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Tissue engineering and regenerative medicine (TERM) holds great promise for addressing the growing need for
innovative therapies to treat disease conditions. To achieve this, TERM relies on various strategies and techniques.
The most prominent strategy is the development of a scaffold. Polyvinyl alcohol-chitosan (PVA-CS) scaffold
emerged as a promising material in this field due to its biocompatibility, versatility, and ability to support cell growth

and tissue regeneration.

polyvinyl alcohol chitosan scaffold tissue engineering

| 1. Tissue Engineering

Tissue engineering (TE) is a vital area of biomaterials application as the various approaches can be used to treat
abnormalities in tissues and organs 2, TE aims to create a 3D cell-containing scaffold implanted into the body to
treat a disease or repair damage 2. The standard in vitro culture system cannot mimic the intricacies of the cellular
microenvironment and seldom facilitates the integration of cells into fully functional tissue. Therefore, providing an
appropriate scaffold of a diverse range of natural and synthetic materials will lead to the development of functional

tissue.

In recent years, PVA-CS was widely used as a TE scaffold. PVA-CS scaffold could be a good platform for tissue
regeneration alone or in combination with other polymers and cellular components [l The scaffold provides a 3D
architecture that imitates the original tissue’s extracellular matrix (ECM), providing a favorable environment for
stem cell growth and differentiation I, Stem cells are undifferentiated cells that can develop into distinct types of
specialized cells. Depending on the application and regenerated tissue, different types of stem cells can be
integrated with biomaterial scaffolds. The combination of stem cells and biomaterial scaffolds presents a promising

approach for both in vitro and in vivo TE applications 2.

PVA-CS scaffold is a promising biomaterial for cartilage repair, while mesenchymal stem cells (MSCs) are
emerging as a better option due to their unique properties and potential to promote tissue regeneration and repair
6], MSCs are a type of adult stem cell that can differentiate into multiple cell types, including chondrocytes,
adipocytes, osteocytes, etc. When MSCs are introduced into damaged cartilage tissue, they can help stimulating
the repair process and promote the growth of new cartilage cells. One of the advantages of using MSCs for
cartilage repair is that they can be obtained from a variety of tissues, including bone marrow (BM), adipose tissue

(AT), and umbilical cord tissue (UCT). This means that MSCs can be easily isolated and propagated in vitro,
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making them a readily available option for cartilage repair and cell-based therapy [Z. In addition, MSCs were shown
to secrete various growth factors and cytokines that can promote tissue regeneration and repair. These factors can
help stimulate new blood vessel growth, reduce inflammation, and promote the growth of new cartilage cells (8.
This could be the reason why MSCs are often combined with natural or synthetic hydrogels to enhance

biocompatibility, biodegradability, and cellular response.

In 2015, Dashtdar et al. investigated whether MSCs seeded in PVA-CS hydrogel could result in comparable or
even better cartilage healing than that of previously established alginate-transplanted model. This study confirmed
that the PVA-CS-MSCs construct leads to comparable treatment outcomes in the rabbit cartilage defect model,
thus suggested for for clinical applications in cartilage regeneration [, In extension to this study, the group
implanted the PVA-CS in a cadaveric knee cartilage defect using a minimally invasive arthroscopic technique as
part of the technical validity prior to the clinical trial study (Figure 1). In 2019, Peng et al. demonstrated that the
hydrogel PVA-CS provided an excellent surface for rabbit bone marrow mesenchymal stem cells (rBM-MSCs)
adhesion and proliferation. In addition, this group demonstrated that PVA-CS caused no cytotoxicity and achieved

the best cartilage repair compared to scaffold alone in an in vivo rabbit model &.

tilage
-

Figure 1. PVA-CS was implanted at the cadaveric knee cartilage defect using a minimally invasive arthroscopic

technique.

Nour-Eldeen et al. established a scaffold that allowed adipose-derived mesenchymal stem cells (ADSCs) to
proliferate and differentiate into chondrocyte-like cells using PVA-CS nanofiber scaffolds 9. Characterization of
seeded cells, including cell morphology, analysis of surface markers, and chondrogenic differentiation, were
studied in vitro. This study suggests that using PVA-CS nanofiber scaffolds had a promoting effect on chondrogenic
differentiation of ADSCs, as demonstrated by significant upregulation of aggrecan and collagen type Il alpha 1
Chain (COL2A1), suggesting PVA-CS-ADSCs nanofiber scaffolds can potentially be used to improve the

pathophysiology of osteoarthritis (OA). Various types of PVA-CS nanofibers were investigated for biomedical
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applications. PVA-CS nanofibers can be synthesized through different electrospinning techniques, resulting in
different fiber morphologies and properties 1. Many studies incorporated various biological and polymeric

materials into PVA-CS nanofibers to improve their properties.

