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Bionanocomposites (BNCs) have gained significant attention in the field of biomaterials, particularly for
their potential applications in skin tissue repair and regeneration. Advantages of these biomaterials in
skin care and wound healing/dressings include their ability to provide a suitable environment for tissue
regeneration. They can mimic the extracellular matrix, supporting cellular interactions and promoting
the formation of new tissue. They can also be engineered to have controlled release properties, allowing
for the localized and sustained delivery of bioactive molecules, growth factors, or antimicrobial agents
to the wound site. BNCs can be used as scaffolds or matrices for bioprinting, enabling the fabrication of
complex structures that closely resemble native tissue. BNC-based films, hydrogels, and dressings can
serve as protective barriers, promoting an optimal wound healing environment and preventing infection.
These materials can also be incorporated into advanced wound care products, such as smart dressings,
which can monitor wound healing progress and provide real-time feedback to healthcare professionals.
This review aims to provide a comprehensive overview of the current trends, advantages, challenges,
and future directions in this rapidly evolving field. The current trends in the field are deliberated,
including the incorporation of natural polymers, such as silk fibroin, hyaluronic acid, collagen, gelatin,
chitosan/chitin, alginate, starch, bacterial cellulose, among others. These BNCs offer biocompatibility/
biodegradability, enhanced mechanical strength, and the ability to promote cell adhesion and
proliferation. However, crucial challenges such as biocompatibility optimization, mechanical property
tuning, and regulatory approval need to be addressed. Furthermore, the future directions and emerging

Received 13th April 2024, research areas are deliberated, including the development of biomimetic BNCs that mimic the native

Accepted 30th May 2024 tissue microenvironment in terms of composition, structure, and bioactive cues. Furthermore, the

DOI: 10.1039/d4ma00384e integration of advanced fabrication techniques, such as 3D bioprinting and electrospinning, and the
incorporation of nanoparticles and bioactive molecules hold promise for enhancing the therapeutic

rsc.li/materials-advances efficacy of BNCs in skin tissue repair and regeneration.

1. Introduction in the area of skin tissue repair and regeneration. In this context,

bionanocomposites (BNCs) have shown promising potential
In recent years, the field of tissue engineering and regenerative  in developing wound care and tissue regeneration (Fig. 1)." Typi-
medicine has witnessed tremendous advancements, particularly cally, they are materials composed of a biopolymer matrix and
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Fig. 1 BNCs for skin tissue repair and regeneration.

nano-sized fillers, such as nanoparticles (NPs) or nanofibers. The
biopolymer matrix provides structural integrity and mechanical
stability, while the NPs offer enhanced functionalities, such as
improved cell adhesion, controlled drug release, and antimicro-
bial properties. The synergistic combination of these components
makes BNCs an ideal choice for skin tissue repair and
regeneration.”* One of the key advantages of BNCs is their ability
to promote cell adhesion and proliferation. The surface properties
of nanomaterials, such as their high surface-to-volume ratio and
unique surface chemistry, facilitate cell attachment and spread-
ing. This promotes the formation of new tissue and accelerates
the healing process. For instance, soft BNCs composed of poly-
ampholyte and nanosilicate exhibited tunable mechanical, cell
adhesion, and degradation properties, serving as suitable scaf-
folds for tissue engineering. Furthermore, BNCs can be designed
to mimic the natural extracellular matrix (ECM), providing a
favorable microenvironment for cell growth and differentiation.>
Another significant benefit of BNCs is their potential for con-
trolled drug delivery.>” By incorporating therapeutic agents or
NPs with drug-loading capabilities into the biopolymer matrix,
BNCs can release therapeutic agents in a controlled manner. This
allows for targeted drug delivery to the site of injury, minimizing
side effects and optimizing the healing process;>® the release
kinetics can be tailored to match the specific requirements of the
wound, ensuring optimal treatment outcomes. Notably, infections
are a common complication in skin tissue repair and regenera-
tion. BNCs can address this issue by incorporating antimicrobial
agents/NPs, such as silver, TiO,, or zinc oxide NPs (ZnO), into the
biopolymer matrix.” These NPs exhibit potent antimicrobial activ-
ity, effectively preventing bacterial colonization and promoting
wound healing. The use of BNCs with antimicrobial properties
can significantly reduce the risk of infection and improve patient
outcomes.”"”

In the field of skin wound repair and regeneration, various
materials and techniques are utilized to enhance the healing
process, including traditional approaches such as the use of
polymer fibers-based wound dressings containing therapeutic
agents or NPs. The challenges such as limited efficacy and

© 2024 The Author(s). Published by the Royal Society of Chemistry

potential adverse reactions have led to the exploration of more
advanced techniques. One advanced technique is the develop-
ment of Janus-type biomimetic fabrics with antigravity liquid
transport properties.'" Innovative Janus-type biomimetic fab-
rics, designed with antigravity unidirectional liquid transport
capabilities, play a pivotal role in enhancing wound healing
processes. These fabrics facilitate the removal of biofluid
from the wound bed while preserving an optimal moisture
level. Drawing inspiration from the transpiration mechanism
observed in plants, where water is transported from the roots to
the leaves and subsequently evaporates, these fabrics mimic
nature’s efficiency. The distinct feature of asymmetric wett-
ability in Janus fabric, with one side being hydrophilic and the
other hydrophobic, generates a compelling force for directing
unidirectional liquid transport.""*> By harnessing this unique
property, researchers aim to create wound dressings that can
effectively manage exudate and promote faster healing. The
incorporation of such cutting-edge technologies holds great
promise for improving outcomes in skin wound repair and
regeneration. In one study, a novel biomimetic fabric, drawing
inspiration from natural transpiration mechanisms in plants,
was unveiled."® This fabric ingeniously merged a commercial
polyethylene terephthalate fabric with asymmetrical growth of
one-dimensional rutile titanium dioxide (TiO,) micro/nano-
structures. It exhibited essential plant characteristics, such as
hierarchically porous networks and hydrophilic water conduc-
tion channels. This unique structure granted the fabric unpar-
alleled antigravity wicking-evaporation capabilities. The fabric
showcased a remarkable 780% one-way transport capacity and
a water evaporation rate of 0.75 g h™", far exceeding that of
traditional moisture-wicking textiles. Notably, the integration
of one-dimensional rutile TiO, micro/nanostructures intro-
duced solar-light triggered antibacterial properties, crucial for
dismantling and eliminating wound biofilms. The biomimetic
transpiration fabric proved instrumental in draining exudate
and eradicating biofilms in Staphylococcus aureus-infected
wounds. It demonstrated a substantially faster infection eradi-
cation potential in comparison to the commonly used ciprofloxacin
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irrigation method." These significant findings paved the way for the
development of high-performance textile-based wound dressings.
These dressings offered efficient clinical solutions to combat
biofilms associated with chronic wounds, marking a notable
advancement in wound care technology.

When it comes to BNC scaffolds, the design principles
revolve around incorporating nanomaterials into biocompati-
ble matrices to enhance the scaffold’s mechanical properties,
bioactivity, and biodegradability.>'*"> By combining nanoma-
terials such as NPs, nanofibers, or nanotubes with natural or
synthetic polymers, researchers aim to create scaffolds that
closely mimic the extracellular matrix of tissues. These BNC
scaffolds offer a supportive structure for cell attachment, pro-
liferation, and differentiation in tissue engineering applica-
tions. The design process typically involves optimizing the
composition, morphology, and distribution of nanomaterials
within the scaffold to achieve desired mechanical strength,
porosity, and bioactive properties. Notably, surface modifica-
tions can be implemented to promote cell adhesion and tissue
regeneration. By carefully tailoring the nanocomposite scaf-
fold’s properties, researchers can create a biomimetic environ-
ment that facilitates the regeneration of damaged tissues.’
BNCs, composed of natural polymers such as silk fibroin,
hyaluronic acid, collagen, gelatin, chitosan/chitin, alginate,
starch, bacterial cellulose, and more, exhibit a wide range of
properties that make them highly suitable for skin tissue repair
and regeneration.’® Their unique characteristics, such as
mechanical strength, biodegradability, moisture retention, cel-
lular interactions, antimicrobial properties, gel-forming cap-
abilities, and fibrous structure, contribute to their versatility
and potential in the field of tissue engineering and regenerative
medicine.'”'® For instance, silk fibroin is renowned for its
strength, biocompatibility,
biodegradability."® Incorporating silk fibroin into BNCs not
only imparts structural integrity and support to the regenerated
tissue but also ensures gradual degradation of the BNC scaf-
fold, allowing the regenerated tissue to assume its functional-
ity. Silk fibroin exhibits exceptional absorbent properties, and
its versatility enables the formation of diverse materials at
different scales, including macro, micro, and nano, such as
nanofibers, NPs, hydrogels, and microspheres. The incorpora-
tion of inorganic NPs with silk fibroin has gained significant
attention, offering enhanced functionalities and value addition.
BNCs incorporating silk fibroin have been extensively investi-
gated for tissue replacement applications, such as tendon,
corneal stroma, bone, and dermis, owing to their exceptional
biocompatibility.’® In addition, hyaluronic acid, a naturally
occurring polysaccharide, is known for its exceptional water-
binding capacity and biocompatibility. When integrated into
BNCs, hyaluronic acid provides excellent hydration and lubri-
cation properties, making it beneficial for wound healing and
tissue regeneration. Its ability to create a favorable microenvir-
onment for cell growth and migration is also advantageous in
promoting skin regeneration.'®*°

Collagen and gelatin, derived from animal sources, are
widely recognized for their biocompatibility and bioactivity.>!

remarkable mechanical and
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These proteins provide a favorable environment for cell adhe-
sion, proliferation, and tissue regeneration. When incorporated
into BNCs, collagen and gelatin enhance the biocompatibility
of scaffolds, promoting cellular interactions and facilitating the
regeneration of skin tissue.>” Furthermore, chitosan and chitin,
derived from crustacean shells, possess antimicrobial proper-
ties that can prevent infection during the healing process.”?
They exhibit excellent wound healing properties, promoting
cell growth and angiogenesis. When combined with NPs,
chitosan/chitin BNCs offer a dual-action approach, protecting
against bacterial colonization and accelerating the healing of
skin tissue.”>** In addition, alginate, starch, and bacterial
cellulose are polysaccharides known for their biocompatibility
and biodegradability. When utilized in BNCs, they provide
structural integrity, promote cell attachment, and regulate the
release of bioactive molecules. These properties are essential
for skin tissue repair and regeneration, as they assist in wound
healing, neovascularization, and extracellular matrix formation.'®*

BNCs have shown immense potential in promoting angio-
genesis by incorporating NPs that can release growth factors or
stimulate the expression of angiogenic proteins. They can
create a favorable microenvironment that encourages the
growth of new blood vessels, thereby enhancing the supply of
oxygen and nutrients to the healing tissue.'®>® The skin barrier
function is essential for protecting the body from external
pathogens and maintaining proper hydration.>® BNCs can play
a pivotal role in restoring and improving the skin barrier
function through their unique properties. By modulating the
composition and structure of the biopolymer matrix, BNCs can
mimic the natural skin barrier and regulate transdermal water
loss. This helps to prevent excessive moisture loss and maintain
optimal hydration levels, facilitating the healing process. For
instance, the integration of chitin nanofibrils into poly(lactic
acid) (PLA)-based BNCs exhibited significant antimicrobial
activity, rendering them suitable for the development of skin-
compatible films aimed at wound healing applications.?”
Besides, BNCs offer a platform for enhanced cellular interactions
during the repair and regeneration process. The incorporation of
NPs with bioactive properties, such as cell adhesion molecules,
can facilitate cell attachment and communication. This fosters
the integration of regenerated cells with the surrounding tissue,
enabling seamless healing and minimizing the risk of
complications.'*'> While BNCs hold immense potential for skin
tissue repair and regeneration, several challenges need to be
overcome. Addressing issues of biocompatibility, mechanical
properties, degradation rate, biomimicry, scalability, stability,
regulatory approval, and clinical translation are essential for the
successful application of BNCs in this field. Developing scalable
and cost-effective manufacturing methods for BNCs is a significant
hurdle. Ensuring consistent quality, reproducibility, and scale-up
production of BNCs is necessary for their widespread use in skin
tissue repair and regeneration. Notably, bridging the gap between
laboratory research and clinical implementation is essential. In this
context, conducting rigorous preclinical and clinical studies,
addressing ethical considerations, and ensuring affordability are
crucial for successful clinical translation.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Herein, this review aims to provide a comprehensive overview
of the current trends, advantages, challenges, and future direc-
tions in the field of BNCs for skin tissue repair and regeneration.
By consolidating existing knowledge and highlighting advance-
ments made in the development and application of these BNCs,
this review seeks to shed light on their potential in promoting
skin tissue repair. It explores the different types of BNCs and the
unique properties that make them advantageous for tissue regen-
eration. In addition, the review addresses the challenges faced in
terms of biocompatibility, mechanical properties, and regulatory
approval, while also focusing on potential future directions and
emerging research areas. While there have been previous reviews
on this topic, this review presents the latest research findings,
emerging trends, and recent advancements in the field. Further-
more, it highlights the potential future directions and identifies
research gaps that need to be addressed to further advance
the field. By providing a fresh perspective and incorporating the
latest research, this review offers a novel contribution to the
existing body of knowledge on BNCs for skin tissue repair and
regeneration.

