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Abstract

The biological process of healing of wounds deals with the regeneration of cells and is of utmost
importance mainly because of the morphological and functional attributes of the tissue. One of
the modern approaches is to use novel nanomaterial based wound dressings and other therapeutic
treatments that have higher efficiency and specificity. Researchers all around the world have
established the competence of various organic, inorganic or polymer-based and biogenically
synthesized nanomaterials as a weapon for wound curing. Various matrices carrying nanoparticles
like hydrogels, hydrocolloids are used in nano based drug delivery system. The biocompatibility,
antimicrobial efficacy and sustained rate of drug delivery are the three main features that are
considered for designing a nano drug for effective wound healing. The modification of the nanosized
liposome using propylene glycol increases cell-permeation and retention in skin layer. Curcumin
loaded liposomes show high anti-inflammatory effect, carbon nanodots (CNDs) and graphene oxide
based nanosheets have also shown an immense importance in possessing high surface area. They also
show potency in promoting fibroblast growth factors and collagen deposition for speedy recovery
of wound. Moreover, the chronic wounds, that could not be cured by common antibiotics, can be
addressed by nano based drugs not only for their easy penetration to deeper layer of tissues but also
for their efficiency in killing some biofilm associated bacterial strains. Hence, nowadays nano based
dressing materials are widely used for rapid recovery of wounds of various types.

Keywords: Wound healing, Cell regeneration, Nanoparticles, Green synthesis

Introduction

Wound healing is one of the many essentially
required complex but well-orchestrated natural
phenomena that is spatiotemporally regulated to restore
the physical integrity of the tissue [1]. The curing of
wounds is of substantial importance as exposed region
of body provides a profound location for the invasion
of disease-causing agents. It has been found by a

retrospective analysis and also reported in an article of
Wound Healing Society (2019) that around 8.2 million
of population has been affected by wounds with or
without infection [2, 3]. Statistics inform us that 2%
of the population in developed countries is affected by
chronic wounds and more than about 305 million in
the world altogether are recorded and treated for acute,
traumatic and burn wounds [3, 4].

Wound healing is a controlled mechanism where
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multiple growth factors such as chemokines and
cytokines, and signaling molecules like interleukins
(ILs) help in coordination for cell to cell and cell to
extracellular matrix (ECM) interaction that eventually
lead to re-epithelialization [5]. There are various phases
of wound healing like hemostasis, inflammation,
proliferation and remodeling [6]. The natural flow of
these stages can be disturbed or slowed down by the
impaired fibroblasts, decreased angiogenesis, impaired
adhesion or signaling, enhanced protease level etc.
Moreover, there is a considerable amount of chance
of these wounds being affected by harmful microbes
especially in a place where there is unproper facilities
for disinfection, sterilization and cleanliness. The
situation is worsened when wound surface is colonized
by Multiple Drug Resistant Bacteria (MDRB) [1, 7].

During the last few decades, continuous deployment
of antibiotic or antimicrobial drugs has led to dramatic
increase in the resistance of bacteria towards the drugs
thereby increasing the number of MDRBs. Continuous,
inappropriate and sometimes overuse of certain drugs
can not only genetically mutate bacteria, but also may
draw resistance in other pathogenic organisms such as
virus, fungi, parasites etc. [8] There can be broadly two
underlying mechanisms of bacteria growing resistant
to multiple drugs. Firstly, they can accumulate multiple
genes each of which can code the proteins to gain
resistance towards single drug. This accumulation
is generally associated with R-plasmids. Secondly,
heightened expression of efflux pump proteins that

may result in increased efflux of multiple drugs from
the bacterial cell. Resistance to various drugs such as
macrolides, azole derivatives, p-lactamases, DNA and
RNA synthesis inhibitors has already been observed
[9].

Another major concern of multiple drug resistance
is the formation of biofilms on the wounds. These are
assemblage of microbial cells on biotic and abiotic
surfaces that can sometimes cause severe health issues.
The free-floating planktonic form of bacteria, to
facilitate survival during adverse conditions, adheres to
a surface leading to formation of biofilms (Table 1). It
has been well documented that bacteria residing within
biofilms can grow significant resistance against drugs.
A study by James et al. has shown that almost 60% of
the observed chronic wounds and 6% of the observed
acute wounds contain biofilms [10]. The virulence
factors in bacterial biofilm can disbalance host immune
response and the physical barrier created by the
extracellular polymeric substance (EPS) can affect
inflammatory cell phagocytosis. Further, biofilms may
potentially cause inhibition of cascade mechanism of
complement proteins and reduce penetrating ability of
the drugs. Therefore, an alternative method to target
the specific cells to influence wound healing and at the
same time inhibit the growth of microorganisms will
be of utmost importance.

However, with the recent progress in clinical
research, one of the most promising technologies that
can revolutionize the medicinal approach of treatments,

Table 1 Types of wounds associated with multidrug resistant organisms [13-16]

Organism

Infection site / infection type

Acinetobacter baumannii
b-lactamase-producing E. coli
b-lactamase-producing Klebsiella pneumonia
Resistant Mycobacterium tuberculosis
Vancomycin-resistant enterococci
MDR S. pneumoniae
P. aeruginosa
Methicillin-resistant Staphylococci
Acinetobacter sp
Streptococcus milleri group
Clostridium spp.

Proteus mirabilis

Lung; indwelling devices; bine; blood; implants
Urinary tract; biliary; gastrointestinal, implants; diabetic wounds

Lung; indwelling devices; bine; blood; implants; ulcers

Lung

Cardiovascular; intra-abdominal; implants; indwelling devices; joint;

respiratory and bloodstream infection

Ear; lung; cerebrospinal fluid

Urinary tract; indwelling devices; implants; otitis; pyoderma; diabetic wounds
Surgical wounds; skin and soft tissue infection; diabetic wounds

Intravenous catheter; surgical drain infections; incision and wound infections

Diabetic wounds
Diabetic wounds; ulcers

Diabetic foot infections
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is the application of nanomaterials as therapeutics. It
can be seen as a more effective and efficient alternative
to the drug delivery systems and wound dressings.
It not only has the broad range of application in this
context but can also provide us with the flexibility in
terms of target-specific therapy. It can be applied in
two ways - either its feature can directly affect the
wound or it can be used as a carrier to enhance the
exposure of the drug to the targeted wound.

