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Abstract Being the largest organ and the protective shield of the human body, the
skin is highly vulnerable to potential injuries. A cascade of biological events initi-
ates after the injury to regenerate and repair the damaged tissue and this process is
referred to as wound healing. Wound dressings have been introduced as a temporary
protective physical barrier to prevent the invasion of pathogenic microorganisms and
to keep the wound from dehydration while facilitating the healing process. In recent
times, nanomaterials have emerged as a source for developing highly effective and
innovative wound dressings. Particularly, several polymeric nanofibres have shown
promising results as scaffolds for skin regeneration while some metal nanoparticles
possess intrinsic antibacterial properties thus making them potential candidates for
integration into wound dressings. Moreover, encapsulating drugs, biomolecules, and
growth factors, within nanocarriers is also offering new treatment modalities, espe-
cially for chronic wounds. Therefore, this chapter provides an overview of the recent
advances in nanotechnology-assisted wound healing and tissue regeneration and the
applicability of nanomaterials in the treatment of chronic and acute wounds.

Keywords Nanocarriers + Nanomaterials + Tissue regeneration + Wound
dressings - Wound healing

5.1 The Wound Healing Process

Skin is a complex organ and it is composed of the epidermis, dermis, and skin
appendages like hair follicles, sebaceous glands, etc. It acts as a barrier and protects
the internal organs from harmful ultraviolet rays, mechanical damage, and harmful
pathogens. In addition, skin prevents the evaporation of water from the body and
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maintains the fluid imbalance and is involved in thermal dysregulation. Therefore,
the integrity of healthy skin is of great importance in maintaining the physiological
homeostasis of the human body. However, the skin is functioning as the protective
shield of the body and becomes vulnerable to potential injury. Hence, wound healing
is an essential process for the survival of organisms (Bentley 2004; Takeo et al. 2015;
Sorg et al. 2017).

A wound is defined as a “disruption of normal anatomic structure and function of
the skin”. Generally, wounds can be categorized as acute wounds and chronic wounds.
Acute wounds are caused by irradiation, exposure to heat, mechanical damages, etc.
and are healable within 8—12 weeks. On the other hand, chronic wounds are caused
due to diseases like diabetes, tumours, etc. and the healing would take more than
12 weeks (Zahedi et al. 2010).

Wound healing is a cascade of biological events which initiates after the injury
to regenerate and repair the damaged tissue. The wound healing process can be
described under four main phases; haemostasis, Inflammation, proliferation, and
maturation (Dalisson and Barralet 2019). The haemostasis phase starts soon after
wounding (within the first few minutes) and it involves vasoconstriction, platelet
plug formation, activation of the coagulation cascade, and finally the formation of a
fibrin plug (final clot). Vasoconstriction helps to reduce the blood flow while platelet
adhesion, activation, and aggregation lead to platelet plug formation. Due to the acti-
vation of the extrinsic pathway (tissue factor pathway) and intrinsic pathway of blood
coagulation, a cascade of enzymatic reactions takes place and ultimately causes the
conversion of fibrinogen to fibrin. The fibrin monomers get polymerized to form a
fibrin polymer mesh and this results in a cross-linked fibrin clot around the platelet
plug (LaPelusa and Dave 2022). Within an hour after clotting, the second phase of
the wound healing process, i.e. inflammation starts. Polymorphonuclear neutrophils
(PMNs) are predominately found in the wound bed up to about two days after the
injury. These PMNs perform several functions such as the release of free radicals
to kill bacteria in the wound, phagocytosis of debris, and breakdown of damaged
tissues through the action of proteases. After two days, these PMNs either undergo
apoptosis (cell death) or get degraded by macrophages. Thereafter, monocytes enter
the wound bed and get converted into macrophages. Matured macrophages secrete
several growth factors and cytokines that promote angiogenesis, granulation tissue
formation as well as re-epithelialization. Before the end of the inflammatory phase
of wound healing, the factors which are released by the macrophages activate fibrob-
lasts, endothelial cells, and keratinocytes from surrounding tissues and initiate the
migration and proliferation processes. These will be followed by events like the
laying down of a new extracellular matrix, the formation of granulation tissue to
form a barrier between the wound and the environment, and the closing of the wound.
Usually, the final phase of the wound healing process, i.e. maturation starts three days
after an injury. In this phase, the collagen matrix which has been previously laid down
is remodelled slowly (Dalisson and Barralet 2019).
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5.2 Wound Dressings

According to the clay tablets of Mesopotamian origin that date back to 2500 BCE,
Mesopotamians used milk or water to clean the wounds before dressing them
with honey or resin (Daunton et al. 2012). In the early clay tablets, three healing
gestures were described. Those were washing the wounds, making the “plasters”,
and bandaging the wound. These ancient “plasters” (the present-day equivalent of
wound dressings) were mixtures of clay/mud, herbs, oils, etc. (Shah 2011). Simi-
larly in ancient Greece (460-370 BCE), wine and vinegar were employed to clean
the wounds while honey, wine, and oil were used as further treatments. Wool boiled
in water or wine was used as bandages. In traditional Chinese medicine, green tea,
liquorice, soaked mushrooms, and many herbal powders have been employed to
promote granulation tissue, help in debridement and prevent infection (Daunton
et al. 2012).

5.2.1 Traditional Wound Dressings

Over the years wound dressings have evolved from the crude application of herbal
materials and animal fat to tissue-engineered scaffolds. Gauze, lint, plasters, cotton
wool, as well as synthetic or natural bandages, can be considered traditional wound
dressings. These are used as primary dressings (i.e. the dressing that makes physical
contact with the wound surface) or secondary dressings (i.e. dressings that are used to
cover the primary dressing) and help to prevent contaminations and thereby protect
the wound.

Gauze is made using cotton fibres, rayon, and polyesters which can act against
some bacterial infections. Mostly, sterile gauze pads are used to absorb fluids and
exudates in open wounds. Although gauzes are widely used as wound dressings, there
are several disadvantages associated. For example, gauzes should be changed from
time to time and are not cost-effective. Moreover, excessive wound drainage causes
it to become adherent to the wound and as a result, the patient would experience pain
at the time it is being removed. Bandages are made using cotton wool, cellulose,
or polyamide materials. Cotton bandages are used to keep light dressings in place,
whereas high compression bandages and short-stretch compression bandages are
used to provide sustained compression. Tulle dressings like Bactigras, Jelonet, and
Paratulle (some commercially available tulle dressings) are impregnated with paraffin
and these are appropriate for superficial clean wounds. Because of the inability to
provide a moist atmosphere for wound healing, nowadays dry traditional wound
dressings comprised of topical liquid and semi-solid formulations have been replaced
by new dressings with more sophisticated formulations (Boateng et al. 2008; Dhivya
et al. 2015).
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5.2.2 Modern Wound Dressings

These kinds of dressings have been produced to keep the wound from dehydration
and facilitate the healing process. Modern dressings are usually made up of synthetic
polymers. Some examples are given below.

