1 × 108–2 × 108 0.8 × 108–1.5 × 108 0.5 × 108–1.5 × 108 40–60 20.5–36.5

Moisture regain, % 10–15 10–15 8–15 8–15 10–15 10–12

Elongation, % 5–10 5–10 5–10 5–10 10–20 7–13

Crystallinity, % 70–90 70–90 60–90 70–90 40–55 50–60

Circularity of fiber
cross-section * Close to 1 Close to 1 Close to 1 Close to 1 0.8–1 0.7–0.9.

Note: *—where 1 represents a perfect circle.

The newest regenerated cellulose fibers for medical applications represent significant
advancements in fiber technology, focusing on enhancing properties such as strength,
biocompatibility, and functionality.

6. Recycling and Challenges of Regenerated Cellulose Fibers for Medical Applications

The industry of regenerated cellulose fibers, including materials like viscose and
lyocell, has shown significant growth in various medical applications from 2020 to 2024.
The medical textile market, including the segments mentioned above, was valued at
approximately USD 24.7 billion in 2020 and is expected to grow at a compound annual
growth rate (CAGR) of around 3% from 2021 to 2028. This growth is attributed to the rising
demand for medical textiles in various applications, increasing healthcare awareness, and
advancements in textile technology [144,150,151]
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Overall, the industry for regenerated cellulose fibers in medical applications has seen
robust growth driven by technological advancements, increasing healthcare needs, and a
heightened focus on hygiene and safety, particularly due to the COVID-19 pandemic.

In general, all regenerated cellulosic fibers offer many advantages for medical applica-
tions, including biocompatibility, absorbency, and comfort. However, their use in medical
settings comes with several challenges (see Table 9).

Table 9. Challenges of usage of regenerated cellulose fibers for medical applications [71,84,166–170].

Challenge Description

Biocompatibility

Allergic reactions: Despite being generally biocompatible, some
individuals may experience allergic reactions or sensitivities to
regenerated cellulose fibers.

Infection risk: Medical-grade regenerated cellulose fibers must be
carefully processed to minimize the risk of infections or
inflammatory responses.

Contamination
and sterilization

Sterilization: Regenerated cellulose fibers used in medical
applications must withstand sterilization processes (such as
autoclaving or gamma irradiation) without degrading. Some
fibers may degrade or lose their properties during these processes.

Contamination: Ensuring the fibers are free from contaminants
and pathogens is crucial, especially for applications like wound
dressings and surgical materials.

Mechanical properties

Strength and durability: Some regenerated cellulose fibers may
lack the mechanical strength and durability required for certain
medical applications, such as surgical sutures and implants.

Wear and tear: Medical textiles made from regenerated cellulose
can be prone to wear and tear, which can impact their
performance and safety.

Environmental impact

Environmental sustainability: The production of regenerated
cellulose fibers involves the use of chemicals and processes that
can have significant environmental impacts. Addressing the
sustainability of these processes is crucial.

Recycling: Recycling regenerated cellulose fibers, particularly
those used in medical applications, poses challenges due to
contamination and the need for specialized recycling systems.

Cost and economic viability

Cost: Regenerated cellulose fibers can be more expensive than
other materials, particularly when high purity and specific
properties are required for medical use.

Economic viability: Balancing cost with the need for
high-performance medical textiles can be challenging, especially
in low-resource settings.

Process and quality control

Consistency and quality control: Ensuring consistency in fiber
quality and performance is critical for medical applications,
where variations can impact safety and efficacy.

Manufacturing process: The complexity of manufacturing
processes for regenerated cellulose fibers can affect their quality
and performance.

The recycling of regenerated cellulose fibers used in medical applications is a signifi-
cant area of research due to the increasing focus on sustainability and reducing environ-
mental impact [71,166–168]. Regenerated cellulose fibers are valuable in medical textiles,
but their disposal and recycling present challenges. RCF-based products have the potential
to be recycled into new fibers or repurposed into other products, contributing to a circular
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economy in healthcare. This can help minimize the need for virgin resources and reduce
overall waste.