Although few reviews are available on application of
nano materials for wound healing, most of them have
focused on a particular type of nanomaterials or nano-
based scaffold for the treatment of wound associated
infections [11]. But still there is dearth of knowledge
on the mechanism of by which the nano based
drugs are acting on these wounds addressing their
clinical attributes [12]. The present review describes
the types of wounds with an overall mechanism of
wound healing and the shortcomings of conventional
therapeutic measures of wound curing process. The
overview intends to appraise the nano based drug
delivery system highlighting their effectiveness and
expediency.

Wound and its recovery

An injury that causes the damage of skin with
formation of superficial or deep lesion is regarded as
a wound. It may be caused by puncture, burn or any
other mechanical or chemical injury. It may be open
wound or a closed type (contusion). A wound is always
invaded by microbes and depending upon the nature
of organism the wound may become a chronic one.
“Cutaneous wound healing is an essential physiological

process consisting of the collaboration of many cell
strains and their products.” [17]

The natural process of wound healing

The process of natural healing divided into four
overlapping stages is complex, but also fragile. There
is cascade of reactions that occur simultaneously that
finally restores the integration of the tissue [17].

At the very first stage (Fig. 1(a)) of the healing
process in an injured tissue, an outflow of blood and
lymphatic fluid appears initially followed by activation
of intrinsic and extrinsic pathways for coagulation
that leads to stopping of blood loss [17]. It is known
as hemostasis. A short-spanned vasoconstriction
(Fig. 1(b)) occurs due to aggregation of platelets at
the endothelial lining. It is a hypothermic preventive
strategy that is an energy driven process which utilize
ATP. Quickly after it, vasodilation occurs leading to
influx of the white blood cell, leukocytes, thrombocytes
etc. [19].

The natural tendency of the body is to resist against
the foreign substances when it is exposed to the
external environment after injury. Hence, it elicits an
inflammatory response — the second stage of wound
healing. It starts along with the hemostasis phase.
Platelets, present at highest number at the site of
the wound, start secreting certain proinflammatory
factors viz. serotonin, bradykinin, prostaglandins,
thromboxane etc. that help in inflammation. Further,
histamine is secreted dilating the blood vessels,
increasing the permeability, thereby causing the
proteins to leak into the extravascular space [20].
Neutrophils, lymphocytes and macrophages migrate to
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Fig. 1 (a) The major stages of wound healing; (b) Graph showing the overlapping nature of different healing stages [18].
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the site and help in clearance of the cellular debris and
any microbial infection [6].

The proliferative stage where the mechanism of
proliferation takes place to fill up the wound-bed.
Different growth factors (Table 2) secreted during
the inflammatory stage also induce cell proliferation.
Moreover, the proliferation is mediated by migration
of keratinocytes and fibroblasts [21]. Fibroblasts cells
are important for angiogenesis and collagen synthesis.
Collagen deposition occurs on the fibrin-fibronectin
clots. Fibroblast cells, after proliferation, secrete
various ECM proteins such as fibrin, fibronectin,
glycosaminoglycans and proteoglycans etc. that
support angiogenesis. The entire event leads to the
granulation tissue formation that is essential for the
healing. In the meantime, being stimulated by the
different growth factors earlier released by different
cells like macrophages, platelets etc., endothelial cells
that help in initiating neovascularization leading to
improved nutrient and oxygen exchange through the
wound bed [22].

Finally, comes the remodeling stage. Collagen fibers
are arranged and cross-linked all over the wound-
surface and meanwhile fibroblast cells differentiate
into myofibroblasts. These myofibroblasts possess
cytoplasmic actin like filaments and therefore, help in
contraction of wound [26].

Established Methods

Nanomaterials in wound healing

Nanotechnology is considered to be one of the
modern fields of science that spreads across multiple
disciplines in terms of application. Particles upto size
of 100 nm is dynamically designed or synthesized
showing diverse properties. When a particle is nano-
scaled, its surface area increases exponentially
decreasing the volume as well as increasing the
efficacy in interaction, therefore bringing it a unique
physio-chemical property that is extremely useful
in medical science [27]. Due to recent advancement
in nanoscience, different nano-based systems have
already been designed that not only can increase the
efficacy due to greater surface area, but also increase
specificity by providing targeted delivery of drugs.

Metallic nanoparticles in wound healing

Out of all the metals, silver (Ag) is probably
the most widely studied metal in synthesis of
nanoparticles. Silver nanoparticles (Ag NPs) are
basically studied because it exhibits significant
antibacterial property. So, it is very much efficient
against multiple drug resistance bacteria and due to
the presence of strong negatively charged surface, they
are highly reactive [28]. Along with that, it can reduce
the secretion of cytokines and thereby decreasing

Table 2 List of different growth factors associated with wound healing [23-25]

SI. No. Growth Source of cells Mode of action
factors
Platelets; fibroblasts; macrophages; vascular 1. Regulates cell growth and proliferation.
1. PDGF . . 2. Acts as chemoattractant.
endothelial cells; vascular smooth muscle cells . .
3. Promotes cytokine secretion
) . 1. Initiates angiogenesis.
2. VEGF macﬁ?tilaetZ}ﬁEZ?;Iiﬁz’ tes 2. Granulation tissue formation.
phages, Y 3. Proliferation and migration of endothelial cells.
1. Stimulates proliferation and miration of keratinocytes.
3. EGF Platelets; fibroblasts macrophages 2. Increases tensile strength of skin.
3. Enhances production of fibronectin.
. . . 1. Induces angiogenesis.
4 TGF-a Platelets; macrophages; keratinocytes 2. Activates EGF receptors.
5 IGE Liver cells; fibroblasts; macrophages; 1. Inhibits gastric secretion.
' neutrophils; hepatocytes 2. Stimulates fibroblast proliferation.
6. bFGF Fibroblasts; macrophages; endothelial cells L St|mu|ate pr_ol'lfe_ra_tlon, mlgratlon.
2. Angiogenesis in injured skin.
. 1. Acts as a mitogen for epithelial cells.
! KGF Fibroblasts 2. Promotes the proliferation, migration and morphogenesis of epithelial cells.
) . 1. Chemoattractant for macrophages.
8. TGF-B Platelets; fibroblasts; 2. Acts as a mitogen for fibroblasts.