2. Wound repair and regeneration:
mechanisms, signaling, and translation

After an injury, rapid wound closure and regeneration of the
damaged skin are crucial for restoring its protective function.
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Wound healing is a complex but finely-tuned process that
begins immediately after an injury and can continue for
months or even years.?® Effective wound repair is precisely
orchestrated and regulated at multiple levels and requires
communication and interaction between various cell types.
The wound healing process can be broadly categorized into
four sequential but overlapping phases: hemostasis, inflamma-
tion, proliferation, and remodeling.>® Deregulation of any of
these phases leads to impaired healing, such as the develop-
ment of chronic, difficult-to-heal ulcers, or excessive scarring

(Fig. 2 (A)).°

2.1. Hemostasis

Immediately after an injury, the damaged endothelium releases
endothelin-1, which leads to vasoconstriction.** In addition,
the contact of platelets with the exposed components of the
sub-endothelial vascular matrix, e.g. collagen, results in platelet
activation.>” The primary aim of these rapid responses is to
prevent blood loss and to initiate the early phases of the
coagulation process. Platelets adhere via receptors such as
glycoprotein VI (GPVI) and integrin o,f; to proteins of the
ECM, especially to collagen of the injured blood vessel wall.*?
In addition, the plasma von Willebrand Factor (VWF) binds to
the exposed collagen, which undergoes a shear-induced con-
formational change. The immobilized vWF then initiates the
adhesion of platelets via binding to glycoprotein (GP)Ib-IX
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complex (CD42) on the platelets®® followed by triggering the
platelet activation by thrombin that leads to a conformational
change, and the release of alpha and dense granules containing
cytokines and growth factors (like platelet-derived growth factor
(PDGF), transforming growth factor beta (TGF-), basic fibro-
blast growth factor (bFGF), insulin-like growth factor-1 (IGF-1),
and vascular endothelial growth factor (VEGF)) along with
coagulation factors that promote coagulation and platelet
aggregation.®®

This process concludes with the formation of an insoluble
clot known as the eschar, which is composed of platelets,
fibrin, fibronectin, vitronectin, and thrombospondin,®® and
effectively seals the wound, prevents further bleeding, and
serves as a provisional matrix. Beyond its hemostatic role, the
eschar also prevents bacterial invasion, serves as a scaffold for
cell migration, and as a reservoir for cytokines and growth
factors released by activated platelets to guide the behavior of
wound cells during the early stages of repair.’” The released
cytokines attract circulating inflammatory cells to the side of
the wound, trigger tissue movements for re-epithelialization
and connective tissue contraction, and stimulate the angio-
genic response of the wound.

2.2. Inflammation

The second phase of wound healing is the inflammatory phase,
which begins immediately after hemostasis and lasts around
4-6 days (Fig. 2(B)).”® This phase can be divided into two
separate phases, the early inflammatory phase and the late
inflammatory phase.*®

Early inflammatory phase. Following injury, resident skin
cells, including mast cells, keratinocytes, Langerhans cells,
and dendritic cells, are exposed to danger signals including
damage-associated molecular patterns (DAMPs), released by
necrotic cells and damaged tissue,*® and pathogen-associated
molecular patterns (PAMPs) originating from bacterial com-
pounds. These DAMPs and PAMPs activate resident immune
cells such as mast cells and Langerhans cells by binding to
pattern recognition receptors (PRRs), triggering downstream
inflammatory pathways.

Upon activation, mast cells release granules containing
enzymes, notably histamine, resulting in vasodilation and
increasing vascular permeability.*® In addition, the release of
pro-inflammatory cytokines and chemokines induces the
expression of endothelial adhesion molecules, such as inter-
cellular adhesion molecule 1 (ICAM-1), vascular cell adhesion
molecule 1 (VCAM-1), P- and E-selectin, on the surface of blood
vessels.*! This, in turn, enables the adhesion of circulating
neutrophils and monocytes to the inflamed endothelium and
promotes their extravasation into the affected tissue. Previous
studies in which E- and P-selectin were blocked led to a
significant impairment of immune cell infiltration and wound
healing process and demonstrated the significance of selectins
for the recruitment of immune cells.***?

Neutrophils are recruited by chemoattractants, such as
leukotriene B4 or LTB4, the chemokines (C-X-C motif) ligand-
5 (CXCL5) and CXCLS8, the complement anaphylatoxins C3a
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and C5a, and the bacteria-derived formly peptides N-formyl-
Met-Leu-Phe (fMLF), into the wound site.** In response to pro-
inflammatory signals, neutrophils, along with other cells pre-
sent at the wound site, release cytokines such as interleukin 1§
(IL-1PB), IL-6, and tumor necrosis factor-alpha (TNF-o).”> This
initiates the activation of inflammatory signaling pathways,
such as nuclear factor kappa B (NF-xB), which in turn,
further recruits and activates fibroblasts and epithelial cells
in the wound healing process.*® Furthermore, the neutrophils
recruited to the wound site play a crucial role in the elimination
of damaged cells and pathogens by various mechanisms, like
phagocytosis.*” These cells also deploy an array of weapons,
such as the release of reactive oxygen species (ROSs), antimi-
crobial peptides, eicosanoids, and proteases e.g. neutrophil
elastase and collagenase.’” These proteases remove compo-
nents of the ECM damaged by the initial injury. In addition,
neutrophils trap and kill pathogens in an extruded web of
DNA-histone complexes coated with antimicrobial peptides
and proteins released by activated neutrophils, known as
neutrophil extracellular traps (NETs).*®*® Typically, the
presence of neutrophils in the wound diminishes after 2 to 3
days due to the process of apoptosis, and they are subsequently
replaced by attracted monocytes into the tissue.>® Apoptotic
neutrophils are removed by tissue-resident macrophages via
efferocytosis.>’

Late inflammatory phase. Approximately 24 h post-injury,
monocytes are recruited to the site of injury, where they
undergo differentiation into macrophages.** Macrophages play
a fundamental role in late stages of inflammation and typically
appear 48-72 h after the initial injury. They remove devitalized
tissue by releasing matrix metalloproteinases (MMPs) and
elastase and engulfing necrotic cellular debris and pathogenic
material. Moreover, they orchestrate the process of wound
healing by transitioning from predominantly pro-inflammatory
(M1-like phenotype) to the anti-inflammatory (M2-like pheno-
type),>* which is crucial for modulating the transition from the
inflammatory phase to the proliferative phase of healing. Macro-
phages also release a variety of growth factors and cytokines,
including IL-6, TNFo, IGF-1, TGF-, TGF-0, FGF, and IL-1, which
can activate fibroblasts, endothelial cells, and kelratinocytes.35
Thus, macrophages play pivotal roles in modulation of skin repair
and wound closure. Since macrophages are among the main
producers of inflammatory cytokines, their depletion during
wound healing also leads to reduced scar formation, indicating
their involvement in fibrosis.>®

2.4. Proliferation

The proliferation phase starts 3 days after the injury and lasts about
2 weeks.*® During this phase, the provisional fibrin matrix is
replaced by a new matrix of collagen fibers, enriched in proteogly-
cans, and fibronectin, to restore the structure and function of the
tissue.”® Crucial events in this phase include the formation of
granulation tissue, re-epithelialization, and angiogenesis to replace
previously damaged vessels and restore circulation.

Migration of fibroblasts and collagen synthesis. Fibroblasts
migrate into the wound in response to cytokines and growth

© 2024 The Author(s). Published by the Royal Society of Chemistry
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factors such as PDGF, TGF-B, and bFGF, which are initially
released by platelets and later by macrophages within the
wounds.** To facilitate their movement through the tissue
matrix, fibroblasts locally secrete proteolytic enzymes. On the
third day post-injury, fibroblasts appear in the wound, where
they proliferate and release proteinases like MMPs to degrade
the provisional matrix. Simultaneously, fibroblasts deposit
collagen along with other ECM components, such as hyaluronic
acid, fibronectin, and glycosaminoglycans.*® This process leads
to the replacement of the provisional matrix by granulation
tissue, characterized by a large number of fibroblasts, macro-
phages, blood vessels and capillaries, and loosely organized
collagen fibers.” By the end of the first week, a substantial
accumulation of ECM occurs, filling the wound gap, and
providing a scaffold that facilitates cell adhesion, migration,
growth, and differentiation during the wound repair process.
Fibroblasts undergo a transition to the myofibroblast pheno-
type, characterized by the presence of thick actin bundles
beneath the plasma membrane and the expression of
a-smooth muscle (SM) actin. These cells exhibit contractile
properties, attributed to the o-SM actin expression in micro-
filament bundles or stress fibers, playing a pivotal role in the
contraction and maturation of the granulation tissue.>> Wound
contraction, which is achieved through the retraction of cell
extensions, helps to approximate the wound edges. Once this
task has been accomplished, redundant fibroblasts are
eliminated by apoptosis, contributing to the refinement and
resolution of the healing process.”®

Angiogenesis. To replace damaged vasculature and maintain
tissue viability, angiogenesis is induced by local microenviron-
ment factors, including low oxygen tension, low pH, and
elevated lactate levels.’” In addition, keratinocytes, fibroblasts,
vascular endothelial cells, and macrophages produce angio-
genic factors, such as bFGF, TGF-o, TGF-B, and VEGF, which are
potent angiogenic signals for endothelial cells.*® Furthermore,
oxygen levels in tissues directly regulate angiogenesis by inter-
acting with oxygen-sensing proteins that could affect transcrip-
tion of angiogenic and anti-angiogenic genes.>® For instance,
hypoxia stimulates the synthesis of VEGF by capillary endothe-
lial cells via the activation of the transcription factor, hypoxia-
inducible factor (HIF).® As the oxygen levels surrounding
capillary endothelial cells decrease, intracellular HIF levels
increase, which then binds to hypoxia response elements
(HREs) and stimulates transcription of specific genes such as
VEGF that facilitate angiogenesis.®*

Epithelialization. The migration of epithelial cells, specifi-
cally keratinocytes, starts from the wound edges within a few
hours to one day of wounding.®* Growth factors released during
the healing process, such as epidermal growth factor (EGF),
keratinocyte growth factor (KGF), and TGF-o, stimulate the
migration and proliferation of keratinocytes at the basal layer
of the wound edge to cover the wound.®® The migration process
is triggered by the loss of contact inhibition and physical
tension at cell adhesion structures, namely desmosomes
and hemidesmosomes, which activate membrane-associated
kinases, resulting in increased membrane permeability for

© 2024 The Author(s). Published by the Royal Society of Chemistry
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calcium - an essential signal for cytoskeleton reorganization
that drives migration.>® Subsequently, integrin receptors are
expressed, causing the typically cuboidal basal epithelial cells
to flatten and migrate as a monolayer over the newly formed
granulation tissue, following along collagen fibers.® During
migration, these cells secrete proteolytic enzymes (MMPs) to
penetrate through the eschar. Migration stops when the cells
come in contact and new adhesion structures are formed. The
entire epithelial layer enters a proliferative mode, and the
stratified layers of the epidermis are re-established and begin
to mature to restore the barrier function.