Regulations on recycling regenerated cellulose fibers for medical purposes emphasize
safety, environmental care, and the overall impact. These laws ensure that recycled fibers
comply with rigorous health and safety standards for medical use, reducing risks to patients
and medical staff. In most jurisdictions, regenerated cellulose fibers intended for direct
or indirect use in or on the human body (e.g., wound dressings and surgical sutures) are
classified as medical devices. This classification places them under stringent regulatory
oversight. The classification levels are as follows:

• Class I (low risk): Basic dressings made from regenerated cellulose may fall under this
classification.

• Class II (moderate risk): Absorbable regenerated cellulose sutures and hemostatic
agents may fall under this classification.

• Class III (high risk): Regenerated cellulose materials used in critical applications, like
internal implants, may require this classification.

Regulations also support sustainable recycling practices that cut waste and save
resources while limiting environmental damage from the chemicals or byproducts of fiber
processing. Ultimately, these regulations strive to balance advances in fiber recycling with
strict standards for health, safety, and environmental responsibility. When used in medical
products (like wound dressings or sutures), regenerated cellulose fibers must meet health
standards set by authorities, such as the FDA in the U.S. and the EMA in Europe. These
fibers also need to comply with strict biocompatibility and safety standards (e.g., ISO
10993) to ensure safe use in or on the human body. Manufacturers must implement quality
control systems according to standards like ISO 13485 to meet medical device production
standards [171].

For recycling and waste management, the EU’s Waste Framework Directive mandates
recycling and waste management practices for textiles, including cellulose fibers, to reduce
landfill waste. In some regions, Extended Producer Responsibility laws require companies
to manage their products’ post-consumer waste, encouraging recycling and reuse programs
for cellulose-based textiles. Regulations like the EU’s REACH program restrict hazardous
chemicals in fiber production to protect the environment and ensure chemical safety [172].

Countries like those in the EU promote sustainable textile policies, like a circular
economy, including cellulose fibers, by supporting recycling and reuse, encouraging fiber
innovation, and investing in recycling infrastructure. Regions such as the EU have estab-
lished textile recycling targets and mandatory collection systems (beginning in 2025) to
ensure cellulose-based textiles are recycled instead of landfilled [172].

These regulations guide the safe and sustainable production, use, and disposal of
regenerated cellulose fibers, supporting both medical and environmental goals.

6.1. Recycling of Viscose Rayon Fiber

Viscose rayon can be recycled via chemical or mechanical processes. The chemical
recycling process involves dissolving viscose rayon in a solvent and then reconstituting the
cellulose into new fibers or products. This process is complex because it involves breaking
down the fibers into their chemical components and then reprocessing them again into
fibers. This method can be more effective in maintaining fiber quality but is costly. The
mechanical recycling of viscose involves shredding the fibers and re-spinning them into
new products, though this is less common for medical-grade viscose due to contamination
issues. However, this process often results in quality degradation (loss of such properties
as strength, flexibility, and comfort), which can be problematic for applications requiring
high performance, such as medical textiles [89,173–175].

A specific challenge of viscose rayon recycling is that medical-grade viscose often
comes into contact with bodily fluids and contaminants, complicating recycling processes as
fibers need to meet strict hygiene and sterilization requirements. The effective sterilization
of viscose rayon fibers is a significant challenge.
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Innovations in the recycling technologies of viscose rayon fibers, such as enzyme-
based recycling methods, might potentially improve the efficiency and effectiveness of
recycling viscose fibers. Developing closed-loop recycling systems where viscose fibers
are continuously recycled within the same supply chain could enhance sustainability and
reduce waste [173,174].