macrophages; keratinocytes

3. Promotes granulation tissue formation.
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the effect of lymphocytes and mast cells (secreting
histamine) causing reduction in inflammation [29].
Another advantage of using silver is that it is easier
to synthesize in varying range of size (2-100 nm)
and shape which gives much flexibility in terms of
morphology [30]. Meanwhile, it can also be useful as
an ingredient to wound-dressing material. The study
by Tian et al. (2007) showed that Ag NP impregnated
dressing was successful against normal as well as
diabetic mice [31]. However, it has been found that
the continued exposure of Ag NPs can be toxic and
extremely sensitive to the regenerative cells. In an ex-
vivo study of different silver dressings it was found that
the presence of silver delays the re-epithelialization of
cells. Hence, the Ag NPs need to be carefully handled
when applied directly or indirectly on the wounds [32].

Gold nanoparticles (Au NPs) are also well-studied
and advantageous to treat against wounds. These are
more chemically stable than the Ag NPs and hence
have slightly lower cytotoxicity. However, it shows
intrinsic antibacterial and antioxidant property [33]. In
a recent research, a combined treatment of Au NP with
antioxidant drugs epigallocatechin gallate and a-lipoic
acid showed accelerated angiogenesis [34]. Au NPs
can exhibit bactericidal and bacteriostatic properties
as it can either target bacterial cell wall directly or
block the unwinding of the super-coiled DNA during
replication and transcription. Although, it has been seen
that the application of the lower concentration of Au
NP at the site induces cellular growth and accelerates
keratinocyte differentiation, it has also been found that
significant higher concentration can also be harmful
due to increased cytotoxicity [35].

Zinc oxide nanoparticles (ZnO NPs) are probably the
most reliable NPs in terms of exhibiting antimicrobial
activity due to ROS (Reactive Oxygen Species) activity.
It can perturb the bacterial cell membrane [36]. Further,
it is biocompatible. In a recent study, based on an in
vitro model, when fibroblast cell lines were studied
with exposure to ZnO NPs, growth and enhanced
proliferation of the fibroblast cells were observed
[37]. To increase the efficacy, it is often associated by
chitosan or hydrogel based wound dressing material
for better delivery of the drugs. The contraction of
wound and re-epithelialization is accelerated by the
ZnO NPs. However, at higher concentration it can also
cause dysfunction of mitochondria in keratinocytes and
sometimes can inhibit gene expression of superoxide
dismutase and glutathione peroxidase ultimately leading
to oxidative stress and apoptosis of the cells [27].

Palladium nanoparticle can be useful because of
its efficient photothermal property. In a study, size
depended Pd nanoparticles produced (~2 nm), showed
significant inhibition of growth against wound causing
bacteria like E. coli and S. aureus. It was proposed
that the activity of the Pd nanoparticles were due to
its high reactivity against enzymes such as succinate
dehydrogenase, creatine kinase etc. 100% mortality of
S. aureus was resulted within four hours of exposure
with these nanoparticles at the concentration of 10° M
only [69]. In another study Pd nanoparticles were used
on skin discs in an organ culture experiment. It reduced
oxidative and cellular damages and restricted skin
thinning. Moreover, oxidative deterioration of the tissue
was also controlled. This proves potential application of
Pd nanoparticles in skin [38, 39] (Table 3).

Platinum has high catalytic property that makes it
beneficial for nano based therapeutic applications. In
a recent study by AL Ruiz et al. (2020), novel silver
(Ag) - platinum (Pt) assembly was synthesized that
showed marked reduction in the colony count of S.
aureus, P. aeruginosa and multi-drug resistant E. coli.
Furthermore, it has been proven to be effective against
cancer cells because of its selective nature [40, 41]. In
another study, platinum was added in titanium-silicate
nanoparticles to generate punctual defects and thereby
enhances the biocatalytic property. Regeneration of
tissue was observed in an in-vivo model using diabetic
mouse wounds. Along with the healing effect it showed
low cytotoxicity and bactericidal effect also making it
highly potential for biomedical application [42].