(a) Semi-permeable film dressings

These dressings are made of transparent and adherent polyurethane and are imper-
meable to bacteria but permit the transfer of water vapour, O, and CO, from the
wound while providing autolytic debridement eschar. In the early days, the films
were produced from nylon derivatives with adhesive polyethylene frames and the
adhesive layer permits the dressing to adhere to intact skin. However, these nylon-
derived film dressings were not used for highly exudating wounds because of their
limited absorption capacity. Moreover, maceration of the wound and the surrounding
healthy tissues were also observed with the use of these materials. These dressings
are recommended as a primary dressing for dry and superficial wounds. Yet, these
can also be used in more exuding wounds, as a secondary dressing on top of foam
dressings or dressing pads. When applying to intact skin in vulnerable areas, these
dressings can also help to reduce friction, though, the removal should be done with
caution to prevent any damage to the epidermal layer of the skin by the adhesive
(Abdelrahman and Newton 2011; Shi et al. 2020).

(b) Semi-permeable foam dressings

Semi-permeable foam dressings are made up of hydrophobic and hydrophilic foam,
sometimes with adhesive borders (Morgan 2002). These dressings are usually
produced from polyurethane and silicone and are available as adhesive or non-
adhesive foam dressings (Abdelrahman and Newton 2011). The outer layer of the
dressing protects the wound from a liquid due to its hydrophobic properties while
allowing gaseous exchange and water vapour. Depending on the thickness of the
wound, foam can absorb varying amounts of wound drainage. These dressings are
designed mainly for lower leg ulcers and can be used for moderate to highly exudating
wounds or granulating wounds (Ramos-e-Silva and Ribeiro de Castro 2002). Some
foam dressings are demonstrated to be effective cavity fillers. The foam absorbs
exudates preventing pooling and skin leakage while maintaining a low adherence to
allow for easy, painless removal (Abdelrahman and Newton 2011).

(c) Alginate dressings

Alginate dressings are made out of calcium or sodium alginate derived from
seaweeds. These dressings are usually recommended for moderately to heavily
exuding wounds but are not suitable for dry wounds. Calcium component of the
dressing functions as a haemostat thus useful in bleeding wounds (Abdelrahman
and Newton 2011). Alginate dressings have achieved a good absorption capability
through the formation of a strong hydrophilic gel which can limit the wound exudates
and reduce bacterial contamination (Dhivya et al. 2015). Despite there were some
concerns that alginate can inhibit keratinocyte migration, Thomas et al. revealed that
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alginate speed up the healing process. This has occurred by activating macrophages to
synthesize TNF-a that initiates inflammatory signals. After applying alginate dress-
ings to the wound, the ions in the alginate exchange with the blood and form a
protective film. Furthermore, these dressings require secondary dressings as they
could dehydrate the wound causing a delay in healing (Thomas et al. 2000; Boateng
et al. 2008).

(d) Hydrogel dressings

Hydrogels are a form of insoluble hydrophilic material made up of synthetic polymers
like poly (methacrylates) and polyvinyl pyrrolidine. A high water content (70-90%)
in hydrogels assists granulation of tissues and epithelium in a moist environment.
In addition, the soft elastic properties of these dressings make them easy to apply
and also to remove once the wound is healed without causing any damage. Further-
more, hydrogels reduce the temperature of cutaneous wounds, providing those with
a cooling effect. These dressings are designed for chronic wounds, necrotic wounds,
burn wounds, and also for pressure ulcers (Dhivya et al. 2015). These hydrogel dress-
ings are produced as tubes or as flat sheets and by considering the depth and location
of the wound the most suitable one should be selected (Abdelrahman and Newton
2011).

(e) Hydrocolloid dressings

Hydrocolloid dressings are amongst the most commonly used interactive dressings
which have two layers named inner colloidal layer and the outer water-impermeable
layer. These dressings are formed with the help of gel-forming agents such as
carboxymethyl cellulose, gelatin, and pectin and are combined with other mate-
rials like elastomers and adhesives (Boateng et al. 2008; Dhivya et al. 2015; Vowden
and Vowden 2017). Hydrocolloids have the properties of debridement and absorb
wound exudates while being permeable to water vapour but impermeable to bacteria
(Thomas 1992). These kinds of dressings can be used for pressure sores, superficial
burns, and traumatic wounds. In addition to that, hydrocolloid dressings do not cause
any pain during the removal. Therefore, such dressings can also be recommended
for paediatric wound care management. Nevertheless, these are usually not recom-
mended for neuropathic ulcers or wounds with a lot of exudates and are often used
as a secondary dressing (Boateng et al. 2008; Dhivya et al. 2015).

(f) Antimicrobial dressings

Topical antimicrobial dressings are designed to minimize the growth of microorgan-
isms in wounds and can be used in both chronic and acute wounds. These dressings
are designed using silver and iodine. In addition, polyhexamethylene biguanide-
based antimicrobial dressings that affect bacterial cell metabolism have recently
been introduced. All these dressings are found to be effective against a broad range
of microorganisms commonly associated with chronic wounds (Flores and Kingsely
2007; Abdelrahman and Newton 2011).
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5.2.3 Significance of Nanotechnological Approaches
in Wound Healing and Tissue Regeneration

Recent advances in nanotechnology have opened up new avenues for drug delivery
applications, allowing the delivery of biomolecules or growth factors, which can
be used in chronic wound healing. The small size and physicochemical properties
of the nanomaterials facilitate the intracellular delivery of biomolecules or drugs by
protecting them from degradation and improving the drug penetration into the wound.
This enables the topical administration of drugs and increment of the half-life thus
reducing the number of applications and costs. Furthermore, encapsulating drugs
and biomolecules within nanocarriers would allow different drug release profiles
that may match the requirements of the wound healing process (Blanco-Fernandez
et al. 2021).