Moreover, the osteoconductive and tissue regeneration performance of the fabricated scaffold was demonstrated
with and without AT-MSCs in vivo rat model 12, Abazari et al. incorporated hydroxyapatite (HA) and platelet-rich
plasma (PRP) into PVA-CS to study MSCs survival and osteogenic differentiation potential in vitro. The in vivo
study showed that PVA-chitosan-HA(PRP) successfully repaired bone defects to a considerable extent. However,
when MSCs were seeded onto PVA-chitosan-HA(PRP), the defects were almost filled. Therefore, it can be inferred

that PVA-chitosan-HA(PRP) alone or with cultured stem cells has a promising option as an efficient bone implant.

Recently, Wee et al. investigated the impact of transforming growth factor-beta 1 (TGF-B1) and -B3 on the
chondrogenic differentiation of r BM-MSCs, grown on the PVA-CS-PEG (polyethylene glycol) scaffold in comparison
to pellet cultures 13, The study reported that utilization of the PVA-CS-PEG scaffold improved both the proliferation
and chondrogenic differentiation of rBM-MSCs. However, no significant differences were observed between the
cultures supplemented with or without TGF-B, suggesting no effect of TGF-B1 and TGF-B3 in chondrogenic
differentiation. Enhanced cell proliferation observed in PVA-CS-PEG scaffolds may be attributed to the positive
charge of chitosan, which facilitates the adhesion and proliferation of BM-MSCs on the scaffold 4. Moreover, the
PVA-CS-PEG scaffold offers a beneficial 3D porous structure that enables high-density cell proliferation of BM-

MSCs within the scaffold due to its large surface area-to-volume ratio (131,

Mohammadi et al. developed a novel 3D nanofiber hybrid scaffold of poly(e-caprolactone), PVA, and CS for bone
tissue engineering using MSCs via a multi-jet electrospinning method 28, The scaffolds’ chemical, physical, and
structural properties were investigated to determine their impact on the differentiation of MSCs into osteoblasts and
the proliferation of the differentiated cells. SEM microscopic images of MSCs seeded and differentiated on the
scaffold showed that the cells attached, permeated, and uniformly distributed within the construct. Additionally, the
expression of osteoblastic differentiation markers, including osteocalcin (OCN), osteopontin (OPN), alkaline
phosphatase (ALP), and bone sialoprotein (BSP) exhibited an upregulation in constructs cultured in osteogenic
media suggested that nanofibrous scaffolds may be favorable for TE 3. The mechanisms by which PVA-CS
nanofibers scaffold promotes osteoblasts differentiation and proliferation of MSCs are multifactorial and involve
both physical and chemical cues. The 3D structure of the nanofibers scaffolds that mimic the natural ECM of bone
tissue allows for the adhesion and proliferation of MSCs, providing a suitable microenvironment for osteoblast
differentiation. Additionally, the high surface area-to-volume ratio allows for the efficient exchange of nutrients and

waste products between the cells and the culture medium 281171,

Interestingly, CS was shown to stimulate osteoblast differentiation and mineralization. Mathews et al. demonstrated
the osteogenic potential of CS in a 2D culture system. This study presented novel findings indicating that CS
enhanced mineralization by upregulating the genes involved in mineralization as well as calcium-binding proteins
such as OPN, Integrin binding sialoprotein (IBSP), Collagen type | alpha 1 chain (COL1A1), ALP, and OCN 18,

Chen et al. developed chitosan nanofibers to investigate their impact on osteoblast maturation and the underlying
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mechanisms of action in vitro 12, This study reported that chitosan nanofibers could promote the growth and
development of osteoblasts by regulating the expression of genes associated with osteoblasts function, including
OPN, OCN, and ALP through the Runt-related transcription factor 2 (RUNX2) pathway 22!,

For cardiovascular TE, PVA/CS or PVA-CS was used as a coating material for cardiovascular stents to improve
their biocompatibility and reduce the risk of restenosis (2%, In addition, PVA/CS was studied as a potential material
for artificial blood vessels and heart valves TE 21, Research showed that the combination of PVA and CS can yield
a composite material with enhanced properties and biocompatibility compared to any single polymer. For example,
a study published in the Journal of Biomaterials Science, Polymer Edition, found that a PVA-CS composite coating
on a cardiovascular stent reduced the risk of restenosis and improved endothelial cell proliferation compared with a
stent coated with PVA or CS alone. Karami et al. reported that PVA-CS composite coating on a cardiovascular
stent reduced the risk of restenosis and improved endothelial cell proliferation compared to a stent coated with only
PVA or CS 221,

| 2. Drug Delivery System

Hydrogel delivery systems are used clinically and can provide therapeutically beneficial effects. The use of
hydrogels allows for the precise control of the time and location of therapeutic agent delivery, including small-

molecule drugs, macromolecular drugs, and cells 23],

PVA-CS was used as a drug delivery system for various therapeutic agents in TE. This combination was shown to
enhance drug solubility and stability, increase drug uptake by cells, and improve drug release kinetics. The
hydrophilic nature of PVA and the cationic characteristic of CS provides an ideal environment for drug loading and

delivery.