Copper nanoparticles have the ability to affect
the expression of hypoxia inducible factor (HIF-
1a) and vascular endothelial growth factor (VEGF).
Further, they can also be used as an antimicrobial and
antioxidant agent. In an in-vivo sample of Wister rats,
when novel synthesized Cu NPs were applied, cell
proliferation and collagen production were observed
[43]. Green synthesized copper nanoparticles were
produced by Tahvilian et al. (2019) using Allium
saralicum to apply on cutaneous wounds. Substantial
reduction of wound area and remarkable raise in
neutrophil, macrophage and lymphocyte cells was
noted. Besides, it exhibited both antibacterial and
antifungal activity [44]. Even hydrogel mediated drug
delivery system is also quite common with copper
nanoparticles. The photothermal activity of the copper
can reduce bacterial growth promoting the healing of
wounds [45].
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Table 3 Metallic NPs and its description, utilities and limitations
Nanoparticles Application in wound healing Advantages Limitations References
It has a profound role in the mechanism
of wound healing by releasing Ag ions
_ _ into th_e bacterial cells thereby damaging Antibacterial property, antiviral,
Silver Nanoparticles the intracellular nuclear membranes . A
. . antifungal, and anti-inflammatory - 131,132
(Ag NPs) following by degradation of DNA roperties
and RNA. It also enunciated the the prop '
mechanism of wound healing by the
reepithelization.
Help in the killing of microbes that
are associated with the wounds. It also
Gold nanoparticles forms cross links with collagen and can It helps in the release of reactive oxygen
(Au erJDs) be easily integrated with biomolecules species (ROS), helps in the delivery of - 133,134
like polysaccharides, various types of genes, and also acts as scavengers.
growth factors, cell adhesion molecules
and proteins.
. It enunciates the process of wound It has antimicrobial properties help in It h_as shown toxicity within
Copper nanoparticles . . - - . animal models. Long-term
healing and results in the closing of ~ accelerating the mechanism of wound . . ... 135,136
(Cu NPs) - . . toxicity within human is still
wound within a period of 14 days. healing.
unknown.
. . . It results in the process of angiogenesis  Antimicrobial in nature, and thus help
Zinc oxide nanoparticles . L N - - . ;
and chemotaxi thus resulting in the  in killing microbial cells associated with - 137
(ZnO NP) .
process of wound healing. the wound.
. . . . Non-toxic; Due to porous nature of
It plays an important role in proliferation . N - -
P . Biocompatible; the NPs, it may result in
- . and mitigation of skin fibroblast thus - .
Silica Nanoparticles L . biodegradable haemolysis. It may also 138, 139
helping in the mechanism of wound . . .
] High surface area; result in the development of
healing. . .
easy mechanism of loading drugs. melanoma.
Toxicity is found within
Cerium dioxide It helps in protecting the cells from Antibacterial, antioxidanat and animal model. Long-term 140-142
nanoparticles oxidative damage by taking up ROS antifungal properties toxicity in human is still
unknown.
. . . Sometimes it results in the
Helps in the regeneration of tissues due .. . . .
Titanium dioxide to its high tensile strength, corrosion Antiinflammatory, antibacterial, possess development of inflammatory
! photocatalytic activities,biocompatible, responses, ehnaces cellular 143, 144

nanoparticles resistant and promotes cellular

adherence and proliferation.

and long-term dtability.

uptake and accumulation at
subcellular levels.

Polymeric nanostructures

Polymeric nanoparticles are biocompatible
nanostructures polymeric substances that can carry the
desired drug and protect it from the internal degradation
or protease activity. Hence, these polymeric substances
can act as excellent delivering material. The polymeric
substance must be biodegradable, bioresorbable and
metabolized by the host itself [20].

Among the various polymeric nanostructures,
hydrogels are probably the most studied one. They
can be formed by various synthetic materials such
as polylactide, copolymers, polycaprolactones, and
polyacrylates even polylactide-polyglycolide and
Lactide-glycol-lidecopolymers can be used. Among
the natural polymeric substances to produce or carry
nanostructures, alginate, albumin, chitosan and
polysaccharides are widely explored [46]. Collagen,
the most abundantly present protein, can also be used
to synthesize polymeric nanoparticles. NPs fabricated
collagen is advantageous because it can maintain
chemical stability and thermostatic microenvironment

that accelerates normal wound healing process. Using
covalent cross-linking novel nanocomposites can be
synthesized based on collagen, Ag NPs and histidine
that exhibit comparatively better mechanical strength
as well as antibacterial property [47]. Whereas, non-
immunogenic and highly compatible gelatin-based
hydrogels when loaded with nanoparticles can show
adequate swelling property and antimicrobial property
when applied on a moist wound [48]. Extracted from
the exoskeleton of crustacean arthropods, hydrophilic
chitosan is also an effective biopolymer that is mainly
studied for its high bioavailability, antibacterial activity
and very low toxicity [27] (Table 4).

Scaffolds

Nano-scaffold, generally produced by electro-
spinning, is a well-known term in tissue engineering.
It is a nano-scaled fibrous material made of polymeric
substances that mimics the natural architecture of the
native ECM present at the site of wound. Therefore,
it can serve as a carrier of cells at the site of wound
and also can be suitable for controlled drug release
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Table 4 Polymeric nanomaterials and its description, utilities and limitations

Polymeric

Sl no. . Description Utility Limitations References
nanoparticle
1. Synthesized by crosslinked hydrophilic 1. Used in ulcers, laser resurfacing,
Y Y . yarop graft donor sites and artificial 1. Wounds with excessive exudates
polymers, e.g. polyvinyl - A .
alcohol, polyvinyl pyrrolidone, or organ donor site. may require secondary dressing.
1. Hydrogels ' : ' 2. Efficient for wounds with minimal 2. Not absorptive enough for 49-51
polyethylene oxide. . .
- . . or no exudates. moderate to highly exudative
2. Water and glycerin-based dressing available S .
X . 3. Useful for maintaining moist wounds.
in sheet, gel or impregnated gauzes. j
environment.
. . . 1. React with wound exudates and 1. May not be able to manage
1. Occlusive and adhesive wafer dressings . . f -
. X . . form gel-like covering and hence copiously draining wounds.
which combine absorbent colloidal materials : -
. - - protects the wound. 2. Degradation of the dressing
2. Hydrocolloids  with adhesive elastomers. . . ) . 49-51
. . . . 2. Provide a moist wound materials may produce a residue
2. Contain absorptive particles that interact X ] .
. ) - environment and promote of varying colors and possible
with moisture to form a gelatinous mass. .
autolysis. foul odor.
1. Abundantly available linear polysaccharide 2 Hemostasis and tissue adhesive lubility i | and
3 Chitosan and highly biocompatible property. L L(?W. solubility in neutral an 50, 52
’ ’ 3. Excellent antimicrobial activity acidic pH. '
and good carrier od drugs.
1. Provide a moist wound
. 1. Fibrous sheet derived from brown seaweed. enwron_ment and facilitate 1. Costly.
4 Alginate 2. Main component is alginic acid autolysis. 2. Difficult to handle 50,51
’ P 9 ' 2. Non-adherent, and high : ’
mechanical stability.
1. Naturally occurring insoluble protein 1. Acts as a nanoparticle carrier.
5. Keratin 2. Fibrous protein found in filamentous hair, 2. Gaod ad_hesw_e property and aids 1. Water |nsp|_ub|e. 53, 54
nails etc cell proliferation. 2. Poor stability.
’ 3. Supports fibroblast formation.
1. Promotes granulation and
1. Derived from bovine material. epithelialization.
6. Collagen 2. Processed and shaped into sheets, particles, 2. Suitable for chronic wounds. - 50, 54
or gels. 3. Maintains chemical and
thermostatic micro-environment.
1. Morphological flexibility and
. . . - - mechanical stability. L
7 Silk fibroin 1. Primary constltuen'ts of silk-protein derived 2. Highly biocompatible and good 1. Opaque cr_o.ss—lmkmg system. 54,55
from Bombyx mori. . . 2. Low elasticity.
carrier for nanoparticles.
3. Promotes epidermal growth.
1. Synthesized from polyurethane or any other 1. Permeable to gas. 1. Risk of affecting wound bed
Transparent polymeric materials. 2. Impermeable to bacteria and fluid. ~ while removing due to high 49-51
polymeric film 2. Has flexible, transparent and self-adhesion 3. Easy monitoring of wound. adhesive property.
property. 4. Economical. 2. Non-absorbent