2.5. Remodeling phase

The final phase of the healing process is the remodeling phase,
which begins two to three weeks after the injury and can last
one year or longer.®® During the remodeling phase, the granu-
lation tissue matures into a scar, and the tensile strength of the
tissue is increased.®® This maturation process is accompanied
by a decrease in the number of capillaries via aggregation into
larger vessels. In addition, the cell density and metabolic
activity in the granulation tissue are reduced. The initially
produced type III collagen in the ECM is replaced by type I
collagen,®” which is the dominant fibrillar collagen in the skin
and has a higher tensile strength. This replacement is regulated
by MMPs.®® Over several months or longer, alterations in
collagen organization within the repaired tissue slowly increase
the tensile strength to a maximum of about 80% of normal
tissue.®®

3. BNCs in skin tissue engineering and
regenerative medicine

One of the areas that tissue engineering and regenerative
medicine focuses on is creation as well as regeneration of
tissues and organs. For this purpose, use of biopolymers has
attracted attention due to their significant advantages over
synthetic polymers. They are biocompatible, biodegradable,
could have additional functionalities based on the biopolymer,
and perform well in applications due to hydrophilic charac-
teristics.'® Their benefits encompass the replication of natural
pathways for tissue regeneration, and restoration of physiolo-
gical functions. Some biopolymers, such like collagen, are
inherent to the ECM structure, and some could participate in
natural healing mechanisms by supporting cell migration,
adhesion, proliferation, and cell differentiation, and directing
cell alignment. Moreover, some biopolymers have important
intrinsic properties like antimicrobial, hemostatic, anti-
inflammatory properties that further support the material
properties.'®7%7?

Nanomaterials could improve the solubility of drugs, reduce
doses, enable targeting, minimize toxicity, and enhance bioa-
vailability. They include a diverse class of materials with
different compositions such like metallic NPs, engineered
therapeutic agents like oligonucleotides, or nano-sized poly-
meric structures.”® Developments in nanotechnology in the last
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decades also have paved the way for new approaches in tissue
engineering; there is a significant focus on nanotechnology
within the realm of biopolymer matrix-based BNCs across
diverse applications. BNC materials has been a subject that
has been studied extensively in recent years.”* By expanding
the scope of biocomposites to include nanostructured hybrid
materials, the term ‘bionanocomposites’ can be defined in two
distinct ways. Firstly, it can refer to nanocomposites crafted
from renewable NPs in conjunction with petroleum-derived
polymers. Secondly, BNCs is defined as nanocomposites
derived from biopolymers paired with synthetic or inorganic
nanofillers. Nano-elements in BNCs could support skin repair
mainly either by unique properties of the particles or by
encapsulation of functional elements that promote cellular
growth and repair.”> NPs could be added to the BCS by different
methods. A method is in situ formation of NPs within the
polymer matrix. An example of this method is chemical
reduction of silver ions and formation of Ag-NPs in situ.
In ex situ procedure, NPs are prepared and later added to the
polymer matrix.”®”” Surface modification is another approach
in preparation of the functional dressings. In a study, Harandi
et al. make surface modification of wound dressing material
NPs incorporating Lactobacillus strains. In the study two
hybrids Lactobacillus plantarum and Lactobacillus acidophilus-
green Fe,O; NPs were used for surface-coating of electrospun
wound dressing enhanced antimicrobial and antibiofilm
activity.”®

Creation of a moisty environment is an important aspect of
wound healing to support healing. However, overhydration
could cause delayed healing and may cause undesired effects
such like maceration that could lead softening and breaking
down of the surrounding skin as well as infections.” Also,
addition of NPs could be useful in surface hydrophilic/hydro-
phobic regulation. Some studies suggest that addition of NPs to
films changed water vapor permeability (WVP) of the films.
Generally, a decrease in WVP was observed in compatible
polymers, while an increase is observed in nanoclusters due
to increased water diffusion through the dressing, or loose
packaging of hydrophilic and hydrophobic components within
the NC that allows WVP.?%®! In this part, BNCs in skin tissue
engineering and regenerative medicine is discussed, and the
recent studies in this field have been reviewed.

3.1. Natural polymers

3.1.1. Silk fibroin-based BNCs. Silk fibroin (SF) is a Food
and Drug Administration (FDA)-approved natural protein with
notable regenerative properties. SF boasts exceptional mechan-
ical strength, water vapor and oxygen permeability, biocompat-
ibility, biodegradability, and low immunogenicity, leading to its
extensive use in tissue engineering. In addition, SF serves as a
biomaterial for wound and skin damage repair due to its
minimal inflammatory reaction, hemostatic abilities, and per-
meability to oxygen and water vapor.®*®? It also supports well
the human keratinocytes and fibroblasts.®* In the case of skin
wound healing, SF advances the process through the NF-kB
signaling pathway, which governs essential cellular properties
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such as inflammation, adhesion, proliferation, and the elim-
ination of reactive oxygen species.®

SF nanofibrous scaffolds, a compelling type of SF-derived
skin substitute, are created using electrospinning to establish a
pseudo 3D network for optimal cell adhesion and growth.®* The
pores formed between the nanofibers not only facilitate oxygen
exchange but also effectively prevent the infiltration of external
fluids and bacteria. This unique combination of properties
creates an ideal microenvironment for promoting cell prolif-
eration and skin regeneration.®® Sheikh et al. identified 3D SF
nanofiber scaffolds as an excellent choice for artificial skin
reconstruction, emphasizing their potential for scarless regen-
eration of fetal skin.®” In another study by Wang et al., a silk-
based construct incorporating hyaluronic acid (HA), SF, and
silk nanofiber was developed to mimic the ECM and improve
the healing process. The introduction of HA resulted in remark-
able water-binding potential, high-porosity, and mechanical
stability. The incorporation of silk nanofibers demonstrated a
benefical impact on hindering scar formation. This innovative
avenue, leveraging an ECM-like SF scaffold, holds great
potential for biomaterial configuration and applications in skin
tissue engineering.®® In another study, Du et al., created a
nanofiber composite of SF-gelatin enriched with propolis,
demonstrating favorable physical properties. They incorpo-
rated varying amounts of propolis into the nanofiber to
enhance its healing and antibacterial capabilities. The findings
revealed that the inclusion of propolis caused changes in the
physicochemical features of SF-gelatin nanofibers, resulting in
a significant enhancement of their antimicrobial features and
effective promotion of healing. The nanofibers containing SF-
gelatin-propolis extract show considerable promise for applica-
tions in skin tissue engineering and wound treatment.”’ In
another study, Gao et al., employed electrospinning to create a
periplaneta americana extract-implemented SF nanofiber mat.
This mat displayed a considerably higher wound closure rate in
the mouse model of full-thickness wounds compared to com-
mercial products. Histomorphological assessments revealed
that the periplaneta americana extract-implemented SF nano-
fiber mat promoted re-epithelialization, angiogenesis, and col-
lagen deposition at wound sites, facilitating the overall wound
healing process.®’

Double-layered wound dressings with multifunctional
features can be appealing for efficient skin regeneration. Farshi
et al., innovatively designed a double-layered wound dressing,
combining electrospun SF for enhanced mechanical strength in
the upper layer and a carboxymethyl cellulose (CMC)/gelatin
composite film as the skin-interacting substrate. In wound
dressing applications, CMC exhibits limited mechanical stabi-
lity and low cellular activity. To address these shortcomings, a
suggested approach involves combining CMC with SF to create
a more effective dressing. The mechanical properties of the
resulting double-layered wound dressing significantly improved
with the incorporation of SF. In addition, the dressing promotes
increased cell proliferation, attributed to the cytocompatible
characteristics of SF. Consequently, results showed the capacity
of this developed structure as an encouraging choice for skin
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tissue regeneration.’® In another work, Liu et al., created SF
sponges with nanopore-containing walls derived from SF NPs
produced during autoclaving of SF solutions (Fig. 3(A)).
These nanopores proved beneficial for wound healing by
improving exudate absorption, maintaining moisture, facili-
tating nutrient and gas diffusion, and enhancing cell adhe-
sion (Fig. 3(B)). In a rat skin wound model, SF sponges with
nanopores exhibited superior performance in speeding up
wound healing, promoted by increased collagen accumula-
tion (Fig. 3(D)), vascularization, and epidermal thickness
(Fig. 3(C)) over 21 days, compared to samples without nano-
pores. This biomaterial, featuring a hierarchical multi-scale
pore shape, offers a novel strategy for designing and engi-
neering high-performing skin tissue constructs that can
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independently support vascularization, cell migration, and
tissue regeneration without the addition of growth factors.>

3.1.2. Hyaluronic acid-based BNCs. Hyaluronic acid (HA) is
a linear disaccharide polymer of ECM that could be found
abundantly in the connective tissue and has essential functions
in some main steps of wound healing including cellular growth
and differentiation as well as contributing in initial inflam-
mation.>*" Furthermore, various cell membrane receptors,
including receptor for Hyaluronan Mediated Motility (RHAMM),
CD44, and ICAM-1 have been demonstrated to interact with HA
influencing biological activities such as cellular growth, angiogen-
esis, migration, and wound healing.””> HA also possesses the
ability to sustain skin hydration and enhance both permeability
and viscoelasticity.”
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The limited clinical applications of HA-based scaffolds are
often attributed to their poor mechanical properties. To over-
come this challenge, the implementation of supporting ele-
ments such as nanocrystalline cellulose (CNC) into HA-based
wound dressings has shown promise in improving mechanical
properties. Furthermore, enhancing the healing process can be
achieved through the controlled delivery of growth factors to
the wound area using NPs. In research done by Dehkordi et al.,
a new wound dressing was developed, consisting of CNC-
reinforced HA-based nanocomposites. This innovative dressing
also incorporated chitosan NPs loaded with granulocyte macro-
phage colony stimulating factor proteins (GM-CSF). Chitosan
NPs loaded with GM-CSF were synthesized using the ionic
gelation method, resulting in particles with a size of about
366.9 & 9.15 nm. The controlled release of GM-CSF over a 48-h
period from the composite wound dressings was achieved,
offering a more favorable healing environment compared to
the rapid release of this growth factor. Wound dressings
incorporating GM-CSF-loaded chitosan NPs demonstrated
superior effects on wound healing when compared to pristine
dressings (completely healed the wound in 13 days in rats
treated with CNC-HA/GM-CSF-Chi-NPs composite, while in
control cases 70% wound size reduction was seen). Release of
GM-CSF in the structure of this dressing led to reducing the
inflammation, enhancing the granulation tissue formation,
and accelerating re-epithelization as compared with hydrogels
without it.**

Li et al., developed a HA BNC using aldehyde-functionalized
sodium hyaluronate, hydrazide-functionalized sodium hyalur-
onate, and aldehyde-functionalized cellulose nanocrystals (oxi-
CNC). Platelet-rich plasma (PRP) was implemented into the HA
nanocomposite constructs to synergistically support skin
wound healing. The fabricated formulation provided the cap-
ability of sustained release of PRP from the hydrogel, resulted
from the interactions between hydrogel network and PRP, that
enhanced the therapeutic effects of growth factors incorporated
inside PRP on the wound site. In animal experiments, the PRP-
loaded HA nanocomposite hydrogels significantly enhanced
full-thickness skin wound healing by promoting tissue granula-
tion (1147.43 + 31.07 um), simplifying collagen accumulation
(63.93 + 1.45%), and ascending neovascularization and re-
epithelialization. It showed accelerated wound closer (95.28 +
0.56%) compared to rats exposed with the only gel (92.05 +
2.13%) and the control group (90.29 4 1.68%).>® Hu et al. (2022)
addressed the challenge of abdominal wall injuries, often
complicated by serious infections, by developing a multifunc-
tional hydrogel.”® This construct on the basis of dopamine-
functionalized HA, gelatin, and AgNPs, aimed to advance the
repair of abdominal wall damages. In rat full-thickness skin
injury model and rat full-thickness abdominal wall injury
model, the developed construct demonstrated the ability to
speed up the healing function. It achieved this by decreasing
wound inflammation, enhancing wet adhesion, and supporting
the generation of granulation tissues and angiogenesis.
The developed system exhibited great potential for the full-
thickness abdominal wall defect therapy.”®
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A versatile wound dressing was created by incorporating
graphene oxide/copper nanocomposites with HA/chitosan con-
structs. This innovative approach represents an encouraging
choice for successful therapeutic intervention in bacteria-
infected wound healing, especially in the context of plastic
surgery clinics. The fabricated formulation showed a sustain-
able pH responsive release behavior so that the amounts of
released copper NPs were increased by decreasing pH (about
60.3%, 76.2% and 88.1% under alkaline, neutral, and acidic
conditions, respectively, after 14 days). Presence of Cu and its
release from this formulation provided high bactericidal and
antibiofilm abilities for the hydrogel and confirmed its effec-
tiveness in treatment of infected wound. The developed multi-
functional constructs significantly accelerated wound healing
(wound closer area of about 93.1 + 1.2%, 61.7 £+ 3.7%, 39.2 &+
8.0%, and 18.5 + 2.1% for the C/H/GO/Cu, C/H/GO, C/H, and
control groups, respectively), featuring regulated inflammatory
infiltration, and enhanced angiogenesis in granulation tissues.
Besides, there was no bacterial infection in cases treated with
the C/H/GO, C/H scaffold that could be due to the presence
of GO/Cu nanocomposites, along with the CuNPs, and Cu**
released from the dressing scaffolds throughout the wound
healing process. Importantly, no pathological injury was
observed in the tissue constructs of examined organs, including
the liver, lung, kidney and heart.”” Zhou et al. (2021) created a
3D printing platform to mimic full-thickness skin by mixing
catechol-hyaluronic acid (HACA) with sodium alginate and
calcium chloride, and gelatin with horseradish peroxidase
and hydrogen peroxide.”® The developed bioink was first
printed using 3D-printing method and then thrombin-free
fibrinogen, combined with human dermal fibroblasts, was
applied to induce the gelation of bio-printed scaffolds. After
removing the gelatin, human HaCaTs keratinocytes were
placed on the printed scaffold to grow and generate skin-like
networks. The printed-construct, demonstrated high elasticity,
promoted the creation of a double-layered, and cell-laden skin-
like network. The findings indicate that this 3D printing system
establishes a groundwork for skin regeneration.’®