Therefore, this chapter summarizes the recent advances in nanotechnology-
assisted wound healing and tissue regeneration and the applicability of nanomaterials
like nanoparticles, nanofibers, self-assembled nanocarriers, etc. in the treatment of
chronic and acute wounds.

5.3 Application of Nanomaterials in Wound Healing
and Tissue Regeneration

Nanoparticles are very small particles typically with a diameter of 1-100 nm. They
have been extensively used in biomedicine and tissue engineering applications.
Nanoparticles play two roles in wound healing; i.e. with their intrinsic properties
positive for wound healing, and as drug delivery systems (Blanco-Fernandez et al.
2021).

Nanoparticles are employed in wound dressing materials mainly due to their
intrinsic antimicrobial properties. Moreover, nanoparticles are capable of penetrating
cell membranes whereas conventional antimicrobial agents often have a limited
ability to cross certain cell membranes. Nanoparticles exert antimicrobial proper-
ties by degrading cell membranes, blocking and altering enzymatic pathways, etc.
(Yah and Simate 2015).

Metal nanoparticles such as silver, gold, copper, copper oxide, iron oxide, zinc
oxide, and titanium dioxide possess antibacterial properties which are useful in
wound healing. The antibacterial activity of the above-mentioned metal nanopar-
ticles triggers by the formation of reactive oxygen species (ROS) as well as interac-
tion with biomolecules such as DNA, proteins, or inhibition of enzymes (Chatterjee
et al. 2014; Shaikh et al. 2019). For example, silver nanoparticles (AgNPs) and
gold nanoparticles (AuNPs) exert antibacterial activity via several modes of action.
These nanoparticles can disrupt the bacterial cell membrane, leach into the cytosol,
and destabilize/disrupt membrane proteins, cytoplasmic proteins, and enzymes. This
would ultimately lead to metabolic impairment and ultimately bacterial cell death.
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Further, AuNPs and AgNPs can generate ROS creating oxidative stress. The pres-
ence of ROS can damage proteins and nucleic acids in bacterial cells and also inhibit
the electron transport chain of bacterial cells leading to bacterial cell death (Joshi
et al. 2020).

Silver has been widely used in the field of medicine for over centuries in the form
of metallic silver, AgNOs;, and silver sulphadiazine, to treat open wounds, burns,
and also to treat chronically infected wounds. With the introduction of antibiotics,
the usage of silver compounds had drastically reduced. However, with the develop-
ment of nanotechnology, silver metal in its nano form re-emerged as a prospective
antimicrobial agent (Rai et al. 2009). The extremely small size and large surface area
to volume ratios have made AgNPs an effective antimicrobial agent. The forma-
tion of “pits” was observed in the cell wall of Escherichia coli cells treated with
AgNPs, while AgNPs got accumulated in the bacterial membrane increasing the
permeability and ultimately resulting in cell death (Sondi and Salopek-Sondi 2004).
A more recent study conducted using Staphylococcus aureus and E. coli revealed that
AgNPs can completely inhibit the growth of bacterial cells by destroying the perme-
ability of the cell membrane and decreasing the activity of some enzymes (Gomaa
2017). Xiu et al. suggested that the antimicrobial activity of AgNPs depends on the
release of Ag®, thus it can be modulated by manipulating oxygen availability, size
and shape of the particles, and the type of coating (Xiu et al. 2012). Bhattacharya et al.
studied the antibacterial activity of AgNPs coated with a functionalizing agent. Here,
polyethylene glycol, tween 80, and sodium dodecyl sulphate were added separately
to coat AgNPs. Amongst those, polyethylene glycol-coated AgNPs were found to
be most effective against both normal and multi-drug resistant strains of bacteria. It
was observed that intracellular ROS production in bacteria was high in polyethylene
glycol-coated nanoparticles (Bhattacharya et al. 2012).

AgNPs can increase the rate of wound closure by promoting the proliferation and
migration of keratinocytes. Further, AgNPs can facilitate the differentiation of fibrob-
lasts into myofibroblasts and thereby promoting wound contraction (Liu et al. 2010).
Tian et al. demonstrated that AgNPs can contribute to the wound healing process
through their antimicrobial action, by reducing wound inflammation and modulating
fibrogenic cytokines (Tian et al. 2007). Tannic acid (TA)-modified AgNPs were
also found to have effective antibacterial activity against Pseudomonas aeruginosa,
S. aureus, and E. coli. Furthermore, in a mouse splint wound model, TA-modified
AgNPs enhanced wound closure, epithelialization, angiogenesis, and granulation
tissue formation. TA-AgNPs also induced the expression of vascular endothelial
growth factor-a (VEGF-a), platelet-derived growth factor-p (PDGF-f), and trans-
forming growth factor-f1(TGF-B1) cytokines which are involved in the efficient
wound healing process (Orlowski et al. 2018).

Gold nanoparticles (AuNPs) are widely used in tissue regeneration, wound
healing, and also in drug delivery. On the surface of AuNPs, there is a possi-
bility to conjugate different ligands like polypeptide sequences, antibodies, and
proteins (Fathi-Achachelouei et al. 2019). For example, Gu et al. reported that AuNPs
can be conjugated with existing antimicrobial drugs by preparing vancomycin-
conjugated gold nanoparticles (Au@Van) (Fig. 5.1). These nanoparticles have



116 M. Napagoda et al.

displayed increased activity against vancomycin-resistant Enterococci (VRE) and
a notable activity against E. coli which is a Gram-negative bacterium normally
unaffected by vancomycin (Gu et al. 2003).

I
500 nm 500 nm

Fig. 5.1 Transmission electron micrographs of a Au@Cys and b Au@ Van nanoparticles in the
aggregated state after cryodrying at concentrations of 6.7 and 50 pg/mL (The insets show TEM
images taken at the MIC concentration for Au@Cys and b Au@ Van) and TEM images of E. coli
after being treated by ¢ Au@Cys and d Au@van nanoparticles at minimum inhibition concentrations
(In this study Au nanoparticles conjugated with cysteine; Au@Cys were employed as the control)
(Adapted with permission from Gu et al. 2003)
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Recently, Korani et al. evaluated the antibacterial, antioxidant, cytotoxic, and
cutaneous wound healing potential in AuNPs synthesized using Abelmoschus escu-
lentus extract. Transmission electron microscopy (TEM) images indicated that the
prepared nanoparticles were spherical and the size was around 75 nm. These nanopar-
ticles exhibited significant antioxidant and antibacterial activities while being non-
toxic. Interestingly, these AuNPs could accelerate wound closure, thus indicating the
prospective application as a wound healing therapeutic (Korani et al. 2021).