[56]. The scaffolds adhesive in nature - they help in
attachment of the cells to the cell surface receptors and
create convenient microenvironment for proliferation.
In a study, where TiO, nanomaterial carrying nano-
scaffold was applied to the wound, better skin repair
was observed. The physiochemical studies showed
better permeability and stability of the of the dressing.
Even the embedded nano-TiO, helped in successful
inhibition of the growth of Staphylococcus aureus
[57]. Electrospinning is generally used for production
of nano-scaled scaffolds because of its ability to
process large scale and easy control of the fiber
diameter. In a research, nano-scaffolds have been
found to attenuate the collagen synthesis property [58].
A novel treatment deals with incorporation of stem
cells, growth factors and matrix elements into nano-
scaffold and applying it on the wound-bed. Direct
delivery of mesenchymal stem cells (MSCs) rapid cell
death and reduction in proliferation. However, nano-

scaffold based treatment seems to be comparatively
effective in comparison to classical nanoparticles.
The nano-topography of the surface of the scaffolds is
such that a chemical conjugation between the surface
CD29 antibody and CD29 antigen overexpressed in
MSCs will occur, which will contribute to increase
the cell adhesion property of the stem cells. In another
research, a nanocomposite of bone marrow stem
cells and nano-scaffold was designed and showed
successful regeneration of skin when tested on acute
skin wounds. Though the therapy is still in its learning
stage and has not yet been approved by the FDA, but
the advancement and future with nano scaffolds seem
promising [59].

Liposome

Liposomes resemble the lipid cell membrane. They
are colloidal bilayer vesicles made up of amphiphilic
molecules like phospholipids. Due to their excellent
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ability of acting as a carrier, biocompatibility and size,
surface and charge modulation property, they are good
substances of drug delivery. It has been observed that
the damage of co-receptors for growth factors in case
of diabetes causing the prevention of angiogenesis and
cell proliferation [60]. However, this can be overcome
by delivering proteo-liposomes loaded with co-
receptors and growth factors to the site. When tested
on diabetic mouse, the treatment showed positive result
with enhanced vascularization [22]. A special type
of liposome consisting of phospholipids and an edge
activator shows topical activity. The edge activator
provides the liposome high flexibility and enables it to
reach viable epidermis by crossing stratum corneum
[20]. Even, modification of nanosized liposome
using propylene glycol increases cell-permeation and
retention in skin layer. Curcumin loaded liposomes
show high anti-inflammatory effect. It also induces
longer exposure of the carried compound at the site of
the wound [61]. In another type of liposome mediated
treatment, solid lipid nanoparticles are used. These
solid lipid nanoparticles (SLNs) have their solid lipid
core stabilized by surfactants, therefore, they could
solubilize lipophilic molecules [27] (Table 5).

Non-metallic nanoparticles

Among the non-metallic nanoparticles, carbon

nanodots (CNDs) are most popular. In a study
where onion derived carbon nanodots (OCND)
were synthesized and applied on the human foreskin
fibroblast (HFF) cells, enhanced proliferation
was observed. Further, the test showed excellent
cytocompatibility and also gave positive result in
hemolysis assay [73]. Introduction of carbon nanodots
along with polymeric matrix like polymethacrylate,
polyurethane etc., showed both enhanced self-healing
and anticorrosion activity [74]. There is graphene
oxide based nanosheets that have high surface area and
optical, electronic and quantum properties. In a recent
research, amorphous silica-based nanoparticle was
used to deliver silicic acid to the site - rapid wound
closure and proliferative activity of the fibroblast cells
were observed. Moreover, it was found to be non-toxic
and effective against the wound [75].

Green synthesized nanoparticles

Chemical synthesis of nanoparticles can be
beneficial in many ways as already mentioned.
However, the problem being the use of hazardous
chemicals during the chemical synthesis is also
a concern as they have severe harmful effects on
the environment, especially if the process is to be
industrialized. Moreover, the process of synthesis is
quite expensive and there are higher chances of side