Chang et al. (2023) engineered an enzyme-crosslinked
HA-tyramine based hydrogel wound dressing that incorporates
antioxidants and photothermal AgNPs (HTA) (Fig. 4). AgNPs
capped with natural antioxidant tannic acids were synthesized,
utilizing tannic acids as stabilizing and reducing agents in the
process.”” The NPs had a size of 149 nm, a zeta potential of
26.4 mV, and a polydispersity index (PDI) of 0.24, indicating
their relative stability. Encapsulation of AgNPs capped with TA
significantly enhanced the hydroxylic radical scavenging ability
due to the presence of TA, a natural polyphenol small molecule.
Moreover, these TA could interact with metal ions and con-
centrated Ca®" (coagulation factor IV) that led to an enhanced
hemostatic performance. Utilizing near infrared (NIR) light led
to a stable photothermal effect dependent on the concentration
of AgNPs@TA. This photothermal ability was used to improve
the antibacterial activity of hydrogel so that by increasing the
time of NIR irradiation from 1 to 3 min, the amounts of
bacterial colony reached to zero (Fig. 4(A)). Besides, utilizing

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Antibacterial activity against S. aureus and E. coli using (A) clony counting assay after 0, 1, 3, 5, 10 min exposing with near infrared (NIR) light and
hyaluronic acid—tyramine (HT) loaded AgNPs (HTA) hydrogel, and (B) inhibition zone assay in the presence of HTA with/without NIR. (C) and (D) The
antioxidant results of different samples (control, H,O,, HT, HT + 0.4 mg ml™* of AgNPs@TA (HTAq4), and HTAq ) using qualitative and quantitative
methods. (E) Wound healing results of mice model after exposing with different treatments. Reprinted with permission from.%® Copyright 2022, Elsevier.

NIR led to expanding the inhibition zone of HTA, , hydrogel
against both Gram-positive and Gram-negative bacteria (Fig. 4(B)).
Presence of AgNPs@TA in the structure of this hydrogel induced
antioxidant activity in it so that cells treated with hydrogels
contained NPs had high antioxidant activity (Fig. 4(C) and (D)).
The combination use of NIR and HTA, 4, hydrogel accelerated the
healing ratio of wound in animal model (Fig. 4(E)) via improving
collagen deposition, re-epithelilization, and tissue regeneration.”

3.1.3. Collagen-based BNCs. Collagen, the most prevalent
protein in mammals, serves as the primary element of the ECM,
contributing to the elasticity and strength of the skin.'® Widely
utilized in skin tissue engineering, collagen stands out because
of its natural abundance, biocompatibility, minimal immuno-
genic response, biodegradability, and good permeability.
Collagen is effective in accelerating wound healing by reinfor-
cing a proper environment for the proliferation keratinocyte
and fibroblast.'® Collagen plays a vital role in the tissue-
remodeling phase via controlling tissue structure and repairing
strength of injured skin, as well as promoting the rapid angio-
genesis.'%>'* However, it has weak mechanical and physical
behaviors that makes it important to use it in combination with
other materials that could improve their properties.’®® In a

© 2024 The Author(s). Published by the Royal Society of Chemistry

research paper by Sharifi et al. (2023), a biocompatible collagen-
based skin substitute was developed for skin regeneration in
full-thickness non-pathological wounds.'®* Zinc-doped bioac-
tive glass—ceramic (Zn-BGC) was incorporated to enhance
angiogenesis and wound healing behaviors (Fig. 5). The result-
ing col-gel/Zn-BGC BNC porous hydrogel demonstrated bio-
compatibility and supplied an appropriate 3D micro-
environment for cell proliferation and adhesion. When loaded
with mouse embryonic fibroblasts, this hydrogel scaffold
increased wound healing and supported skin appendage regen-
eration in mice with excisional full-thickness wounds.'**
In another study by Kalirajan et al., a collagen-based hydrogel
scaffold bioengineered with a silver-catechin nanocomposite
was fabricated for scarless healing of infected diabetic burn
wounds. An oxidized jackfruit seed polysaccharide served as a
crosslinking element to stabilize the collagen scaffold. In vivo
experiments were conducted using BNC hydrogel scaffold on
diabetic and non-diabetic rats with chronic burn wounds.
Notably, the BNC hydrogel scaffold showed better healing in
contrast to pristine collagen scaffold. Herein, the epidermal
thickness in diabetic animals treated with the BNC hybrid
scaffold reduced to 33 + 2 um, compared to 90 £ 2 um in
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staining on day 21. (C) Masson'’s Trichrome staining on day 21. (D) Quantification of fibroblasts (i), blood vessels (i), and hair follicles (iii) in skin wounds for
both the control and test groups on day 21. (Statistically significant at **: p < 0.01, ***: p < 0.001). Reprinted with permission from.*°* Copyright 2023,

Elsevier.

those treated with the pristine collagen scaffold. The scar
elevation index (SEI) value of the pristine collagen scaffold
treated diabetic and non-diabetic rats was found to be 2.1 £
0.1 and 1.8 £ 0, respectively. In contrast, SEI value of BNC
scaffolds was detected to be 1.3 & 0.1 and 1.2 £ 0.1 for diabetic
and non-diabetic rats, respectively. This means that the BNC
hydrogel scaffold, when applied to diabetic animals, resulted in
SEI of 1.3 £ 0.1, closely resembling normal skin. The findings
indicated that animals treated with the BNC hydrogel scaffold
displayed reduced levels of TGF-f1 expression and elevated
levels of TGF-f3 which were crucial in promoting a wound
healing environment that is favorable for scarless recovery.'*®

ZnO-curcumin implemented collagen BNC was fabricated
for efficient scarless skin regeneration in acute burn injuries.
The ZnO-curcumin nanocomposite in the hybrid structure up-
regulated angiogenesis and TGF-B3 expression thereby reduced
the scar formation. It was shown that the native collagen had
antioxidant activity which was significantly improved by the
addition of ZnO-curcumin nanocomposite. The hybrid of ZnO
and curcumin also led to decreasing the inflammatory effect via
down-regulating the expression of tumor necrosis factor-o

5006 | Mater. Adv, 2024, 5, 4996-5024

(TNF-0) and interleukin-1 (IL-1). Evaluation of the newly regen-
erated epidermis thickness and relative scar elevation index
(SEI) value in animals treated with the hybrid construct indi-
cated scarless wound healing. Curcumin could also accelerate
proliferative stage via improving the proliferation and migra-
tion of fibroblasts. On the other hand, Zn** ions enhanced the
migration of keratinocyts via acting as cofactor for enzymes like
zinc dependent matrix metalloproteinases. All of these led
to improved wound healing effect that was confirmed by
enhancing collagen deposition, neovascularization, and re-
epithelialization. Results showed wound closer percentage of
about 82 and 91% for collagen-ZnO (Coll/OTSP/ZnO 5%) and
collagen-curcumin (Coll/OTSP/Cur 5%) scaffold compared to
65 and 80% for untreated and native collagen scaffold.'*®
In another work, Khadivar et al. fabricated a biocompatible
collagen-based nanoscaffold using collagen, carboxymethylated
diethyl aminoethyl cellulose, and wood nanocellulose for skin
tissue engineering applications. In vitro studies conducted on
MSCs and keratinocytes demonstrated the biocompatibility of
the nanocomposite scaffold. In vivo studies were carried out to
assess potential immunogenic or allergic behaviors of the
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nanocomposite scaffold. Transforming growth factor 3 (TGF-B),
a multifunctional cytokine associated with inflammation, was
screened on day 3 to evaluate any immune reaction triggered by
the scaffold. The lower level of TGF-f3 expression in wounds
treated with scaffold proved that the nanocomposite scaffold
did not induce significant allergic or immune reactions. On day
21 of treatment, cytokeratin 18 (CK18) and collagen deposition
were examined to assess the extent of skin reconstruction. The
developed nanocomposite scaffold facilitated the wound regen-
eration process and accelerated overall healing. The scaffold,
with its moisture-absorbing capability, support for cell adhe-
sion, high zeta potential, and satisfactory stability properties,
emerged as a potent film for wound healing and skin tissue
engineering.'”’

Collagen nanofibers were developed through electrospin-
ning, incorporating nanophase hydroxyapatite crystals for the
purpose of skin regeneration and repair. The release of calcium
ions from the nano-hydroxyapatite improved cellular growth
and proliferation rates, while preventing the pathogenic bac-
teria adhesion appeared in human skin flora. Implantation of
the collagen/nano-hydroxyapatite BNC in rat subcutaneous
tissue demonstrated the absence of adverse reactions. Conse-
quently, this mechanically robust composite membrane holds
significant potential for utilization either as a scaffold for cell
transplantation in skin wound regeneration or as a wound
dressing biomaterial in applications such as burn therapy,
plastic surgery, or addressing various skin diseases.'®®

The development of multifunctional hydrogel adhesives that
can inhibit infections and enable electrical stimulation for
tissue repair is extremely desired for healing surgical wounds
and other skin damages.'®® In a recent work, Gu et al. devel-
oped a collagen-based self-healing and injectable hydrogel
composed of collagen/chitosan/oxidation-modified Konjac glu-
comannan hydrogel matrix (COL-CS-OKGM) with multifunc-
tional capabilities for the regeneration of infected wounds.
OKGM was used as crosslinker to build dynamic Schiff-base
bonds. Collagen and chitosan were chosen for their strong
synergistic compatibility, aiming to create a complex that
mimics the composition of the ECM. The integration of AgNPs
into the hydrogel resulted in significantly enhanced antibacter-
ial activity stemmed from the synergistic effect between the
released Ag' ions and the mild photothermal potential of
AgNPs. Indeed, utilizing NIR irradiation enhanced the release of
Ag" ions which were then interacting with the sulfhydryl groups on
the surface of bacteria, destroying their membrane, affecting the
nucleic acid of bacteria that led to bacterial death. It also enhanced
local capillary blood circulation in the wound site and facilitated
the wound healing procedure. The COL-CS-OKGM hydrogel, with
self-healing behaviors, facilitates the dressing to conform seam-
lessly to irregular wound surfaces, establishing an optimal moist
environment for the healing process. The COL-CS-OKGM-AgNPs
hydrogel demonstrated antibacterial activity and quickest healing
process among the animal models, with the regenerated skin
closely resembling normal skin resulted from ref. 110.

3.1.4. Gelatin-based BNCs. Gelatin is derived through the
irreversible partial hydrolysis of collagen, presenting itself as a
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biodegradable and biocompatible biopolymer with low antige-
nicity. It is favored for its rich content of RGD motifs (arginine,
glycine, aspartic acid) that could interact with integrins on the
cell membrane, enhance cellular proliferation, and facilitate
cell adhesion.'® The clinical applicability of gelatin is limited
due to its unfavorable mechanical integrity, inadequate in vivo
performance, and unregulated active substance release."""
To address these limitations for full-thickness wound healing,
Singh et al. engineered a dual cross-linked drug-loaded gelatin/
gellan gum-based multifunctional nanocomposite hydrogel.
The dually-crosslinked gelatin/gellan gum-based construct
was utilized for the co-encapsulation of nanoceria and flurbi-
profen (GG/Ge/NC-FLU). On day 14, wounds treated with the
developed hydrogel in rats exhibited notably increased collagen
deposition and a substantial diminish in the expression of TNF-
o and IL-1. In addition, there was an enhanced production of
IL-10 and TNF-B3, indicating anti-inflammatory activity. The
hydrogel treatment efficiently decreased the expression of the
VEGF gene, showing successful promotion of angiogenesis
compared to all other groups. This approach was employed
to improve localized bioavailability and achieve controlled
delivery, with the ultimate goal of effectively addressing infec-
tious chronic wounds."""