AuNPs can be adjusted to strongly absorb near-infrared radiation and eventually
transfer this energy in the form of heat into the surrounding environment. When
nanoparticles are attached to bacterial cells, this localized heating during irradiation
of near-infrared radiation can lead to irreversible cellular damage. On this basis,
Norman et al. experimented with gold nanorods that have been covalently linked to
pathogen-specific antibodies to selectively destroy one of the multi-drug resistance
Gram-negative bacterium P. aeruginosa (Norman et al. 2008). Similarly, Gil-Tomas
etal. attempted to covalently couple toluidine blue O—tiopronin to AuNPs and thereby
enhance the antimicrobial activity against S. aureus. This conjugate entity showed
activity under both 632.8 nm laser light and white light and appeared as a rapidly
acting photosensitiser in the photodynamic therapy of wound and burn infections
(Gil-Tomas et al. 2007). Moreover, Sherwani et al. demonstrated that photosensi-
tizer conjugated-AuNPs can be used in the treatment of cutaneous Candida albi-
cans infections. These nanoparticles have significantly reduced the fungal burden in
topical skin wounds and tongues infected with C. albicans in mice (Sherwani et al.
2015).

Further, Naraginti et al. demonstrated that the application of green synthesized
AgNPs and AuNPs formulations on open skin wounds in rats has accelerated the
wound healing process. This has occurred via increased granulation tissue forma-
tion, collagen deposition, and re-epithelialization and thereby shortening the overall
healing time. The topical application of AuNP formulation was found to be more
effective than the application of AgNP formulation and the conspicuous wound
healing activity observed with AuNPs was linked to its high anti-inflammatory and
antioxidant activities (Naraginti et al. 2016).

Laser-tissue welding and laser-tissue soldering techniques have been introduced
as an alternative approach to traditional suturing to repair skin. Although laser-
tissue welding results in faster healing, it inherits several disadvantages like thermal
damage and low penetration depths. In order to overcome these issues, exogenous
chromophores have been employed to absorb the laser energy within the near-infrared
window. In this respect, gold nanoshells have displayed great promise as exogenous
near-infrared absorbers in laser-tissue welding. The in vivo experiments with rat
skin wound healing model indicated that the aforementioned approach can result
in a good wound healing response while minimizing the destruction of surrounding
tissues and permitting the welding of thicker tissues (Gobin et al. 2005).

Zinc oxide nanoparticles (ZnONPs) possess antibacterial, anti-inflammatory,
and skin regeneration properties and thus can be considered an ideal mate-
rial for wound dressings and to speed up the healing of both acute and
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chronic wounds. Hu et al. employed the electrospinning technique to fabri-
cate zinc oxide/silver/polyvinylpyrrolidone/polycaprolactone (ZnO/Ag/PVP/PCL)
nanofibres. In this approach, ZnONPs and AgNPs were mixed with PVP and PCL
to obtain nanofibers. The ZnO/Ag/PVP/PCL bimetallic nanofibers displayed potent
antibacterial activity and low cytotoxicity than the single metal nanomaterial-loaded
nanofibres (Hu et al. 2018).

Copper plays many roles during the wound healing process. The antibacterial
activity in copper is well-known while its involvement in skin re-modulation, stimu-
lation of angiogenesis, and enhancement of anti-inflammatory power have also been
documented. As copper in its nano form displays better bioavailability than the native
bulk form, Thiwari et al. conducted experiments to synthesize copper nanoparticles
(CuNPs) and to evaluate the wound healing activity. In this study, CuNPs were
prepared using P. aeruginosa. Synthesized CuNPs have exhibited better antimicro-
bial efficacy and a higher margin of safety on HaCaT normal cell line in comparison
to native copper. Further treatment with CuNP-gel showed an increased rate of wound
healing in rats compared to native copper (Tiwari et al. 2014). Similarly, Xiao et al.
hypothesized that copper metal-organic framework nanoparticles can be modified
for the slow release of Cu?*ions and thereby to enhance the rate of wound healing.
Folic acid was added during the synthesis of nanoparticles as a stabilizer and the
resulting folic acid-modified copper metal-organic framework nanoparticles slowly
released copper ions and promoted cell migration in vitro. Further, the synthesized
nanoparticles were capable of promoting angiogenesis, deposition of collagen, re-
epithelialization, and accelerating wound closure rates (Xiao et al. 2018). Sankar
et al. have synthesized copper oxide nanoparticles (CuONPSs) using Ficus religiosa
leaf extract and evaluated antibacterial, and wound healing activity. Interestingly,
CuONPs have inhibited the growth of some pathogenic bacterial strains that can
delay the wound healing process (Fig. 5.2). It increased the rate of wound healing in
Wistar Albino rats (Sankar et al. 2015).

Similarly, CuNPs were synthesized from aqueous extract of the leaves of Falcaria
vulgaris and the antioxidant, antimicrobial, and wound healing properties of the
nanoparticles were evaluated. Notable antioxidant and antimicrobial activities were
observed while the nanoparticles did not affect the viability of the human umbilical
vein endothelial cell line. The in vivo experiments revealed that the treatment with
CuNPs ointment remarkably increased the cutaneous wound healing process in rats
induced with cutaneous wounds (Zangeneh et al. 2019).

Recently, Ahmed et al. reported an ecofriendly approach for the synthesis of CeO,
nanoparticles and the wound healing potential of the synthesized nanoparticles was
evaluated after incorporating them into a chitosan hydrogel membrane as a wound
dressing. Here, the synthesis of CeO, nanoparticles was mediated by Abelmoschus
esculentus extract which functioned as a reducing and stabilizing agent. The green
synthesized nanoparticles exhibited bactericidal effects against both Gram-positive
and Gram-negative bacterial species while the in vivo studies revealed that these
nanoparticles were highly effective in treating wounds. CeO, nanoparticles induced
collagen deposition and enhanced the tensile strength of skin and thereby promoted
wound healing (Ahmed et al. 2021).
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Fig. 5.2 Photographic illustration on different days of control and copper oxide nanoparticles
treated animals (Adapted with permission from Sankar et al. 2015)

Different growth factors like epidermal growth factor (EGF), basic fibroblast
growth factor, granulocyte—macrophage colony-stimulating factor, vascular endothe-
lial growth factor (VEGF) are involved in the wound healing process. For example,
EGF stimulates epithelial cell proliferation and the synthesis of the extracellular
matrix while VEGF stimulates new vessel growth and increases vascular perme-
ability. Similarly, basic fibroblast growth factors (bFGFs) promote fibroblast prolif-
eration and neovascularization. Ribeiro et al. attempted to encapsulate VEGF and
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EGF in chitosan microparticles which were then embedded inside a dextran-based
hydrogel. The in vitro and in vivo assays revealed the applicability of the above
system as a biocompatible approach to improve mechanical, chemical, and biolog-
ical protection of the damaged skin and thereby to re-establish the skin architecture
(Ribeiroetal. 2013). In an early study, Elgin et al. used calcium alginate microspheres
as VEGF carriers and examined the in vivo wound healing potency on the Wistar rat
model. The results indicated that VEGF-encapsulated alginate microspheres were
capable of promoting vigorous angiogenesis, thus showing great promise in tissue
engineering (El¢in et al. 2001).