In drug delivery, PVA-CS can be used in multiple forms, such as nanoparticles, microparticles, and hydrogels. The
different forms have different advantages and can be tailored to meet specific drug delivery requirements. Mahato
et al. developed PVA-CS lactate hydrogel and investigated it as a matrix for the continuous and gradual release of
hydrophilic drugs 4. The developed PVA-CS lactate was cross-linked, and freeze-bound water was measured to
analyze the cold crystallization properties. Cell adhesion, cytotoxicity, hemolysis, and drug release properties were
also investigated. In vitro cell viability of L929 cells showed that PVA-CS lactate hydrogels were compatible with
cells and improved cell adhesion. Moreover, the release of ciprofloxacin from the drug-loaded PVA-CS lactate
hydrogels inhibited the growth of E. coli, which provided antibacterial activity under physiological conditions 241,
Fathollahipour et al. synthesized a series of hydrogel by blending PVA-CS and adding different amounts of
graphene oxide (GO) to develop composite hydrogels 221, In this study, the drug release profile and kinetics of the

drug were studied to predict the mechanism of drug release.

In recent years, PVA-CS nanoparticles were used to encapsulate various drugs, including anticancer drugs,
antibiotics, and anti-inflammatory agents. They were shown to increase drug bioavailability and potentially target

specific cells or regions. In 2011, Parida et al. included Cloisite 30B in the formulation of PVA-CS as a matrix
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material component, and curcumin was prepared at various concentrations and loaded with PVA-CS/C 30B
nanocomposites to investigate the in vitro drug delivery system for anticancer drugs (28!, They studied the kinetics
of the drug release in order to ascertain the type of release mechanism. The kinetics results showed that the drug

release was much more significant in the basic medium than in the acidic medium 28!,

Shagholani et al. has improved the interaction between PVA and CS hydrogel by magnetite nanoparticles, making
them a favorable option for drug delivery and clinical applications [ZZl. They synthesized magnetite nanoparticles by
co-precipitation with ultrasound and then coated them with CS. The CS-coated magnetite nanoparticles were then
coated with PVA. These modified nanoparticles present minimal protein adsorption, making them feasible for
evading opsonization during clinical applications and drug administration 7. Cui et al. fabricated PVA-CS
nanofibers containing ampicillin sodium using the electrospinning technique. This study reported that the drug

release studies, and kinetic analysis of the drug delivery system fitted to the Korsmeyer—Peppas model 28],

Microparticles, microcapsules, and microspheres are common constituents of multiparticulate drug delivery
systems. Microparticles are spherical particles ranging in size from 1 to 1000 um and are used as multiparticulate
drug delivery systems to improve efficacy, tolerability, and patient compliance 2. Microparticles from PVA-CS were
used to sustain drug release over an extended period. These particles were loaded with drugs and implanted into
the patient’s body for controlled drug delivery B9, Morelli et al. fabricated PVA-CS microparticles by emulsification
for the purpose of encapsulation and controlled release under pH conditions. This study developed a novel
technigue combining cross-linking with emulsion formation to produce particles with different release profiles based
on polymer composition and cross-linking. The study reported that when negatively charged drugs like sodium
salicylate are encapsulated, the release of the drug is delayed, and it impacts the selective release under acidic pH

conditions 1],

In 2010, the hydrogel PVA-CS was developed to deliver insulin through the nasal cavity 22, The PVA-CS hydrogels
were prepared with different formulations, and the pH was adjusted to a near-neutral value of 1.0 M NaHCOs.
Insulin was incorporated into the formulated delivery system, resulting in a final solution with a concentration of 1
IU of insulin per 200 pL. The in vitro insulin release assay showed that glucose levels were maintained for 6 h,
while in the in vivo experiment, the greatest reduction was observed 4 h after administration 2. This suggests that
slow release was achieved via the PVA-CS network. In 2017, a similar study was conducted to evaluate the
potential of PVA-CS microspheres as a vehicle for insulin drug delivery via intranasal administration 23, The
authors developed different formulations, and morphological analysis of the optimized formulas showed that the
size range was between 200 nm to 2 pum. The in vitro study showed that microspheres from PVA-CS exhibited
immediate, sharp, and erratic drug release, while the in vivo investigation in rats demonstrated a reduced drug
release rate and better mucoadhesive properties 3. Thus, using PVA-CS in drug delivery systems produced

favorable outcomes.