Nanofibrous nanocomposite structure was developed by
incorporating graphene nanosheets into electrospun gelatin/
chitosan matrices.''” The introduction of graphene nanosheets
significantly enhanced the porosity of the construct, reaching
levels of up to 90% of their volume. This heightened porosity is
deemed advantageous for the fabrication of wound dressings,
facilitating optimal oxygen and nutrient perfusion within the
designated wound-healing region. Furthermore, the incorpora-
tion of graphene nanosheets was observed to enhance the
antibacterial efficacy of the fabricated nanofiber composite.
In this system, gelatin was chosen for its high biocompatibility,
biodegradability and hydrophilicity, and low irritability, immu-
nogenicity, and antigenicity behaviors. Combining chitosan
and gelatin resulted in the formation of a promising blend
composite biomaterial. The inclusion of hydrophilic gelatin
enhanced the overall hydrophilicity of chitosan and promoted
cell spreading and adhesion on the fabricated biomaterial
surface. The synergistic impact of these all components posi-
tions the fabricated material as a potent antibacterial wound
bandage, capable of safeguarding the wound against potential
complications or contamination during the healing process."*?

Nazarnezhad et al. (2022) fabricated a set of nanofibrous
constructs that mimic the ECM, comprising gelatin and poly-
caprolactone (PCL)-based nanofibers.'** These nanofibers were
enriched with platelet lysate, showcasing potential applications
in the regeneration of the epidermis. The developed system
exhibited extended degradation over a period of 28 days with-
out inducing any cell-toxicity. The poor cell adhesion and
proliferation associated with the lack of cell-recognition sites
and the hydrophobic nature of PCL was overcome by blending
PCL with gelatin. The incorporation of biological molecules,
specifically blood derivatives rich in growth factors, not only
enhanced cell survival but also demonstrated a protective
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response against bacteria. Notably, this result could be attrib-
uted to electrostatic interactions between amine groups of
platelet lysate and chitosan with the surface negative charge
of bacteria. This characteristic positions the construct as
a viable option for preventing infections during healing
process.'*?

Aboomeirah et al (2022) engineered one-dose bio-
replicating skin substitute by preparing wet electrospun nano-
fibers reinforced with a gelatin/alginate-based nanocomposite."**
The nanocomposite was crosslinked using N-(3-(dimethylamino)-
propyl)-N'-ethylcarbodiimide hydrochloride (EDC) and strength-
ened by incorporating fragmented trans-ferulic acid (FA)-
implemented cellulose acetate/polycaprolactone nanofibers.
The fabricated ECM-replicating skin alternatives exhibited
effective free-radical scavenging, notable antibacterial potential,
porosity, water absorption capability, cytocompatibility, and favor-
able biodegradability. In vivo application of these ECM-replicating
skin alternatives demonstrated remarkable wound-healing effi-
cacy, decreasing the wound diameter to 0.95 mm following
15 days of treatment, highlighting their appropriateness for
one-time therapy of deep wounds. Furthermore, histological
examination of the wound area revealed that the applied skin
alternatives not only accelerated the wound healing process
but also contributed to enhancing the characteristics of the
regenerated skin in the treated region. This was achieved by
facilitating the regeneration and deposition of collagen fibers,
indicating a positive impact on the structural integrity and
overall quality of the healed skin.'**

3.1.5. Chitosan- and chitin-based BNCs. Chitin is a natural
polymer mainly found in marine crustaceans, shrimp, and
crabs. It is a linear polysaccharide of p-glucosamine and
N-acetylglucosamine units linked by P(1-4) glycosidic bonds'"®
which is obtained by deacetylation of chitin."*® Both chitin and
chitosan are used very commonly in skin tissue engineering
and regenerative medicine due to their desired properties
including biocompatibility, biodegradability, affinity to bio-
molecules, haemostatic activity, ease of processing, and anti-
microbial activity.""”""'® They are non-toxic materials with
hydrating and analgesic activities. The analgesic activity of
chitosan is probably due to proton ions absorption that are
released in the inflammatory site, whereas it is due to brady-
kinin absorption for chitin.'*’

Studies with application of chitin demonstrate that chitin-
based dressings support wound healing in various formula-
tions such like mats, membranes, hydrogel formulations as
filling agents or wound dressings in cases like surgical tissue
defects, trauma cases and in herniorrhaphy."?"'** Chitin/silk
fibroin/TiO, bio-nanocomposite was prepared as a biocompa-
tible wound dressing bandage. They prepared an intercon-
nected microporous membrane with antibacterial activity
(against Escherichia coli (E. coli), Staphylococcus aureus
(S. aureus), and Candida albicans (C. albicans)), blood clotting
properties, as well as good mechanical properties. In vitro
evaluation of the dressings were carried using normal human
dermal fibroblast cells, and it was found that the dressings are
cytocompatible, and support cell viability, proliferation and
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attachment. The controlled release of TiO, NPs from the
hydrogel that was accelerated by the swelling behavior of the
hydrogel provided the antibacterial activity for the hydrogel.'**
Chitosan is a more extensively studied polysaccharide used in
skin tissue engineering and regenerative medicine, compared
to chitin, due to its superior properties such as supporting cell
growth, absorbing exudate, minimizing scar formation, and
promoting platelet adhesion and aggregation. It is an inexpen-
sive material that could be easily produced, while having
properties like hemostatic ability (helps control bleeding) and
antibacterial activity (eliminates bacterial infections).">**”
Degradation products of chitosan are also useful in wound
management. Chitooligosaccharides obtained via enzymatic or
chemical degradation of chitosan, could promote fibroblast
proliferation through regulation of mitogen-activated protein
kinase pathway and hepatocyte growth factor.’*® Due to these
advantages, both polymers are frequently used for the fabrica-
tion of BNCs that could be used for skin tissue engineering and
regenerative medicine.

In a study, Masud et al, designed a BNC-based wound
healing material composed of chitosan-zinc oxide (ZnO)/
poly(ethylene glycol) (PEG) crosslinked by sodium tripolypho-
sphate. Afterwards, an antibiotic, gentamicin sulphate, was
loaded within the BNC, and then its wound healing capability
was evaluated. ZnO NPs were about 50 nm in diameter and
incorporated to enhance antimicrobial properties of the dres-
sing. It is demonstrated that the dressing could provide a moist
environment to the wound site. In vitro evaluation of the
dressings was conducted on the BHK-21 (baby hamster kidney
fibroblast cells) and vero cells, and according to the results, the
dressings were found to have good biocompatibility. The
combination of drug and ZnO NPs provide enhanced antibac-
terial activity against E. coli and S. enterica. In vivo studies were
carried using male nude mice to evaluate wound healing
efficacy of the BNC. Drug-loaded BNC, drug-free BNC, and
gauze were used in the studies, and contraction, re-epitheliali-
zation, and morphology of the wound was evaluated. The
antibiotic gentamicin sulphate loaded samples were found to
achieve complete wound closure without any scars, and a
smoother new skin formation and less scabby. It was while,
the nanocomposite without drug and the conventional gauze
(used as control) showed 80% and 50% wound closer after 10
days. According to overall results, dressings have a good load-
ing efficiency of drug (76%), as well as good biocompatibility,
enhanced antibacterial activity, wound healing properties,
without any scar formation compared to commercial wound
dressing."’

Carboxymethyl chitosan/gelatin-based films were developed
with mesoporous silica NPs. Myrtus communis L. (Myrtle) aqu-
eous extract was loaded within the NPs that have several
phenolic groups and has free radical scavenging ability. Accord-
ing to results, mesoporous silica NPs were found to have many
functions such as increasing the tensile strength as well as
swelling ratio, and oxygen and water vapor permeability. Also,
delayed release of the extract from the NPs resulted in reduced
fibroblast cell toxicity. According to histological data in mice
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models, collagen percentage and fibroblast migration was
found to be increased in the wound area after application of
the BNC dressing containing 5% mesoporous silica NPs, which
suggest dressings accelerate wound healing in mice model, and
may find applications in wound treatment."*°

An asymmetric wound dressing membrane made of chito-
san/polyvinylpyrrolidone (PVP)/nanocellulose was fabricated,
featuring a hydrophobic side and a hydrophilic side. The
hydrophobic side was achieved through a coating layer of 3%
stearic acid. The hydrophobic surface of the BNC material had
porous structure, while hydrophilic surface was smooth. It was
found that hydrophilic surface showed antibacterial activity
against bacterial pathogens, and the hydrophobic side had
water repellent and antiadhesion properties against E. coli.
Chitosan was selected due to its desirable properties such as
biocompatibility, biodegradability, intrinsic antimicrobial, and
hemostatic property. Poor mechanical properties of chitosan
were hindered by preparation of BNCs, where blended materi-
als also serve specific functions in the dressings. For instance,
it was found that addition of nanocellulose increased the
physicochemical properties of the dressing and also enhanced
the antibacterial activity along with chitosan. In vivo tests
demonstrate that the dressing supports re-epithelialization
and wound contraction compared with control studies and
compared with the samples without nanocellulose so that the
chitosan/PVP/nanocellulose 3%-stearic acid (CPNC3%-S) BNC
showed about 100% healing rate after 21 days, while the
chitosan/PVP-stearic acid (CP-S) and control group had heal-
ing rate of about 80% and 75%, respectively.'*'

3.1.6. Alginate-based BNCs. Alginate is a hydrophilic anio-
nic FDA-approved biopolymer that is fabricated via 1 — 4
linkage between B-p-mannuronic acid (M) and o-i-guluronic
acid (G). The ratio of M and G blocks have important effect in
the properties of this polymer, for instance, the high M-blocks
content is preferred in the case of chronic wound healing
to produce cytokine production via human monocytes.'***?*?
Alginate has an excellent water absorption capacity. Native
alginate is a bioinert polymer, does not have cell-adhesive
moieties, and could inhibit cell adhesion and spreading.'**"*
Due to its numerous advantages such as biocompatibility, non-
toxicity, non-immunogenic, low-cost, easy crosslinking, and adjus-
table gel properties, alginate-based materials are commonly used
for many applications including wound healing and skin tissue
regenerative.”*>"*” A wet and moist environment could be created
by alginate materials, that could promote re-epithelialization and
reduce scar formation especially for wound healing application."*

Nanocomposite sponges of sodium alginate/graphene oxide/
polyvinyl alcohol were developed for wound healing applica-
tions (Fig. 6)."*° The dressings were formulated as sponges, and
the obtained sponges had a uniform pore structure as well as
flexibility. They found that porous and interconnected network
structure was obtained, and the formulation with 1% graphene
oxide had more homogeneous pores. The porous structure of
the sponges could promote cell growth, ensure breathability,
and improve water absorption capacity of the dressing. When
a norfloxacin was encapsulated within the formulation for
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treatment of bacterial infections, sustained release of the drug
was achieved that led to a strong inhibitory effect against both
E. coli and S. aureus (Fig. 6(A)). Wound-healing rate of the
samples were assessed on in vivo mice model, that showed the
fabricated formulation with 1% graphene oxide encapsulating
norfloxacin had enhanced healing ability (Fig. 6(B)) and pre-
vented the inflammation in wound area without any toxic
effects compared to the BNCs without norfloxacin and the
gauze treated wounds. In here, alginate was preferred due to
its ability to absorb wound exudate, provide moist environ-
ment, and its hemostatic activity, and indeed the wound
closure was higher in the BNCs due to lower WVTR rate which
is crucial for creating a moist environment in healing. In vivo
results also demonstrated that drug loaded nanocomposites
accelerate wound closure (about 90% wound closer compared
with 65% in control), and the wounds were smooth without
significant scars (Fig. 6(C) and (D)). The wounds treated with
the complete composite showed better skin regeneration via
exhibiting more generation of hair follicles and blood vessels
compared to sodium alginate/graphene oxide (GO)/polyvinyl
alcohol (SPG) sponge and control group.'*’