AuNPs have recently emerged as gene delivery vectors. Wang et al. attempted
to functionalize ultra-small gold nanoparticles (AuNPs@LIL.37) with the antimicro-
bial peptide LL37 which exerts various immunomodulatory functions. Thereafter,
the suitability of this system for the topical treatment of diabetic wounds was inves-
tigated. Here AuNPs@LL37 system was combined with pro-angiogenic (VEGF)
plasmids (AuNPs @LL37/pDNAs) and this has significantly improved the gene trans-
fection efficiency in keratinocytes. It promoted angiogenesis and inhibited bacterial
infection in diabetic wounds ultimately resulting in accelerated wound closure rates
(Wang et al. 2018).

Lipid nanoparticles have been widely investigated over recent years as a safe and
cost-effective drug delivery system. Moreover, these lipid nanoparticles also help
to protect the drug from biological degradation. Solid lipid nanoparticles (SLN),
nanostructured lipid carriers (NLC), and lipid drug conjugates are some examples
of lipid nanoparticles widely employed in pharmaceutical research (Attama et al.
2012).

Impaired wound healing and the development of non-healing diabetic foot ulcers
are common amongst patients suffering from diabetes mellitus. The overproduction
of tumour necrosis factor o (TNFa) causes further damage to the wound due to
the up-regulation of cellular apoptosis, formation of reactive oxygen species, and
degradation of the matrix. Therefore, Kasiewicz and Whitehead developed lipid
nanoparticles (LNPs) loaded with siRNA-specific for TNFa. The topical application
of the nanopreparation decreased TNFa mRNA expression in the wound in both
diabetic and non-diabetic mice. Further, TNF a knockdown has increased the wound
healing process in diabetic mice compared to untreated controls (Fig. 5.3). These
findings demonstrated that LNP-based RNA interference therapy can decrease the
severity and duration of chronic diabetic wounds (Kasiewicz and Whitehead 2018).

The topical administration of nanoparticle-based delivery systems is often facil-
itated by incorporating into either semi-solid hydrogels or solid scaffolds like
fibrin-based biomaterials. Human recombinant EGF-loaded solid lipid nanoparti-
cles (thEGF-SLN) and human recombinant EGF-loaded nanostructured lipid carriers
(rhEGF-NLC) were embedded in either semi-solid hydrogels or fibrin-based solid
scaffolds and the performance of each wound dressing-the delivery system was inves-
tigated. The results indicated that both thEGF-SLN and rhEGF-NLC nanocarrier
systems were equally effective with respect to their in vitro performance. However,
the long-term stability of fibrin-based scaffolds suggested that fibrin-based scaffolds
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Fig. 5.3 LNP-mediated TNFa gene silencing accelerated wound healing in diabetic mice. a Mice
were double-wounded on day 1 and treated on days 2 and 3 with either PBS (control, left wounds) or
LNPs containing siTNFa (250 nM, right wounds). Mice were sacrificed on day 4. b The wound area
is represented as a percent of its original size. By day 4, nanoparticle-treated wounds are statistically
significantly smaller than PBS-treated wounds. ¢ Wounds treated with lipid nanoparticles containing
siRNA specific against TNFa (siTNFa) experienced a 43% reduction in TNFa expression compared
to PBS-treated control wounds. In each panel, error bars represent s. d (n = 4-5, *p < 0.05, **p <
0.01) (Adapted with permission from Kasiewicz and Whitehead 2018)

might be the ideal approach to formulate hEGF-loaded lipid nanoparticles (Gainza
et al. 2015).

Saporito et al. attempted to load eucalyptus and rosemary essential oils into solid
lipid nanoparticles (SLN) and nanostructured lipid carriers (NLC) prepared from
natural lipids. Thereafter the antimicrobial activity of these lipid nanoparticles was
determined against S. aureus and Streptococcus pyogenes. The in vitro proliferation
enhancement, as well as wound healing potential on normal human dermal fibrob-
lasts, was also tested while the rat burn model was used to determine the wound
healing activity in vivo. The nanostructured lipid carriers made up of olive oil and
loaded with eucalyptus oil demonstrated promising activity in both in vitro and in vivo
assays. The synergic effect of eucalyptus oil with olive oil which is rich in oleic acid
was proved to be responsible for antimicrobial activity and wound repair promotion
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(Saporito etal. 2017). Similarly, Rosseto et al. developed solid lipid nanoparticles and
nanostructured lipid carriers as topical propolis delivery systems for wound healing
purposes. Good cell viability was observed in human immortalized keratinocytes
treated with propolis and by-product extracts entrapped systems. Moreover, in vivo
wound healing process was accelerated by SLN modified with propolis (SLN-2 and
SLN-4) as depicted in Fig. 5.4 (Rosseto et al. 2017).

Various electrospinning nanofiber scaffolds have been evaluated as wound dress-
ings by many researchers. The electrospinning method is a quick, cost-effective, and
repeatable method that can be used to obtain nanomaterials formed by the deposi-
tion of polymer nanofibers. Natural polymers (e.g. collagen, gelatin, chitosan, silk
fibroin), as well as synthetic biodegradable polymers like poly(vinyl alcohol) (PVA),
polyacrylonitrile (PAN), poly(vinyl acetate) (PVAc), polyurethane (PU), polylactic
acid (PLA), poly(e-caprolactone) (PCL), poly(lactide-co-glycolide) (PLGA), are
employed in the development of these nanofibrous mats. Electrospinning results in
an interconnected three-dimensional network with features like the large surface area
to volume ratio and high porosity that can facilitate wound homeostasis while also
allowing gas and nutrient exchange. Further, loading drugs or other biomolecules
into these fibres is also possible (Abrigo et al. 2014). Particularly, in the treatment of
chronic non-healing wounds, much attention is given to dressings that are capable
of preventing microbial infiltration while maintaining a balanced moisture and gas
exchange environment. In this respect, electrospun wound dressings with the ability
to simultaneously impair or treat infection and encourage cell proliferation/wound
healing are receiving much attention (Abrigo et al. 2014; Coelho et al. 2018).