Table 5 Liposome based drug delivery in wound healing

Sl no. Drug Administration Outcome Limitations Ref.
Enhanced regeneration of vascular Maintaining stability of the
1 bFGF Smear wound vessels, skin appendage repairment liposome in massive wound 62
and accelerated wound closure fluid is a challenge.
Improved delivery of drug and Leakage rate increases slowly
2 Madecassoside Applied on burn wounds P Y g anc with respect to time and 63
accelerated dermal wound repair
temperature
. Topical treatment to Rapid epithelialization, Adverse side effects (like
3 Repithel i . . 64
burn wounds faster wound closure itching and excessive pain)
4 Hypericum perforatum oil Topical treatment to Increased ﬁbrob_last pro'hferatlon Less organized granulation 65
burn wounds and angiogenesis
5 Curcumin oil Topical treatment to Dense fibrosis Not in the paper 65
burn wounds
6 Powdone_z-lodme (PVP-I) Topl_cally on patients Neo _eplth_el_lallzatlon and Systemic absorption 66
liposome with mesh graft microbicidal effects
7 Buffomedil hydrochloride OPically applied on Neo vascularization, Low solubility 67
hairless mouse increased proliferation
8 Danggui Buxue extract Topical administration Affects .VEGF and TGF-§ Effects on hum{:\n has not 68
mediated pathways been investigated
9 Substance P loaded In-vitro study on Increased rate of cell proliferation Not well studied in 69
chitosan HaCaT cell line and drug stability in-vivo model
10 Bacterlophage entrapped oral_ly / tpplcally on Faster epidermal heallqg and lysis of Leakage of sample 70
liposome diabetic wound S. aureus bacterial cells
11 Simvastatin Toplca! a}ppllcatlon on Better entrqpment o fdrug Stability decreases at 40 °C 71
excision wound and efficient delivery
12 Usnic acid Topical wound dressing Better collagen deposition, Slow rate of releasing 7

on burn wounds

increased rate of granulation
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effects. Hence, one of the most preferred method is
green synthesis or biological synthesis of nanoparticles
because they are environment-friendly, highly
biocompatible, cost effective and mostly nontoxic
[22]. In general, there are two ways of biological
synthesis — first one is the microbial synthesis and the
second one is the plant-based synthesis. The bacterial
or fungal extracts contain protein and metabolites that
can reduce the nanoparticles and stabilize it, thereby
producing a green nanoparticle [53]. Tiwari et al.
(2014) successfully biosynthesized bacterial cobalt
nanoparticles (BCNPs) using cell free extract of
Pseudomonas aeruginosa. Using the excision wound
model, they showed that the percentage wound healing
was twice with BCNPs in just 2 days when compared
to the control. Not only it enhanced the closure of the
wound site but also it had significant antimicrobial
activity [76].

In case of plant extract mediated biosynthesis, the
phytocompounds or bioactive compounds i.e. the
secondary metabolites of the plants can act both as
reducing and stabilizing agent for the core metal atoms.
There are various bioactive compounds like alkaloids,
flavonoids, saponin, terpenes, limonene, polyphenols
etc. found in different plants. These compounds have
wide variety of biological application - one of them
being the wound healing and angiogenesis property
[77]. These plant-derived nanoparticles are extremely
cost-effective and even do not require controlled
condition as compared to that of the microbial synthesis
of nanoparticles. In a recent study, rosamarinic acid
loaded chitosan nanoparticles were applied on the
rats, sustained release of the drug was ensured that
enhanced the rate of wound healing. Even, during
irritation tests, it showed no sign of allergic symptoms
like erythema or edema on rat skin which proved its
biocompatibility [78]. In another study, Syzygium
cumini leaf extract was used as a stabilizing agent for
Ag NPs and the in vivo application on streptozotocin
induced diabetic rats showed enhanced epithelialization
and increased wound contraction. Further the
hematological parameters such as hct, PLT, RBC,
WBC count etc. did not have much variation during Ag
NP application [79]. Plant based nanoparticles can also
control the inflammatory response by downregulating
TNF-a, IL-6, IL-1pB, and IL-10 synthesis by the cells
and sometimes can control inflammatory pathways
by inhibiting NF-kB [53]. Dhapte et al. (2014)
produced biogenic silver nanoparticles using Bryonia
laciniosa in a single step method and achieved both

antibacterial activity and wound healing property in
an in-vivo model. It not only had high stability, but
also showed effective cytokine modulation along
with improved wound contracting ability [80]. Ahn
et al. (2019) synthesized silver nanoparticles using
Lindera strychnifolia that when was applied on the
mouse fibroblast cells exhibited enhanced proliferation
[81]. In another paper, Ahmeda et al (2020) produced
titanium oxide nanoparticles using Falcaria vulgaris
leaves. Along with cutaneous wound healing, it was
effective as both antibacterial and antifungal agent
having bactericidal values in the range of 2-8 mg/mL
and 2-16 mg/mL. It had excellent viability on human
umbilical vein cells and hence proved to be extremely
potential [82]. Recently, Shanmugasundaram et al.
(2017) gold - silver monometallic and bimetallic
nanoparticles were synthesized using Streptomyces sp.,
an extremophilic actinobacterium. The biosynthesized
nanoparticles exhibited antimicrobial property against
gram positive and gram-negative bacteria, also against
fungal organisms such as Candida albicans and
Candida glabrata. It showed cytokine induction as
well as enhancement of hydroxyproline, hexosamine
and hyaluronic acid at the site of the wound [83].

Application of Nano Based
Technology in Dressing Materials
for Wound Care

The recent developments in the field of
nanotechnology and the use of nanocomposites are
widely used for the medical purposes. The silver
nanoparticles (Ag NP) associated bacterial cellulose
(BC) play a vital role as wound dressing material
possessing antimicrobial efficacies. The morphology of
BC possessing distinct nanofibrous structure help them
in increasing the surface area for holding large amount
of water and also possess high wet strength with high
elasticity and conformability [84]. The formation of
silver nanoparticles was confirmed by the studying
the absorption spectrum. It was also observed that
the formation of Ag NP resulted in the red shift effect
when studied the surface Plasmon resonance (SPR)
[85]. Moreover, the Ag NP-BC composite was further
confirmed with the use of SEM-EDS spectra. It was
also observed that Ag NP-BC nanocomposite show
lower amount of stress, strain, load and elongation in
comparison to BC which actually possess crystalline
structure [86]. The Ag NP-BC composite played an
important role in wound dressing as it slowly released
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the antimicrobial agent at the site of wound [87].