Crosslinked alginate/chitosan nanocomposite sponges were
developed using green synthesized carbon dots. Alginate was
selected because of its highly water-absorbent, non-stick, cost-
effective properties. Beside these, the anionic property of this
polymer enables preparation of composites effectively with
positively charged chitosan through electrostatic interaction.
Carbon dots were selected in preparation of the BNCs; carbon
dots less than 10 nm found applications in many areas due to
their biocompatibility, hydrophilicity, low cytotoxicity, antibac-
terial properties, good mechanical properties as well as easy
manufacturing. In the study, carbon dots were synthesized, and
then used in the fabrication of nanocomposite sponges with
chitosan and sodium alginate. The fabricated alginate/chitosan
wound dressing showed many advantages like enhancing red
blood cell and platelet formation and blood clot production.
Also, ECM secretion and tissue granulation were supported by
alginate/chitosan dressing. This dressing could absorb the
exudate of the wound site, and its antibacterial property sup-
ports wound healing. Besides, the incorporation of carbon dots
enhanced the porosity of nanocomposite sponge as well as its
water absorption and transmission rate, hydrophilicity, and
mechanical properties. The sponge transformed into a semi-
swelling viscous colloid, potentially leading to capillary block-
age. Cytocompatibility tests were carried out with L929 cells,
and the results indicated no apparent cytotoxic effects from the
nanocomposite sponge. Nanocomposite sponges found hemo-
compatible, and having hemostatic potential in increasing CD
concentrations."*’

3.1.7. Starch-based BNCs. Starch is a biocompatible, bio-
degradable, non-toxic polymeric carbohydrate that can mainly
be found in two forms: amylose and amylopectin. Amylose is a
linear constituent of starch formed by chains of a-(1,4)-linked
p-glucopyranose, while amylopectin is a branched polymer
formed by o-(1,4)-linked bp-glucopyranose linear chains that
connected by o-(1,6)-branch linkages. Depending on the starch
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Fig. 6 Preparation and characterization of nanocomposite sponges of sodium alginate/graphene oxide/polyvinyl alcohol (SA/GO/PVA) for wound
healing applications. Different amounts of graphene oxide (GO) were used in the studies, and the sponges were referred to as SP, SPG1, SPG2, and SPG3
depending on the GO levels (as 0, 0.5, 1.0 and 2.0 wt% of total solids contents, respectively). (A) In vitro antibacterial activity of the samples against E. coli
and S. aureus. (B) NIH 3T3 fibroblast growth cultured using extracts of blank control, SPG2, and SPG2-NFX with different NFX contents for 24, 48, 72 h.
(C) Wound-healing image of mice exposed with different treatment. (D) Result of wound healing rate during time and after exposure to different

formulation. Reprinted with permission from.**° Copyright 2019, Elsevier.

source, the ratios of amylose and amylopectin could vary.**"**>

Starch could absorb water, and have gelatinization property
which makes them suitable candidates for various applications
including applications in tissue engineering, drug delivery, and
fabrication of implants."*" Starch-based scaffolds have been
studied for adhesion, proliferation, differentiation, and regen-
eration of cells."*® They are usually combined with other
polymers and materials to overcome its limitations of this
polymer, like low mechanical property, instability, and moist-
ure sensitivity."** Cadexomer iodine, oxidized starch, and
hydroxyethyl starch are some examples of modified starches
used in wound dressing fabrication."*' Amongst these, cadex-
omer iodine is roughly used for exudative wounds due to high
fluid absorbability, oxidized starch is for electrospinning due to
its film-forming ability, and hydroxyethyl starch use as plasma
expanders and tissue adhesives.'*" Many types of dressings
have been reported with starch including films, hydrogels,
sponges, and electrospun scaffolds.**4°

A pH-sensitive magnetic starch-based nanocomposite hydro-
gel was introduced for wound healing applications.'*” The
composite hydrogel was synthesized by graft copolymerizing
itaconic acid onto starch in the presence of Fe;04 NPs. A model
analgesic and anti-inflammatory drug, Guaifenesin, was loaded
into the hydrogels, and pH and magnetic field-triggered release

5010 | Mater. Adv., 2024, 5, 4996-5024

of the drug from hydrogels was studied. According to the
results, the release of drug from hydrogel network was achieved
in a controlled and pH-dependent manner. Guaifenesin release
was accelerated by the increase of starch content. When an
external magnetic field applied, the percentage of the drug
release was significantly enhanced. Cytotoxicity studies showed
that HUVEC cell viability was found to be above 88%. In vivo
studies were carried using healthy male white mice, and wound
healing was studied on a full-thickness circular wound model.
The study was carried out for 20 days, and it was found that the
wound of drug-loaded nanocomposite was healed after 10 days.
Also, during the study wound area of nanocomposites were
smaller compared to control studies, blank hydrogels, blank
nanocomposites, and drug loaded hydrogels. It is assumed that
strong adhesion of the starch-based nanocomposite material
and the anti-inflammatory property of the drug could be the
reason of fast closure of the wounds."*’

3.1.8. Bacterial cellulose-based BNCs. Bacterial cellulose
(BC), a biopolymer synthesized by various bacteria (such as
Acetobacter, Rhizobium, Gluconacetobacter, Agrobacterium, Aero-
bacter, Achromobacter, and Azotobacter) is widely used in skin
regeneration due to its exceptional properties, including bio-
compatibility, biodegradability, large surface area, high poros-
ity, high water content, high liquid absorption capacity, high
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wet strength, high crystallinity in wet form, and chemical
purity. In addition, BC possesses a three-dimensional (3D)
network structure similar to the native ECM. However, its
endotoxin level must meet the ‘“‘generally accepted as safe”
(GRAS) certification established by the FDA."*%7'>?

A BC-GO composite film was recently developed using a
biological blending self-growth method that naturally incorpo-
rated GO during the production of a bacterial cellulose film.
This film was then functionalized with dopamine and silver,
resulting in the generation of an Ag-pDA (rGO) composite film
with good micro-current conductivity and heat generation
following applied voltage. The composite film also exhibited
excellent antibacterial activity against E. coli, with a bactericidal
rate of over 84% for more than 72 h, indicating a prolonged
antibacterial effect. Moreover, the Ag-pDA/BC (rGO) composite
film demonstrated excellent biocompatibility according to
in vitro cytotoxicity tests. In the live/dead staining test, BC-
treated NIH3T3 cells exhibited almost completely green color
because of the excellent biocompatibility of BC film alone.
Nevertheless, BC(GO) and PDA/BC(GO) slightly inhibited the
proliferation NIH3T3 cells (about 2% inhibition). On the sur-
face of wound, presence of AgNPs and so release of Ag" ions
provided antibacterial and antifungal activity. Presence rGO in
the structure of this composite provided photoelectric proper-
ties for this film that enable it to treat wound via accelerating
migration of skin cells in different parts of wound that enhance
the healing rate.'> Similarly, Khan et al, synthesized
curcumin-loaded GO-functionalized-BC (GO-f-BC) hydrogel
using hydrothermal method. BC and gelatin were chemically
crosslinked by tetraethyl orthosilicate (TEOS) as a crosslinker.
According to Franz diffusion test, the hydrogels with GO
exhibited a slower drug delivery rate than the GO-free hydro-
gels, while displaying sufficient antibacterial efficacy due to the
synergistic effect of the polymer and GO. GO could adhere to
bacterial membranes through electrostatic interactions, while
the polymeric part of the hydrogels interacted with bacterial
phospholipids and lipopolysaccharides to hinder bacterial
growth. Both of the hydrogels, with and without GO, exhibited
a negligible hemolysis rate (less than 5%) and were found to
be hemocompatible. The slight hemolysis observed in GO-
included hydrogels was attributed to the twisting effect of
GO, which may electrostatically interact with blood cells.*>*

Wan et al.,">> developed BNC hydrogels composed of BC and
silver nanowires (AgNWs) through a step-by-step in situ bio-
synthesis process. It showed antibacterial activity against
Gram-positive and Gram-negative bacteria via affecting cellular
membrane of these bacteria. Interestingly, this hydrogel had a
better effect on Gram-negative bacteria that was due to the
protective effect of lipopolysaccharides, proteins, and lipids
that are presented in the structure of Gram-negative. The BC/
AgNW dressing with 38.4 wt% AgNWs showed superior expres-
sion of cytokeratin-10 and integrin-f4, higher keratinocytes
proliferation and epithelial tissues formation, which has been
shown to enhance skin regeneration in a mouse model of
circular excisional full-thickness wounds.">> Another study by
Gupta et al., utilized a green chemistry approach to produce
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silver NPs (AgNPs) using an aqueous solution of curcumin and
hydroxypropyl-B-cyclodextrin (CUR:HPBCD). These AgNPs were
then loaded into biosynthetic BC hydrogels to create hydrogel
dressings. The CUR:HPBCD inclusion complex was formed to
prevent the hydrophobicity of curcumin, a natural polyphenolic
compound with wound-healing properties. The resulting BC
hydrogels with CUR:HPBCD demonstrated high cytocompat-
ibility and hemocompatibility, as well as antibacterial activity
against three common wound-infecting pathogens: S. aureus,
Pseudomonas aeruginosa, and Candida auris.">®

3.2. Synthetic polymers

3.2.1. Polyvinyl alcohol-based BNCs. Polyvinyl alcohol
(PVA) is one of the widely used synthetic polymer in wound
dressings due to its biocompatibility, biodegradability, hydro-
philicity, mechanical stability, transparency, film-forming char-
acteristics, and ability to maintain a moist environment at the
wound site."*>"”” PVA is available in different molecular
weights and degrees of hydrolysis as partial (80.0-98.5%), high
(>98.5%), and full (100.0%), and can be crosslinked to gen-
erate stable hydrogels using methods such as freeze-thawing
cycle, electron beam irradiation, or cross-linking agents (e.g.,
glutaraldehyde).">®'>® PVA possesses several shortcomings,
including poor elasticity, rigid structure, limited hydrophilicity,
insufficient exudate absorption capacity, and inert bioactivity.
Consequently, the development of PVA-based BNCs is a pro-
mising approach to improve wound dressing characteristics
and enhance bioactivity.'>®°%1¢

Crosslinked composite membranes were fabricated by com-
bining PVA, chitosan-loaded AgNO; NPs, and vitamin E via
gamma irradiation. After exposing an aqueous solution of PVA
to ionizing gamma radiation, free radicals were generated
along the polymer chains due to hydrogen abstraction. The
—-OH and -NH, groups on the chitosan backbone were potential
sites for the reaction, and the formation of radical sites at
oxygen and nitrogen atoms was dependent on a high amount of
energy to break the O-H and N-H bonds. Hence, radical sites at
oxygen and nitrogen atoms were generated by gamma irradia-
tion. The copolymerization of PVA and chitosan radicals
resulted in the formation of crosslinked (PVA/Cs) hydrogel
membrane. The gelation of these membranes increased signifi-
cantly with PVA composition, irradiation dose, and glycerol
content up to 20%, whereas it decreased with the presence of
AgNP due to increased viscosity. The swelling ratio decreased
with increasing radiation dose and AgNP amount due to the
effects of AgNP and reduced crosslinking degree of the mem-
branes. These BNC membranes exhibited potent antimicrobial
activity against Streptococcus mutans compared to other bacter-
ial and fungal microorganisms, attributed to the presence of
AgNPs via affecting the bacterial membrane as well as some of
the bacterial enzymes and proteins."®>

Song and colleagues prepared AgNPs-incorporated PVA/BC
hydrogels as wound dressings using a freeze-thaw method. The
microstructure of PVA/BC hydrogel exhibited uniform honey-
comb pores with diameters of 1-2 pm, while the PVA/BC-Ag
composite hydrogels showed more irregularly serrated and
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wedge-shaped structure with pore diameters of 3-5 pm, provid-
ing better oxygen exchange, moisture retention, and cell adhe-
sion and growth. The mechanical properties of PVA/BC-Ag
hydrogels were improved compared to PVA/BC. Moreover,
the water absorption capacity of PVA/BC-Ag (approximately
1604.9 + 58.2%) was higher than PVA/BC hydrogel due to larger
pores and higher water-holding capacity of AgNP-incorporated
hydrogels. Antibacterial tests demonstrated that PVA/BC-Ag
showed remarkable antibacterial activity against both Gram-
negative (E. coli) and Gram-positive (S. aureus) bacteria, with
bactericidal rates of 99.72 + 0.14% and 99.38 £ 0.48%, respec-
tively. All hydrogels exhibited high biocompatibility on L929
mouse skin fibroblasts. Moreover, after 15 days, PVA/BC-Ag
groups demonstrated more mature, flat, and thickened epider-
mis layers with more glands and blood vessels, so that the
percentage of reducing wound size in group treated with PVA/
BC-Ag3, PVA/BC, and control was about 97.89 + 0.97, 61.13 +
5.37%, 47.74 + 4.13%, respectively.'®