Gonis et al. also conducted experiments to develop bioactive wound dressing
materials capable of promoting wound healing as well as being involved in the
regeneration of healthy tissue. These experiments led to the development of poly (1,8
octanediol-co-citrate) and poly (acrylic acid) nanofibrous scaffolds. Antibacterial
potential, hydrogel-like water uptake capability, and the capacity to deliver growth
factor at physiologically relevant concentrations are some important features of this

Control Gel-SLN2 Gel-SLN4

Fig. 5.4 Results of wound closure test—representative photographs showing the wounds and the
different treatments in SKH1-mice after treatment (d0) and 15 days after (d15) (Adapted with
permission from Rosseto et al. 2017)
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nanofibrous scaffold. Further, it demonstrated low toxicity and cellular adhesion
while enhancing the proliferation of skin fibroblasts (Gonis et al. 2017).

Fibrin is a coagulation protein that plays an important role in the wound healing
process. It is derived from its precursor fibrinogen, a soluble protein synthesized
by the liver and found in blood plasma. Fibrin is often utilized as a scaffold for
wound healing and also as a drug carrier. For example, Alphonsa et al. devel-
oped ciprofloxacin-loaded and fluconazole-loaded fibrin nanoparticles in order to
achieve sustained delivery of encapsulated antimicrobial drugs to treat microbial
infected wounds. A good antimicrobial activity was observed in the above drug-
loaded systems while maintaining adequate cell viability of human dermal fibrob-
last cell lines (Alphonsa et al. 2014). Similarly, Losi et al. developed a fibrin-
coated poly(ether)urethane-polydimethylsiloxane scaffold containing poly(lactic-
co-glycolic acid) (PLGA) nanoparticles loaded with recombinant human VEGF and
bFGF (Losi et al. 2013).

Nanofibrous scaffolds fabricated with natural polymers such as collagen in the
presence of bioactive metabolites have great promise in tissue engineering. Kand-
hasamy et al. conducted experiments to develop collagen-coated ostholamide (OSA)
electrospun nanofiber scaffold and thereafter to evaluate the wound healing potential.
Ostholamide (OSA) was derivatised from osthole, a natural coumarin with antimi-
crobial, anti-inflammatory, and antioxidant activities. Here, OSA was added to poly-
hydroxybutyrate (PHB) and gelatin (GEL), which were used as templates for electro-
spun nanofibers. Thereafter, the electrospun PHB-GEL-OSA scaffolds were coated
with collagen and this resulted in PHB-GEL-OSA-COL nanofibrous scaffold that
mimics the extracellular matrix (Fig. 5.5).

The PHB-GEL-OSA-COL nanofibers have displayed exceptional mechanical
stability, which is important in wound healing. Moreover, the presence of OSA
provided antibacterial properties to this nanofiber scaffold. Further, the nanofibrous
scaffold was able to release OSA in a controlled manner and it was found to be stable
against enzymatic degradation, a property that is important for the repair and remod-
elling of tissues during wound healing. The in vivo experiments conducted using
Wistar rats revealed enhanced wound healing in rats treated with PHB-GEL-OSA-
COL nanofibrous scaffold in comparison to untreated rats (Fig. 5.6) (Kandhasamy
etal. 2017).

Hyaluronic acid (HA) is a component of the extracellular matrix involved in the
wound healing process. It is widely used as a hydrogel scaffold for wound healing
applications. Pereira et al. developed polymeric films containing hyaluronate, sodium
alginate, and polyvinyl alcohol (PVA) and loaded with Aloe vera extract and vitamin
E. Although this formulation was found to be more effective than the conventional
vitamin E cream, it showed a burst release of the vitamin and was not occlusive
(Pereira et al. 2014). Therefore, a new form of hyaluronic acid-coated lipid nanopar-
ticles was formulated for topical administration on burns. Here, vitamin E-loaded
nanoparticles based on hyaluronate and lecithin were developed with the use of
the cationic lipid dioctadecyldimethylammonium bromide (DODMA). The prepared
nanoparticles were subsequently embedded in a polymeric film containing Aloe vera
extracts. Interestingly, a slow release of the vitamin was observed along with more
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Fig. 5.5 SEM micrographs of nanofibers; a and al PHB-GEL-OSA (overlay view at 6000X and
24000X) and b and b1 PHB-GEL-OSA-COL (Collagen coated PHB-GEL-OSA fibres at 6000X
and 24000X magnification) scaffold (Adapted with permission from Kandhasamy et al. 2017)

efficient occlusion properties in comparison to the formulation containing the vitamin
but in the absence of nanoparticles. Further, this nanoparticle-loaded polymer film
reduced the water loss through damaged skin while protecting the vitamin against
degradation from light and oxygen (Pereira et al. 2016).

Recently Buntum et al. formulated semi-solid poly(vinyl alcohol) (PVA) hydro-
gels containing essential oil-loaded chitosan nanoparticles for wound dressing appli-
cations. Essential oils of clove and turmeric were used in this study. The essential
oil-loaded chitosan nanoparticles in semi-solid PVA hydrogels helped to sustain and
prolong the release rate of essential oil from the hydrogels. Moreover, the investi-
gated semi-solid PVA hydrogels were found to be non-toxic to the cells as those were
able to retain the viability of NCTC clone 929 and NHDF cells above 70% (Buntum
et al. 2021).