6.2. Recycling of Lyocell (Tencel®) Fibers

Lyocell fibers are well suited to closed-loop recycling systems where the fibers are
dissolved and re-spun into new lyocell fibers. This process is relatively efficient and retains
the fiber’s original properties. Similarly to closed-loop systems, lyocell can be chemically
recycled by dissolving and regenerating cellulose. Lyocell fibers can be mechanically
recycled as well; that is, fibers are ground into smaller pieces and then re-spined. But,
the recycling of lyocell fibers faces some challenges. The closed-loop process can be
more expensive compared to chemical and mechanical recycling methods. Ensuring that
chemically recycled lyocell maintains the same quality as virgin fibers is a key challenge.
However, this method is more complex and expensive compared to mechanical recycling,
but the mechanical recycling method can cause degradation in fiber quality, which may be
problematic for medical applications where fiber integrity is crucial [15,50,91,175].

Specific challenges for medical applications for recycled lyocell and Tencel® fibers are
that they must meet stringent hygiene and sterilization standards for medical textiles and
the recycling process needs to ensure that fibers are free from contaminants and can be
properly sterilized.

As for lyocell fibers, an innovation in the recycling process, such as enzyme-based
recycling and more efficient chemical processes, could improve the effectiveness and
efficiency of recycling lyocell and Tencel® fibers. Implementing closed-loop recycling
systems, where fibers are continuously recycled within the same supply chain, could
enhance sustainability and reduce waste [175,176].

6.3. Recycling of Modal Fibers

Modal fibers can be recycled chemically or mechanically. Chemical recycling is similar
to lyocell, where they are dissolved and reconstituted. While this method can preserve the
quality of fibers better than mechanical recycling, it is complex and often more expensive.
Modal fibers can be mechanically recycled into nonwoven fabrics or other products, but
contamination from medical use can limit this method. As with other medical regenerated
cellulose fibers, the presence of contaminants can complicate the recycling process. But the
primary challenge is that mechanical recycling (shredding the fibers and re-spinning them
into new yarns) can degrade the fiber quality, which is critical for high-performance appli-
cations such as medical textiles. Recycled modal fibers need to maintain their performance
characteristics, such as strength, elasticity, and moisture management, which are important
for medical textiles that must perform reliably in various conditions [71,175,177].

Advanced recycling technologies, such as enzyme-based recycling methods or closed-
loop systems, can enhance the efficiency and effectiveness of recycling modal fibers, poten-
tially addressing some challenges associated with traditional methods. Developing circular
economy models for modal fibers, where fibers are continuously recycled within the supply
chain, can improve sustainability and reduce waste [167].

6.4. Recycling of Cupro Fibers

As other regenerated cellulose fibers, described above, cupro fibers can be recycled
in mechanical or chemical way. Mechanical recycling may lead to degradation in fiber
quality due to shredding and re-spinning cupro fibers. The chemical recycling process
can be complex and may have environmental implications due to the chemicals used.
Specific challenges for the medical applications of recycled cupro fibers are the removal of
contaminants and ensuring effective sterilization [71,168].
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Advanced recycling technologies, such as solvent-based recycling and closed-loop sys-
tems, may improve the efficiency and sustainability of recycling cupro fibers. Developing
circular economy models where cupro fibers are continuously recycled within the supply
chain could enhance sustainability and reduce waste [178].

6.5. Recycling of Acetate Fibers

The mechanical recycling process of acetate fibers involves grinding the fibers and
re-spinning them. This process is the same as for the regenerated cellulose fibers and can
lead to a loss of fiber quality, which can be problematic in medical textiles. Also, it leads
to challenges in removing contaminants, allowing the effective sterilization of the fibers,
and ensuring that recycled acetate fibers maintain their initial properties, such as strength,
flexibility, and moisture management [175,179,180].

As for cupro fibers, solvent-based recycling and improved chemical processes could
enhance the efficiency and sustainability of recycling acetate fibers, and closed-loop systems
where acetate fibers are continuously recycled within the supply chain could improve
sustainability and reduce waste [179,180].

Regenerated cellulose fibers have become an exciting area of research and application
in healthcare, driven by their biocompatibility, sustainability, and versatility. These fibers
include varieties like lyocell, viscose, modal, cupro, and acetate, each bringing unique
characteristics to medical textiles and biomaterials. Their potential to transform medical
technologies is significant, particularly in areas such as tissue engineering, wound care,
drug delivery, and sustainable healthcare solutions. A summary of the benefits and emerg-
ing technologies of regenerated cellulose fibers for medical applications is presented in
Table 10.