Zheng et al.,'” designed an electro-conductive hydrogel
composed of p-cyclodextrin-embedded Ag NPs (CDAgNPs) con-
taining PVA matrix incorporated free B-cyclodextrin (CD) and
B-glucan grafted with hyaluronic acid (HAG) (PVA/CD/HAG/
CDAgNP) (Fig. 7(A)). They applied electrical stimulation (ES)
to induce tissue reparation. PVA/CD/HAG hydrogel showed low
antibacterial efficacy against E. coli and S. aureus with a killing
ratio below 15%, whereas PVA/CD/HAG with CDAgNP killed
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>99.99% of both bacterial strain within 1 and 4 h, respectively
(Fig. 7(B)). In vitro fibroblast proliferation of PVA/CD/HAG and
PVA/CD/HAG/CDAgNP was evaluated with and without ES of
100 mV mm ' over 1 h per day. According to the CCK-8 assay,
fibroblasts proliferated well on both materials after 5 days, in
the absence of ES (p > 0.05). After 3 days, ES accelerated the
cell proliferation with both materials, indicating a favorable
effect of exogenous electric fields on the physiology and meta-
bolism of fibroblasts. However, higher electroconductivity of
PVA/CD/HAG/CDAgGNP led to significantly higher cell growth
upon ES than PVA/CD/HAG. PVA/CD/HAG/CDAgNP also pro-
moted in vivo wound healing and hemostasis in the rat model
(Fig. 7(C)). ES improved the healing process, and the PVA15/CD/
HAG and PVA15/CD/HAG/CDAgNP groups led to complete skin
injury recovery after 10 and 6 days, respectively. This was
attributed to the higher electroconductivity of PVA15/CD/
HAG/CDAgNP upon ES, which enables better signal transmis-
sion, controls cell activities, and accelerates healing. When ES
was applied, more developed hair follicle and sebaceous gland
systems, the highest volume of collagen fibers, and more
efficient epidermal regeneration in the basal, spinous, and
granular strata were achieved with the AgNP-containing nano-
composite hydrogel (Fig. 7(D))."*°

Liu et al,'® prepared mupirocin (MP) and/or cerium
oxide NPs (CeNPs) incorporated PVA/CS nanofiber membrane
wound dressing using electrostatic spinning (Fig. 8). The study
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Fig. 7

(A) Schematic image of combination use of PVA/CD/HAG/CDAgNP and electrical stimulation applied for healing wound. (B) Antibacterial activity

of PVA15/CD/HAG/CDAgNP against (i) E. coli and (i) S. aureus. (C) Wound healing results of different treatment in the presence and absence of ES for
10 days. (D) Histological results of wound after 10 days exposure to different samples. Reprinted with permission from.1° Copyright 2023, Wiley.
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Fig. 8 (A) The SEM image of the PVA-CS, PVA-CS—-MP, PVA-CS-CeNPs, and PVA-CS—-CeNPs—MP nanofiber dresses; circles show CeNPs.
Quantitative analyses (B) and image (C) of wound closure on the wound bed in the CS—PVA, and CS—-PVA-CeNPs—MP groups at the predefined time
intervals. (D) Representative images of HGE and Masson's trichrome staining. Dashed black lines and black arrows show epidermis and the blood vessels,
respectively. (E) The scar widths and blood vessels in the wound areas, and the thicknesses of the epidermal layers of healed wounds treated with the
various PVA-CS-based membranes (*P < 0.05, ***P < 0.001). Reprinted with permission from.*®* Copyright 2023, Elsevier.

reported the controlled release of MP from the PVA/CS nano- (MSSA) and methicillin-resistant Staphylococcus aureus (MRSA)
fiber dressing, resulting in the fast and sustained antibacterial strains. In addition, the CeNPs displayed a slower release profile,
activity against both methicillin-sensitive Staphylococcus aureus  providing favorable reactive oxygen species (ROS) scavenging
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efficiency and maintaining a normal physiological level of local
ROS. All hydrogels exhibited high cell viability (>90%) after days
3 and 5 on L929 cells, with no significant difference in cell
spreading area among the different hydrogels. The efficacy of
PVA-CS, PVA-CS-CeNPs, PVA-CS-MP, and PVA-CS-CeNPs-MP
electrospun dressings was evaluated in a diabetic wound rat
model. PVA-CS-CeNPs-MP showed superior wound closure after
14 days (near 90%), followed by the PVA-CS-MP and PVA-CS-
CeNPs groups (about 75% and 70%, respectively). Moreover, PVA-
CS-CeNPs-MP demonstrated greater skin regeneration and neo-
vascularization, as seen in Masson’s trichrome staining.'®*

Electrospun scaffolds were prepared using PVA, gelatin, and
ZnO NPs (0%, 0.5%, and 1%). The addition of 1wt% ZnO to
PVA/gelatin hydrogel slightly increased the water contact angle
from 48.874° to 66.282°, but it remained hydrophilic (WCA <
90°). After 14 days of incubation in PBS, the water uptake
capacity of PVA/gelatin, PVA/gelatin/ZnO 0.5wt%, and PVA/
gelatin/ZnO 1wt% were 2057%, 1485%, and 1291%, respec-
tively. Mesenchymal stem cells adhered and spread well on
PVA/gelatin/ZnO 1wt% hydrogel. The survival rate was highest
for the control group and PVA/gelatin scaffold possessed
greater survival rate than scaffolds containing ZnO NPs. These
nanocomposite scaffolds directly inhibited bacterial growth in
a dose-dependent manner. PVA/gelatin without ZnO exhibited
no inhibition zone, whereas the inhibition zone ranged from
5.5 mm to 1 cm with the presence of 0.5% and 1% ZnO. In here,
ZnO NPs could disrupt bacterial membrane via electrostatic
interactions with the cell wall as well as production of ROSs,
and also exhibiting photocatalytic activity that led to producing
ROSs and disturbing vital compounds of bacteria."®®

3.2.2. Poly(lactic acid)-based BNCs. Poly(lactic acid) (PLA)
is a prominent FDA approved biopolymer that exhibits favor-
able biocompatibility, biodegradability, mechanical durability,
and elasticity in wound dressing applications.'®*'®” The
released lactic acid and pH reduction in application site can
inhibit bacterial growth, accelerates collagen synthesis, and
promotes epithelization.'®®'”® However, its hydrophobic nat-
ure, that limits its water uptake capacity, weak cellular affinity,
and low degradation rate could restrict its usage for wound-
related applications.’®”'”* To address these issues, researchers
have designed PLA-based constructs in combination with var-
ious natural polymers and nano structures. For instance, Rapa
et al., prepared biocompatible and stable films composed of
PLA, collagen, and AgNPs. The roughness of the films was
enhanced from 34.4 nm to 57 nm by the presence of 1.5% (w/v)
AgNPs. The PLA samples containing Ag NPs showed values of
cell viability higher than 100% after 24 h, that slightly
decreased after 48 h. Based on cell cycle analysis performed
by flow cytometry, the BNC films did not affect cell proliferation
as well as exhibited a normal growth rate.”>

Hybrid nanofibers were designed using PLA and keratin (K)/
PVA with the incorporation of natural nanofibrillated chitosan
(CHNF)/ZnO NPs (ZnONPs) (CSZ) as the nanofiller. To fabricate
nanofibers, PLA solution from one syringe and K/PVA from
another one with incorporation of CHNF, CSZ (2:1), (1:1) and
(1:2) were electrospun and nanofibers were collected on the
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rotating collector. The diameter of the K/PVA nanofiber was
around 380.48 + 24 nm, whereas the presence of CHNEF/
ZnONPs (2:1), (1:1) and (1:2) resulted in the 376.34 =+
29 nm, 369.13 + 33 nm and 363.68 + 34 nm in nanofiber
diameter, respectively. The recommended scaffold for wound
healing was K/PVA:CSZ (2:1)-PLA: CSZ (2:1) nanofiber with a
diameter of 352.50 &+ 31 nm, a contact angle of 48 &+ 3°, and a
tensile strength of 0.96 + 0.18 MPa. The addition of CHNF to
the K/PVA/CS-PLA/CS nanofiber improved cell proliferation
significantly than K/PVA-PLA nanofiber (P < 0.05). The anti-
bacterial activity of K/PVA:CSZ (2:1)-PLA:CSZ (2:1) against
Gram positive and Gram negative bacteria was greater (with
inhibition zones of about 33.13 £ 0.67 mm and 25.06 +
0.24 mm against S. aureus and E. coli bacteria, respectively)
than other scaffolds due to the effect of CHNF and ZnONPs."”

3.2.3. Poly (lactic-co-glycolic acid)-based BNCs. Poly (lactic-
co-glycolic acid) (PLGA), a copolymer of poly lactic and poly
glycolic acids, is a commonly used biodegradable polymer in
biomedical applications due to its commercial availability,
degradation in physiological conditions, and potential modifi-
cations in physio-chemical and surface properties. Moreover,
its use in biomedical applications has been approved by both
FDA and European medicines agency (EMA)."”* In addition,
PLGA is widely used as a carrier for various small molecules,
proteins, and peptides in wound healing applications due to its
controlled release ability and adherence to the wound surface.
PLGA could promote wound healing by releasing lactate, which
stimulates reparative angiogenesis and collagen synthesis."”>""
For instance, Porporato et al. showed that PLGA resulted in a
nearly 4.7-fold increase in plasma lactate levels after implantation
in mice compared to untreated mice, and also resulted in a 60%
decrease in wound area compared to the control group.'””

Huang et al.,"”® incorporated ZnO NPs with PLGA/SF nano-
fibers for sustained release of NPs on the wound area. Based on
SEM images, the nanofibers were generally smooth, and the
fiber diameters increased with the increasing ZnO amounts.
PLGA/SF nanofibers with ZnO concentration of 0%, 1%, 2%,
and 3% showed a stress of 3.21, 4.43, 4.93, and 7.5 MPa, and
strain as 102.63, 46.31, 30.56, and 35.7%, respectively. Accord-
ing to CCK8 assay on L929 cells, all membranes were biocom-
patible, but cell proliferation slightly decreased with increasing
ZnO concentration. The nanofibers exhibited mild antioxidant
activity which was significantly increased with increasing time.
The antioxidant activity is mainly attributed to the amino acids
and phenolic side chain of SF. The BNC nanofibers showed
antibacterial activity against E. coli and S. aureus dependent on
ZnO concentration. In the rat model, PLGA/SF nanofibers with
3% ZnO facilitated earlier wound closure and provided superior
re-epithelialization, granulation tissue formation, collagen
deposition, and angiogenesis compared to PLGA/SF nanofibers
without ZnO (about 87% wound closer in the case of PLGA/SF
nanofibers with 3% ZnO compared with about 71% and 66%
closer in the case of PLGA/SF nanofibers and control groups,
respectively).'”®

A bifunctional composite scaffold was fabricated consisting
of black phosphorus nanosheets (BPNSs) containing collagen
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sponge with a PLGA knitted mesh (PLGA-collagen-BPNS) for
the treatment of melanoma and skin regeneration. BPNSs
demonstrated the ability to initiate photothermal ablation of
melanoma cells both in vitro and in vivo by increasing tempera-
ture under near-infrared laser irradiation. The scaffold also
accelerated fibroblast proliferation and enhanced the expres-
sion of angiogenesis-related genes and genes of ECM compo-
nents for new skin formation. The porosity and nanostructure
of these nanocomposite meshes supported cellular adhesion,
migration, proliferation, and cell-cell interactions, while bio-
degradable components of the BPNSs promoted dermal fibro-
blast proliferation, angiogenesis, and further skin wound
healing.'”®

3.2.4. Polycaprolactone-based BNCs. Polycaprolactone
(PCL) is FDA-approved hydrophobic polyester with aliphatic
and semi-crystalline structure. It is a biocompatible and biode-
gradable thermoplastic with high toughness and mechanical
strength. However, the slow degradation rate and hydrophobi-
city of PCL can lead to poor interaction with biological fluids,
inadequate cellular adhesion and proliferation, that negatively
affect its application and make it important to use it in
combination with other materials.'3°*%> Rather et al., fabri-
cated cerium oxide NPs (CeNP) functionalized PCL-gelatin
nanofiber (PGNPNF) mesh to investigate its antioxidative
potential in wound healing. The randomly oriented nanofibers
exhibited ~2.6 times decreased in crystallinity compared to
pristine PCL, resulting in the rapid degradation of nanofibers
and release of CeNP. The BNC meshes showed superoxide
dismutase (SOD) mimetic activity and scavenged reactive oxy-
gen species (ROS) by taking advantage of CeNPs. In addition,
cell viability and proliferation of 3T3-L1 cells on both PCL-
gelatin nanofiber (PGNF) and PGNPNF were increased based on
alamar blue assay. However, PGNPNF exhibited ~17% and
~45% higher cell proliferation rate than PGNF after 24 h and
72 h, respectively. This increase in cell proliferation was attrib-
uted to decreasing oxidative stress because of the incorporation
of CeNP.'®* Similarly, Naseri and coworkers developed electro-
spun PCL and gelatin fibrous films incorporated CeNP (1.5, 3,
and 6% (w/v)) as wound dressing material. The addition of
CeNP significantly increased the pore sizes from 12.52 + 3.54
pm to 47.59 + 8.25 pm (with 1.5 and 6% (w/v) CeNP, respec-
tively). The PCL/gelatin nanofibrous films with 1.5% CeNP
exhibited a water-uptake capacity of 16.87 £+ 1.02% and the
water vapor transmission rate (WVTR) of 3272 + 470.51 g-m™ >,
while the films with 6% CeNP exhibited a water-uptake capacity
of 15.80 £ 0.66% and a WVTR of 3608 + 170.27 g~m72. The film
contained 1.5% CeO, NPs that had the highest proliferation in
L929 cells, and thus, it was used on full-thickness excisional
wounds in Wistar rats. After a two-week period, it was deter-
mined that nearly 100% wound closure was achieved in the
wounds treated with the CeNP-incorporated dressing, while
approximately 63% closure was observed in wounds treated
with sterile gauze.'®!