Oxidative stress adversely affects tissue repair and regeneration, thus the removal
of excessive ROS may result in an accelerated healing process. In this respect,
antioxidant biomolecules play a significant role with their ability to neutralize free
radicals. Therefore, Kandhasamy et al. designed a quinone-based chromenopyra-
zole (QCP) antioxidant-laden silk fibroin nanofiber scaffold (QCP-SF) for skin
tissue engineering applications. For this, 3-methyl-4-(4-oxo4H-chromen-3-yl)-1-
phenylbenzo[6,7]chromeno[2,3-c]pyrazole-5,10 (1H,4H)-dione (QCP) derivatives
inherited with potent antioxidant activity were synthesized and incorporated into
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Fig. 5.6 Photographs showing wound closure efficiency in the control (untreated wound), collagen
scaffold (COLF), PHB-GEL-COL fibres, and PHB-GEL-OSA-COL electrospun nanofibrous
scaffold (Adapted with permission from Kandhasamy et al. 2017)

silk fibroin nanofiber scaffold. Silk fibroin (SF) is a natural protein derived from
cocoons of silkworm Bombyx mori and it has various tissue engineering applications
mainly due to its ability to enhance re-epithelization, adhesion, and massive prolif-
eration of keratinocytes, fibroblasts, and endothelial cells. Upon the incorporation
of QCP, the nanofiber scaffold displayed an increased cell attachment and prolifer-
ation in NIH 3T3 fibroblasts and rat bone marrow stem cells (r BMSCs). Moreover,
QCP-SF scaffold displayed a rapid cell migration in the scratch assay and hence an
excellent wound healing activity (Kandhasamy et al. 2019).

Vitamin E-loaded silk fibroin nanofibrous scaffolds have also been developed for
wound healing applications. Vitamin E (a-tocopherol) functions as an antioxidant as
well as a stabilizing agent in biological membranes. The water-soluble derivative of
vitamin E, RRR-a-tocopherol polyethylene glycol 1000 succinate (VE TPGS) was
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loaded into silk fibroin nanofibrous mat and the wound healing activity was evalu-
ated by Sheng et al. Sustained release behaviour of VE TPGS from the nanofibrous
mat was observed in the in vitro study. Moreover, this novel scaffold encouraged the
proliferation of skin fibroblasts and enhanced the survival of the cells against oxida-
tive stress (Sheng et al. 2013). In another study, vitamin E-loaded starch nanoparticles
were incorporated into silk fibroin/poly(vinyl alcohol)/Aloe vera nanofibers system
prepared by the electrospinning method. The incorporation of Aloe vera and vitamin
E silk fibroin/poly(vinyl alcohol) nanomatrix enhanced the fibroblast attachment,
proliferation, and collagen secretion while the presence of vitamin E has exerted an
antioxidant effect facilitating the wound healing process (Kheradvar et al. 2018).

In another study, soy protein isolate/silk fibroin (SPI/SF) nanofibrous scaffolds
were developed and the wound healing potential was evaluated. These scaffolds
were found to be non-toxic to normal mammalian cells and were capable of healing
full-thickness wounds in rats within 14 days (Varshney et al. 2020). Similarly, nanofi-
brous scaffolds comprised of gum tragacanth/poly (e-caprolactone) have also been
developed for tissue engineering/wound dressing applications. Gum tragacanth is
a mixture of water-soluble polysaccharides of plant origin reported with wound
healing potency. Poly (e-caprolactone) is an aliphatic polyester with good mechan-
ical properties which is widely employed in biomedical applications due to its
biocompatibility, slow biodegradability, and non-toxicity. The fabricated scaffold
was capable of enhancing fibroblast adhesion and proliferation and also displayed
antibacterial activity against Gram-positive and Gram-negative bacterial species
(Ranjbar-Mohammadi and Bahrami 2015).

Rathinavel et al. fabricated a nanoscaffold comprised of functionalized SBA-
15 (Santa Barbara Amorphous) polycaprolactone (PCL) and curcumin for wound
healing applications. The high biocompatibility and cell adhesion property of amine-
functionalized SBA-15 as well as antimicrobial potential in curcumin have made
this nanoscaffold an effective wound healing therapeutic. The in vivo experiments
with Wister rats indicated that the treatment with this nanoscaffold has led to re-
epithelization, collagen deposition, and formation of granulation tissue resulting in
99% scar-less wound healing within 21 days (Rathinavel et al. 2021).

The combination of different nanotechnological approaches can result in the
development of more sophisticated and improved wound healing materials. For
example, Chen et al. synthesized a novel wound dressing with the use of AgNP-
loaded Konjac Glucomannan composite sponges (KGM/AgNP). In this approach,
AgNPs were prepared with egg whites and then KGM powder was added while
vigorously stirring. Thereafter this mixture was freeze-dried to obtain a nanocom-
posite sponge. This sponge possessed properties like antibacterial activity against
E. coli and S. aureus, good cytocompatibility, higher capacity of water absorption
and retention as well as significant mechanical properties. In addition, animal exper-
iments demonstrated that the fabricated nanocomposite was capable of enhancing
wound healing and promoting fibroblast growth and epithelialization (Chen et al.
2018).

Furthermore, Ding et al. prepared a chemically cross-linked spongy bilayer
composite as a wound dressing. The upper layer was formed from chitosan-Ag
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nanoparticles cross-linked with genipin. Genipin is a compound isolated from the
fruit of Gardenia jasminoides and it is being widely used to cross-link the free amino
groups on chitosan. The lower layer of the bilayer composite was made of chitosan
cross-linked with genipin and partially oxidized Bletilla striata polysaccharide. B.
striata is a plant employed in traditional Chinese medicine and several in vitro assays
have reported that polysaccharides obtained from this plant can enhance the prolifer-
ation of human vascular endothelial cells and the expression of vascular endothelial
growth factor. The newly developed wound dressing material exhibited good water
retention, mechanical strength, 1929 cell proliferation, and antimicrobial activity.
The in vivo studies revealed that the new wound dressing material has accelerated
the healing rate of cutaneous wounds in mice (Ding et al. 2017).

Similarly, Yang et al. employed some of the structural components of p-lactam
antibiotics; i.e. 6-aminopenicillanic acid (6-APA), 7-aminocephalosporanic acid
(7-ACA), and 7-amino-desacetoxy-cephalosporanic acid (7-ADCA) to modify the
surfaces of AuNPs. Thereafter these modified AuNPs were incorporated into electro-
spun poly(e-caprolactone) (PCL)/gelatin fibres to fabricate a wound dressing mate-
rial. The antibacterial activity studies indicated that APA-coated AuNPS were more
effective than AuNPs coated with 7-ACA and 7-ADCA to inhibit the growth of P.
aeruginosa and Klebsiella pneumonia as well as clinically isolated MDR (multi-
drug resistant) strains. Furthermore, the in vivo bacteria-infected wound healing
study showed that it has a remarkable ability to treat MDR bacteria-infected wounds
(Yang et al. 2017).