Table 10. Challenges of usage of regenerated cellulose fibers for medical applications.

Category Potential/Benefit Emerging Technologies Example References

Tissue engineering
and regenerative
medicine

RCFs like lyocell and
bacterial nanocellulose
(BNC) serve as scaffolds due
to their porosity, strength,
and biocompatibility.

Three-dimensional
bioprinting enables
customizable tissue
scaffolds for skin
regeneration and
bone tissue.

Lyocell is explored for bone
scaffolds, reducing recovery
times in orthopedic
surgeries.

[181]

Smart wound
dressings and
wearable biosensors

Smart textiles with
biosensors can monitor
wound environment (pH,
temperature, and moisture)
in real time.

Wearable devices using
RCFs with embedded
electronics reduce the need
for frequent inspections.

Lyocell-based smart wound
dressings transmit real-time
data to healthcare providers,
reducing hospital visits.

[182]

Drug delivery
systems

RCFs (e.g., cupro and lyocell)
allow for localized,
controlled drug release,
improving patient
compliance.

Drug-eluting fibers release
therapeutic agents over
time, aiding in chronic
wound care.

Cupro fibers in
curcumin-loaded dressings
for diabetic ulcers promoting
healing and offering
sustained drug release.

[183]

Biodegradability and
waste reduction

RCFs are biodegradable,
breaking down without
leaving harmful residues,
and reducing medical waste.

RCFs in disposable medical
textiles (e.g., gowns and
bandages) help reduce
plastic waste.

Lyocell gowns and drapes
degrade faster than
synthetic alternatives.

[184]

Sustainable
production processes

RCFs like lyocell use
closed-loop processes where
chemicals are recovered and
recycled, reducing
environmental impact.

Closed-loop production
recycles over 99% of the
solvent used, making
lyocell eco-friendly.

Lyocell fiber production is a
model for sustainable
practices, aligning with
global healthcare
eco-initiatives.

[185]
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7. Conclusions

Regenerated cellulose fibers are increasingly being explored for medical applications
due to their desirable properties, such as biocompatibility, biodegradability, and comfort.
The future of these fibers in medical textiles is shaped by several emerging trends and
technological advancements. Future advancements are likely to focus on enhancing closed-
loop production processes to make them more efficient and cost-effective. This includes
better solvent recovery systems and reduced environmental impact. The integration of
nanotechnology can be carried out to create nanofibers with enhanced properties, such as
increased surface area, antimicrobial activity, and improved mechanical strength.

While RCFs are known to be biocompatible, there is a lack of long-term clinical data on
how these fibers perform over extended periods, especially in complex medical applications
such as implants or tissue scaffolds. Research should focus on the long-term effects of RCFs
on tissue regeneration, their degradation rates, and their mechanical stability in demanding
environments such as bone scaffolds or vascular implants. Developing reinforced RCF
composites that can withstand higher mechanical stress while maintaining biodegradability
could open up new applications in orthopedics and cardiovascular surgery. The functional-
ization of RCFs (e.g., with antimicrobial agents or drug-loaded fibers) has shown promise,
but cost-effective manufacturing processes for large-scale production remain a challenge.
The high cost of incorporating agents like silver nanoparticles can limit the use of these
advanced materials in lower-resource settings. Creating affordable antimicrobial RCF-
based dressings that can be deployed in global healthcare markets, especially in areas with
limited access to expensive wound care technologies, presents a significant opportunity.
Smart textiles using RCFs with embedded biosensors have shown great potential, but their
scalability and commercial viability are still in question. The integration of electronics into
cellulose-based textiles poses challenges related to durability, data transmission, and cost.
There is a need for clearer regulatory frameworks and standards for the use of RCF-based
medical products, especially in emerging applications like tissue engineering scaffolds
and drug delivery systems. Navigating the regulatory approval process can be slow and
complex, delaying the commercialization of innovative RCF products.
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