Kouser et al.,'® utilized solution casting technique to func-
tionalize the surface of halloysite nanotubes (HNTs) with
sodium alginate and reinforce them with PCL, resulting in
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nanocomposite structures with increased thermal stability,
mechanical strength, and crystallinity with an increasing
amount of nanofiller. The nanocomposite films showed high
cytocompatibility with NIH3T3 mouse fibroblast cells through
cell proliferation and adhesion. The PCL film with 5% sodium
alginate-HNTs demonstrated the highest cell proliferation,
which exhibited a concentration-dependent trend. This was
mainly due to the fact that HNTs have a negative charge on
their surface and a positive charge in their inner lumen,
resulting in significant surface functionalization. HNTs also
improved cell adhesion and exhibited superior anti-inflam-
matory activity compared to pristine PCL films. The scratch
assay confirmed the wound closure effect of the nanocomposite
films on the rate of cell migration, where 5% nanocomposite
films demonstrated the highest migration, indicating enhanced
wound closure. The addition of sodium alginate and HNTs in the
PCL matrix significantly accelerated cell migration in a concen-
tration-dependent manner. The in vitro anti-inflammatory activity
of the nanocomposite films was analyzed using human red blood
corpuscles membrane stabilization (HRBCMS) method, which
showed superior anti-inflammatory activity for nanocomposite
compared to pristine PCL films. Based on these results, the
nanocomposite films were hemocompatible and suitable for
wound healing applications.’®® Some of the other samples are
summarized in Table 1.

Natural polymers, such as alginate, hyaluronic acid, chito-
san, collagen, gelatin, and silk fibroin, possess unique features
that make them effective in enhancing tissue healing due to
their similarities to native skin. These polymers offer specific
protein-binding sites in their backbone, which facilitates cel-
lular interaction and promotes cellular migration, adhesion,
proliferation, and differentiation. In addition, their high bio-
compatibility, biodegradability, unique texture, and porosity
further enhance cellular interactions and re-epithelialization.
However, natural polymers also have some drawbacks, such as
insufficient mechanical properties, batch-to-batch variations,
and the risk of immune responses. In contrast, synthetic
polymer-based materials can be designed to meet the structural
and mechanical requirements of native ECM. However, the
main limitation of using synthetic polymers is the absence of
bioactive sites for cellular interactions. To address these issues,
a crucial strategy is to use both natural and synthetic polymers
with the incorporation of nanosized materials to create multi-
functional materials that overcome the shortcomings of both
natural and synthetic polymers.

4. Challenges and future prospects

Despite their advantages, BNCs have some limitations that
could affect their applications. Controllable blending and
stabilization of dispersion are essential to produce BNCs. A
primary challenge encountered during the processing of these
composites is NPs tendency to aggregation, which is attributed
to the unique combination of specific surface area and volume
leading to inadequate scattering within the selected formulations.
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Moreover, increasing the amount of nanofiller leads to a
reduction in the toughness and strength of the BNC, resulting
in production of a more brittle material. In addition, the viscos-
ities of BNCs also elevate with increasing the nanofiller content,
posing difficulties in the manufacturing process. Therefore, it is
critical to optimize the properties of NPs and its amounts first,
and then use it for the preparation of hydrogels. For instance, NPs
could be covered with some polymers to prevent their aggregation,
first, and then be applied in the structure of the BNC. Or some
techniques like agitation or sonication could be applied for
enhancing their dispersion during preparation step. The impor-
tant points that should be considered here is that these modifica-
tion and techniques should not have any effect on the properties
of the NPs or nanocomposite.

The other challenge is related to the long-term safety of
nanomaterials used in the structure of BNCs. Indeed, several
types of nanomaterials are widely used for fabrication of
different types of BNCs in recent research that could impact
cell viability and tissue interactions. Achieving a delicate bal-
ance between promoting wound healing and avoiding adverse
effects requires extensive research to understand the intricate
dynamics of these materials within the biological environment.
Overcoming these biocompatibility challenges is imperative to
ensure the safety and efficacy of BNCs in wound healing
applications and so substantial efforts are needed to generate
new knowledge about their impact on human health before
establishing regulatory frameworks in this field.>**

In the case of natural polymers, the variability in their
source, probability of contamination, lack of proper mechan-
ical stability, uncontrollable degradation rate, and difficulty in
processing are challenges that could affect the performance of
BNCs.2?® To overcome these limitations, it is critical to intro-
duce and use standard methods for the extraction and purifica-
tion of natural polymers to ensure their quality and reduce any
possibility of contamination. Moreover, cross linking or combi-
nation use these polymers with other compounds could
enhance their mechanical and degradation properties. On the
other hand, synthetic polymers have challenges in their cost,
environmental impact, and toxicity, that could be related to
their byproduct. These also make it important to develop new
cost-effective methods for producing these polymers and use of
non-toxic monomers to eliminate the probability of producing
toxic byproducts. Besides, these polymers could be combined
and modified with other materials to reducing their effect on
environment as well as modifying their degradation ability.

In the case of a complete BNCs, one of the main challenges
is related to tuning their mechanical properties of BNCs due to
their effectiveness in wound healing process. Indeed, skin, like
other tissues in the body, have its specific mechanical proper-
ties such as elasticity, tensile strength, and stiffness and the
BNCs used in wound healing need to match these properties to
ensure proper integration and functionality. It should maintain
the structural integrity of wound dressings during application
and throughout the healing process. If the material is too weak,
it may break down prematurely and compromising the healing
environment. It also could ensure that the dressing is not too
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stiff or too loose, enhancing patient comfort. Moreover, tuning
the mechanical properties could affects the degradation profile,
ensuring the material provides support as long as needed and
then safely degrades without causing harm. Mechanical prop-
erty of BNCs also can influence cell behavior, including attach-
ment, proliferation, and differentiation. Optimal mechanical
properties can create a conducive environment for cells to grow
and heal the wound effectively.

Scalability and cost-effectiveness pose challenges for the
widespread adoption of BNCs in wound care. The production
of these materials often involves sophisticated processes and
specialized equipment, leading to higher production costs.
This limits their accessibility, especially in resource-cons-
trained environments, where cost-effective solutions are essen-
tial. Addressing scalability issues and finding economically
viable production methods are crucial steps in enhancing the
practical utility of BNCs for wound healing on a larger scale.
However, due to the possibility of using diverse materials for
the fabrication of BNCs, they could be a good candidate for the
fabrication of scaffolds that have the capability of mimicking
the ECM of skin resembling the natural microenvironment,
fostering cell adhesion, proliferation, and differentiation.
In addition, the incorporation of bioactive NPs can further
enhance the regenerative potential by promoting angiogenesis
and modulating immune responses. This personalized
approach holds the promise of accelerating wound healing
and minimizing scarring, ultimately leading to more effective
and aesthetically pleasing outcomes for patients undergoing
skin regeneration procedures. They could be fabricated using
intelligent materials with the ability of responding to the
specific physiological triggers, enabling dynamic interactions
with the surrounding tissue. Smart BNCs may incorporate
sensors for real-time monitoring of the healing process, allow-
ing for timely adjustments to the therapeutic strategy. More-
over, the controlled release of growth factors or drugs from
these materials can be precisely regulated, optimizing the
healing trajectory, and minimizing potential side effects.
On the other hand, there is a growing emphasis on sustain-
ability in materials selection. Researchers are increasingly
exploring the integration of eco-friendly and renewable
resources in the fabrication of these advanced bionanomater-
ials. The shift towards sustainable materials not only aligns
with global environmental goals but also addresses concerns
related to the biocompatibility and long-term effects of syn-
thetic polymers. Utilizing biodegradable and naturally sourced
components for BNCs not only reduces the environmental
impact but also ensures that the materials are compatible with
the body’s natural processes. By incorporating sustainable
elements, the future of skin regeneration technologies aims
not only to promote tissue healing but also to contribute to a
more environmentally conscious and ethical approach in the
development of next-generation biomedical solutions.>**>%¢

As research in BNCs progresses, the convergence of nano-
technology and regenerative medicine holds immense potential
for transforming the landscape of skin repair and regeneration.
Designing BNCs that closely mimic the natural extracellular

© 2024 The Author(s). Published by the Royal Society of Chemistry
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matrix is crucial for effective tissue regeneration. The com-
position, structure, and bioactive cues of the BNCs must be
carefully tailored to promote cell adhesion, migration, and
differentiation. Controlling the degradation rate of BNCs is
critical to match the healing timeline of the injured tissue.
An excessively slow degradation rate may hinder tissue regen-
eration, while rapid degradation can compromise the scaffold’s
ability to provide mechanical support. Notably, clinical transla-
tion studies provide valuable insights into the real-world per-
formance of BNCs, helping to validate their effectiveness and
safety. Conducting rigorous preclinical and clinical studies,
addressing ethical considerations, and ensuring affordability
are crucial for successful clinical translation. These studies also
contribute to optimizing product formulation, dosing, and
delivery methods.

Another crucial challenge that needs to be addressed is
regulatory approval procedures. Understanding the regulatory
landscape for BNCs in wound healing applications involves a
precise, multifaceted approval process to ensure safety and
efficacy. This process is overseen by key regulatory bodies, such
as the FDA (dood and drug administration) and EMA (European
medicines agency). The journey begins with extensive preclinical
testing, including cytotoxicity, hemocompatibility, and animal
studies, to assess biocompatibility, toxicity, and therapeutic
potential. Successful preclinical outcomes pave the way for
multi-phase clinical trials to evaluate safety, dosage, efficacy,
and side effects in progressively larger patient cohorts. Adhering
to good manufacturing practices (GMP) and precise quality con-
trol is critical, involving comprehensive documentation and con-
sistent batch testing. The conclusion of this data in a detailed
regulatory report, encompassing technical files, clinical results,
and risk management analyses, is submitted for approval. Post-
market surveillance ensures long-term safety and efficacy through
adverse event reporting and periodic safety updates. By precisely
addressing these regulatory challenges, developers can advance
BNCs from lab to clinic, offering innovative, safe, and effective
solutions for wound healing and skin regeneration.

5. Conclusion

In this review, we have discussed the application of different
types of BNCs for wound healing and skin regeneration. In this
context, first different phases of wound healing were discussed;
then, BNCs based on the type of their biopolymer were intro-
duced. They mostly composed of a biopolymeric hydrogel used
alone or in combination with other polymers that were applied
to improve the physicochemical properties of the hydrogel, and
a nanomaterial with intrinsic antimicrobial or antioxidant
ability that prevented the infections in the site of wound and
accelerated healing process via managing inflammatory phase.
These composites also accelerated the healing process of
wound in comparison to their control groups via enhancing
re-epithelialization, promoting tissue granulation and collagen
deposition, and inducing neovascularization that finally led to
the tissue regeneration. However, like other materials, these
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substances face several challenges. Among the most significant
concerns are those related to the application of nanomaterials
and scalability issues, that make it crucial to conduct more
research to fully understand these materials and their applica-
tions. Overall, BNCs offer exciting prospects in advanced
wound healing and smart wound dressings. These materials,
formed by combining biopolymers and NPs, possess unique
properties that can develop wound healing and smart wound
dressings. They can be used in the development of smart
dressings with sensors and drug delivery systems, enabling
real-time monitoring and targeted treatment.
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