Thanusha et al. developed a hydrogel composed of the triterpenoid asiatic acid,
zinc oxide nanoparticles, and copper oxide nanoparticles which were incorpo-
rated into the gelatin and glycosaminoglycans (hyaluronic acid and chondroitin
sulphate). Thereafter the efficacy of this hydrogel composite in healing second-degree
burn wounds was determined using Wistar rats. The presence of either ZnONPs
or CuONPs in the hydrogel composite resulted in a higher antibacterial activity
compared to the hydrogel composite scaffold. Moreover, a significant wound healing
activity was seen in Wistar rats treated with hydrogel composite in comparison to the
control (NeuSkin" and cotton gauze). The histopathology study demonstrated that
re-epithelialization, arrangement of collagen fibres, and angiogenesis were facilitated
by the above treatment (Fig. 5.7). Further, a decrease in TNF-a and an increase in
MMP-2 expression were observed with the treatment and supposed to be contributed
to the healing process (Thanusha et al. 2018).

The wound healing potential of phytochemical-decorated AuNPs was evalu-
ated by Lee et al. The skin regeneration study revealed that the treatment of gallic
acid-isoflavone-covered AuNPs/protocatechuic acid-isoflavone-covered AuNPs on
the dorsal skin of rats has resulted in a thicker epidermis, a decrease in the
metalloproteinase-1 level and an increased activity in superoxide dismutase. More-
over, phytochemical-decorated AuNPs treatment on surgical and burn wounds in
Sprague—-Dawley (SD) rats has improved the expression of VEGF and angiopoietin-
2 and induced the proliferation of granulation tissue and keratinocytes. Further, the
study revealed that nanoparticles exert an anti-inflammatory function during the
wounding healing process while gallic acid-isoflavone-covered AuNPs can activate
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ii)  Composite Neuskin Cotton guaze

Fig. 5.7 Photographic images of (i) procedure followed for applying second-degree burn wound: a
removal of hairs, b applying burn punch (2 cm?) of 95 °C for 20 s, ¢ formation of burn, d after 24 h,
removed epidermal burnt position-Oth day. (ii) a—¢ hydrogel composite applied wound on 7d, 14d
and 28d, d—f NeuSkinTM applied wound on 7d, 14d, and 28d, g-i Cotton gauze (Control) applied
wound on 7d, 14d, and 28 day (Adapted with permission from Thanusha et al. 2018)

the transforming growth factor f (TGF-f) function for skin regeneration (Lee et al.
2015).

Tissue-engineered skin substitutes are emerging as an effective therapeutic option
to treat patients with skin damage caused by congenital defects, burns, etc. Although
collagen-based dermal substitutes (e.g. Dermagraft, Apligraf) are used as skin substi-
tutes, the issues like antigenicity could lead to unsatisfactory outcomes. As a result,
several synthetic or natural polymers have been investigated and silk fibroin has
shown great promise as an alternative material for the construction of dermal substi-
tutes (Park et al. 2016). Although nanofibers fabricated by electrospinning silk fibroin
possess desirable biocompatibility, the small pore size makes it difficult for cells
to infiltrate these electrospun silk fibroin. Therefore, Lee et al. developed a method
using NaCl crystals to control the pore size of the electrospun silk fibroin and thereby
allowing cells to easily infiltrate into the nanofibers and proliferate internally. The
newly developed three-dimensional electrospun silk fibroin nanofiber did not show
any cytotoxicity while displaying increased cell infiltration in NIH 3T3 fibroblast
cells. The in vivo experiments revealed that it could accelerate re-epithelialization
and wound closure and was equally effective as Matriderm. However, it almost
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completely degraded without inducing wound contracture like with Matriderm.
Therefore, this electrospun silk fibroin nanofiber displayed a high potential to be
used in human patients with full-thickness skin defects (Lee et al. 2014). In the
follow-up study, a skin substitute was developed by using the 3-D electrospun SF
nanofiber scaffold. The high interconnectivity between pores and the porosity as well
as the water uptake abilities have facilitated cell infiltration and proliferation leading
to increased infiltration of fibroblasts and the stratification of keratinocytes. These
observations further confirmed the suitability of the 3-D electrospun silk fibroin
nanofiber scaffold for skin tissue engineering (Park et al. 2016).

An important concern during tissue engineering is to mimic the fibrous struc-
ture of the extracellular matrix. The development of scaffold materials with good
biodegradability, surface properties, mechanical strength as well as controlled drug
release potential is important in tissue engineering. Li et al. fabricated core-sheath
nanofibers comprised of poly (e-caprolactone) and silk fibroin blends. This scaffold
resulted in an improved cell attachment and proliferation and sustained drug release
(Lietal. 2011). In another study, the natural antioxidant fenugreek was incorporated
into silk fibroin nanofibers and the wound healing potential of this nanofiber scaffold
was evaluated using full-thickness excisional wounds in the rat model. The devel-
oped material has displayed excellent mechanical, thermal, and antioxidant proper-
ties and resulted in complete re-epithelialization and enhanced collagen deposition
accelerating the wound healing process (Selvaraj and Fathima 2017).

Bioactive glasses (BGs) are normally employed for hard tissue regeneration.
However, these can also be used to prepare wound dressings because of their ability to
stimulate rapid haemostasis, fibroblasts proliferation, and angiogenesis. Particularly
the nano-scale bioactive glasses were found to be more effective than conventional
bioactive glasses due to the larger specific surface area. Wang et al. developed an
easy-to-use hydrogel by mixing bioactive glasses with gelatin. This hydrogel caused
a rapid cutaneous-tissue regeneration and tissue-structure formation in rats (Wang
et al. 2017).

Based on the aforementioned examples, it is clear that nanomaterials have a
great potential to be employed as wound healing therapeutics and tissue engineering
scaffolds in near future.

5.4 Conclusion

Skin is the largest external organ in the human body and it can be damaged due
to various reasons. Therefore, wounds may occur on the skin very often. Wound
healing is a complex process and it may get delayed due to several factors. Nowadays
traditional wound dressings have been replaced by more sophisticated modern wound
dressings. Nanomaterials are playing an important role in the development of highly
effective wound dressings. Tissue engineering scaffolds nanoparticles, nanofibers,
as well as nanocomposites, appear as excellent wound healing agents and tissue
engineering materials due to the intrinsic antimicrobial activity, cytocompatibility,
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low toxicity, etc. Hence, nanomaterials have an inevitable future as wound dresses
and skin substitutes.
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