The mechanism of repairing the wounds involves
various biological processes that involves biochemical
cascades and the process of cell signaling. The use of
nanomedicines particularly the use of NPs provided
a newer strategy to bring about improvement in the
tissue regeneration therapies. The NPs might be
comprised either of the non-polymeric and polymeric
materials which has a higher applicability for medical
uses. At recent times the NPs are available in the
form of gels or ointments because of the persistent
antibacterial activities, low systemic toxicity, low cost
and biocompatibility [88]. Ag NPs possess the efficacy
in acting against the drug resistant components [89].
The mechanism of utilizing the NP in the process of

drug delivery enhances the antibacterial properties
and contributes wholesomely in combating against the
resistant group of the bacterial cells by the use of the
lower concentration of the antimicrobials [89]. It not
only possesses the anti-inflammatory property but also
help in regulating the deposition of collage resulting in
proper orientation of the fibers causing quicker healing
up of the wounds [90]. Studies has shown that the use
of Ag NPs help in better healing of surface wounds in
comparison to the other materials being available in
the market. The metallic and polymeric nanoparticles
show an effective role not only in eliminating the
infection associated microbial cells as well as help in
the mechanism of wound healing (Table 6 and 7).

Recent studies have also shown that the chitosan

Table 6 Nanoparticle associated scaffold and its associated activity

Properties
Significance of

NP Matrix Drug association N - Ref.
Size (nm) Encapsulation Zeta disPOele/sit Nanomaterial
efficiency potential (mV) Spersity
index
Enzymatic degradation
of the PLLA,; high tissue
PLA NPs - Octenidine 230 - 12 compatibility (do not induce 91
a significant inflammatory
response).
Injectable solution at room
. temperature; after application
EE of curcumin -
PLA-10R5- PLA-10R5- EGF and curcumin 130 92% and EE of _ 01 to the.wounq, it became a non- g,
PLA PLA hydrogel EGF 85% flowing gel; slow cumulative
release compared with free
drugs.
Sustained release of LL37 and
LL37 305 70% 21 0.18 intrinsic lactate, high loading 93
efficiency.
Initial burst of VEGF released
0,
VEGF 208 6% 30 0.07 followed by sustained release. 94
Burst release followed by
PLGA Curcumin 177 89% 23 0.105 gradual and sustained drug 95
release over a period of 8 days.
NO release by .
L Sustained release over 6
polyethylenimine/ 179 - 35 . 96
diazeniumdiolate days without burst release.
Chitosan PDGF-BB in NPs and 150 } : } Biphasic release of 97
nanofibers VEGF in nanofibers 2 growth factors.
Provided a prolonged release
period; GFs maintained their
PLGA - i 3 ; ) ; bioactivity compared with
heparin Fibrin gel Platelet-rich plasma 180 - 250 fibrin gel PRP in vitro, may 98
mimic ECM function in vivo
and in vitro.
; : ) ; ) - Stability and high loading
Chitosan Hydrocortisone 187 - 382 42% - 86% 45-14 efficiency of chitosan NPs. 99
Decreased chitosan
Melatonin 250 4% 25 0.35 cytotoxicity when 100
incorporated in NPs.
Chitosan/ . Close contact between the
lecithin E;clitrzsgzr; onolakl)J_rIi_na %af_g%r;?:/hone/ NP and the skin due to
- 0, 0 i i
with loaded ~ didecyldimethylammonium 437 /330 26% / 52% 32/90 0.27/0.24 ﬂr?ucrc])_e;dhemvedpropgrtlezof 101
b-lapachone bromide € chitosan anc produced an
occlusive barrier.
0? hitI?JSt:rr:w/ic Chitosan Curcumin 193 - 799 53% - 41% 21-19  029100.79 bgfﬁmr‘;o&l‘ig?’tﬁ;i’lfuni’:?“gra' 102
P ygcid membranes R : ¥ polymers and the stability of
synthetic ones.
Poly-glutamic - .
- : : NPs: epigallocatechin - s
Chitosan/ acid)/gelatin X . Multicomposite with several
gelatin hydrogel + gallate; carbon fibers: 230 46% 29 0.06 biological targets. 103

carbon fibers gentamicin
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Table 7 Multidimensional treatment of wound infections
Properties
Types Materials - - - Ref.
Prevention of Stimulation of . .
. - Anti-bacterial
abnormal scarring wound healing
Silver Po§sess anti- ) Po§sess aml-' Po_ssess antl-_ 104, 105
bacterial properties bacterial properties.  bacterial properties.
Presence of these properties Possess anti- Possess anti-
Gold : . : . 106
Nanoparticles are yet not known. bacterial properties.  bacterial properties.
P . . Presence of these properties Possess anti- Possess anti-
Zinc oxide X . X . 107
are yet not known. bacterial properties.  bacterial properties.
Composite nanoparticles, e.g. chitosan Possess anti- Possess anti- Possess anti- 108

nanoparticles, nanocellulose.

e.g. Nitric oxide-releasing poly(lactic-co-
Nanocarriers glycolic acid)-polyethyleneimine nanoparticles,
curcumin loaded super-paramagnetic iron oxide.

Coatings and

Scaffolds reinforced with Ag NPs.

bacterial properties.

Presence of these
properties are yet not known.

e.g. Hydrogel preloaded with bFGF; hydrogels Presence of these properties
are yet not known.

bacterial properties.  bacterial properties.

Possess anti-
bacterial properties. 109, 110

Possess anti-
bacterial properties.

Possess high percentage
of anti-bacterial
properties.

Possess high
percentage of anti- 111
bacterial properties.

based nanocomposite scaffolds played a wider role
in medicinal uses, for the delivery of drugs, wound
healing and for the purpose of tissue engineering. The
nonmetallic component being incorporated within the
chitosan scaffold has showed immense importance
because of its effective antimicrobial property [112].
Combination of various metallic elements with the
chitosan scaffold showed enormous role in the healing
of infection and showing a profound antimicrobial
activity. It has also been observed that metallic ions
play a vital role in the re-epithelialization of the wound
and the chitosan-based nanoparticles regulate their
mode of action. It has been observed that incorporation
of metallic nanoparticles within the chitosan-based
scaffold shows a sustained antimicrobial activity by
the mechanism of degrading matrix without bringing
about any effect on the viability of the normal cells.
The mode of action of the metallic nanoparticles is
dependent upon the concentration and the formation
of the free radical. Till date very few researches has
been reported but the efficiency of the nanocomposite
as antimicrobials can be determined using in vitro
and in vivo infectious models. Studies also showed
that the combinatorial effect of the nanoparticles
and the chitosan scaffold enhances the antimicrobial
activity. The enhancement in the loading capacity and
the release of the nanoparticles can be performed by
orienting the fabrication technique. For instance, the
purpose of healing of the moist wounds require the
scaffold being obtained by the lyophilization technique
which would help in absorbing the moisture from the
wound and allow the release of metallic ions helping in
the speedy recovery of the surface wound infections.