| 3. Wound Healing
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PVA-CS was extensively studied for its potential use in wound healing, as its water retention capacity and
antibacterial activity indicate that it is a perfect material for wound treatment 2433 CS was shown to have
antimicrobial properties due to its ability to interact with bacterial cell membranes and disrupt their structure [2I,
The antimicrobial activity of CS may be due to several factors, including its positive charge, which allows it to bind
to negatively charged bacterial cell membranes, and its ability to form a gel-like that can physically block the growth
and spread of bacteria B3[B8I37, For this reason, it was used in various forms, including hydrogel patches, films,

nanofibers, and scaffolds.

PVA-CS hydrogels and films are most used as wound dressings because they can retain water, which is critical for
healing. This hydrogel absorbs exudate and creates a protective barrier that shields the wound from external
contaminants. Several studies reported the antibacterial activity and healing properties of PVA-CS loaded with
other active ingredients [321381[39]401141] - Njranjan R. et al. combined PVA-CS with curcumin (CUR) and obtained as
PVA-CS-CUR patches by gel casting showed antibacterial activity against the most prevalent strains found
(Escherichia coli, Pseudomonas aeruginosa, Staphylococcus aureus, Bacillus subtilis) in wound sites [28l,
Furthermore, in vivo studies in albino Wistar rats on wound healing ability showed that this patch has an excellent
wound healing ability and can treat all kinds of epidermal damage. Similarly, Gutha et al. developed PVA-CS-zinc
oxide (ZnO) beads as a novel wound-healing agent that exhibits antibacterial properties. The antibacterial activity
against Escherichia coli and Staphylococcus aureus was evaluated by the inhibition method, and the wound
healing properties were tested in mice skin. The PVA-CS -ZnO showed excellent antibacterial and wound-healing

activity, suggesting its potential use for wound-healing applications 22!,

High cell proliferation capacity is critical for wound healing. Lin et al. reported that the combination of PVA, CS, and
dextran exhibited high cell proliferation ability, making them ideal for wound dressing 2. Recently, Feng et al.
reviewed that CS plays a vital role in wound healing 2. Wound healing processes generally involve four crucial
phases: hemostasis, inflammation, proliferation, and skin remodeling. The initial three stages rely significantly on
the involvement of CS during the hemostasis stage. CS helps prevent bleeding by promoting platelet and red cell
aggregation and preventing fibrin disintegration. In the inflammation stage, CS helps eliminate microorganisms
from the wound and finally increases skin proliferation by promoting the growth of granulation tissue in the

proliferation stage 421,

Due to their high surface area and ability to mimic natural tissue structure, PVA-CS nanofibers can be used as
wound dressings. Nanofibers can increase cell adhesion and migration, critical for wound healing. PVA-CS
nanofibers can also be loaded with active ingredients to improve wound healing. Electrospun nanofibers are well
suited as wound dressing materials because they have a high surface area ratio, variable pore size distribution,
and oxygen permeability “3l. Moreover, the morphology of electrospun nanofibers is comparable to skin ECM,
which stimulates cell adhesion, migration, and proliferation (4314411451 Campa-Siqueiros et al. prepared electrospun
gelatin (G) and PVA-CS nanofibers and studied their physicochemical properties and antimicrobial activity “2!,
They reported that PVA-CS-G could be used as a wound dressing and combined with common bioactive chemicals
or growth factors for its sustained release in treating chronic diabetic patients 43, In contrast, Liu et al. used the

solution-blowing method to prepare hydrogel nanofiber mats from PVA-CS with various ethylene glycol diglycidyl
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ether (EDGE) content as cross-linker 8. SEM, FTIR, and X-ray photoelectron spectroscopy (XPS) results
suggested that the PVA-CS hydrogel nanofiber mats had both the advantages of a hydrogel and a fiber mat,
including excess exudate absorption, facilitation of a moist wound healing environment, permitting gas exchange,
and displaying strong antibacterial properties 48],

Fatahian et al. developed a hybrid fiber mat through a co-electrospun hybrid of PVA, CS, and silk fiber mats. The
hybrid fiber mat characteristics, including porosity, degradability, pore size, tensile strength, and hydrophilic
properties for wound healing, were investigated in vitro and in vivo by localizing BMMSC keratinocytes on the mat
(491 Compared to PVA alone and the fiber PVA-CS, incorporating mixed CS and co-electrospun silk into the PVA-
based fiber mat showed excellent cell attachment and growth. In vivo tests also showed that the composite PVA-
CS + silk fiber mat incorporating keratinocytes MSCs may promote wound healing and facilitate skin tissue
generation 49,
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