Another concern for medical practitioners and

scientists is the post-operative surgical site infections
which may lead to various types of complications. The
study performed by Arshad et al. (2019) showed that
chitosan-alginate embedded zinc-oxide nanoparticles
(ZnO-NPs) played a vital role in treating the SSI and
showed marked recovery of the infections [113] (Table 8).

Another concern for the medical practitioner is burn
wound infections that is one of the important causes of
morbidity and mortality throughout the world. Curing
the burn wound associated infections and healing of
the wound is a major concern for the people around
the world. According to the work of Seisenbaeva et
al. 2017 was observed that TiO, nanoparticles possess
the ability of absorbing the proteins and thus resulted
in the coagulation of the fluid and thus created a
protective coating of hybrid materials. It was further
observed that the interaction between the human blood
and tinatia resulted in the increased concentration of
TiO, which helped in the formation of a dense gel
composite materials which played a vital role in the
regrowth of the skin [129] (Table 9).

Conclusions

Today, nanoparticle-based therapies are reducing
the barriers of wound healing going beyond the
traditional approach and bringing increased target
specificity. They have high therapeutic potential both
in terms of biological as well as synthetic molecules.
Various novel wound dressing materials are being
designed that can help the patients recover early [130].
Another advantage associated with this approach is
the biodegradability and biocompatibility with the
in vivo systems especially in case of application of
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Table 8 Metallic nanoparticles and their activities
Metallu_: Matrix Properties Tested micro-organisms In vivo Ref.
Nano-particle
Chitosan/sago starch Imprqved rtnef:hgnlcal propertl_es; Open excision
(nanocomposite film) antimicrobial; higher granulation -- wound (male 114
P tissue and tensile strength. Wistar rats)
Biofilm of
Chitosan gel Bactericidal MRSA & -- 115
P. aeruginosa
4-(ethoxycarbonyl) phenyl-1- .
amino oxobutanoic acid- Antimicrobial P. aeruginosa, . -- 116
. . S. aureus and E. coli
Ag NP chitosan (nanocomposite film)
Chltosan_ blended with Antimicrobial, damage to microbial cell .
poly(vinyl alcohol) membrane permeability and respiration E. coli - 1
(fibrous sheet) P y P '
PVA/N-carboxymethyl . . .
chitosan (fibrous sheet) Antimicrobial E. coli 118
. . Antimicrobial (silver ions inhibits S. aureus, MRSA, P.
Chitosan-hyaluronic . . - .
acid (sponges) mitochondrial membrane potential aeruginosa and -- 119
and respiratory chain) Klebsiella pneumonia
Stabilizing agent, antimicrobial cell wall S. aureus and P.
Chitosan (film) interaction and destabilization (dependent ' - ' -- 120
s - e aeurigensoa
Gold on positive amine groups in chitosan).
Colloid / . . . .
Chitosan (film) Higher keratinocyte proliferation - -- 121
Higher VEGF and TGF-b1- increased Open excision
Chitosan Angiogenesis, fibroblast proliferation, and P
Copper . " -- wound model 122
(Nanocomposite) collagen deposition. Lesser TNF-a and -
. (male Wistar rats)
IL-10-decreased inflammatory response.
Chitosan Antimicrobial E. coli and S. aureus - 123
(nanocomposite)
. . I S Open excision
Zn0 Chltosa_ln hydrogel Antimicrobial, improved reepl_thellallsatlon E. coliand S. aureus wound model 124
(composite bandages) and collagen deposition.
(Sprague-Dawley)
Alginate/Chitosan Antimicrobial E. coli, MRSA,_S. aureus _ 125
(Sponges) and C. albicans
TioO, Collagen (Artificial Bactericidal, immune _ _ 126
chitosan skin substitute) enhancing (TNF-a, IL-6).
Chitosan, poly(N- Antibacterial, N-acetylglucosamine, E. coli, S. aureus, Open excision
Nanorods . - - . . .
of TiO vinylpyrrolidone) from chitosan degradation Contributes P. aeruginosa, type \_Nounds 127
2 (PVP) to fibroblast proliferation. and B. subtilis (Albino rat)
E. coli Open excision
. Chitosan-pectin Antibacterial, completely regenerated Staphylococcus aureus, p
TioO, . . . . . . type wounds 128
(Ternary dressing) wound with epidermis and Dermis. Pseudomonas aeruginosa, .
o . (Albino rat)
B. subtilis, and A. niger
Table 9 NPs and the targeted types of wound infection
Types of nanomaterials Targeted wounds Ref.
Chitosan oligosaccharides Acts at as excellent antibacterial agent at the site of the 145
with Ag NPs and PVA wound and does not possess any toxicity.
Nanofibres associated with Ag NPs Helps in reducing inflammation at the Sl}rface 146
wounds and also promotes faster healing.
Poly-(Lactic-co-glycolic acid)/silk fibroin Helps in curing various types of diabetes associated wounds. 147
PVA associated with chitosan Used for treating the diabetes wounds within the rats. 148
Ferric oxide nanoparticles Helps in the regeneration of the surface wounds. 149
Ag NPs within polyethylene clothes Helps in faster regeneration of cutaneous wounds. 150

green synthesized nanomaterials. Antimicrobial,
antioxidant and re-epithelialization have been proven
to help enhancing regeneration. Therefore, drawing
a conclusion, it would be fair enough to say that the
nano-based treatment has wide scope, potential and

diverse application in the field of medical science [50].
However, more extensive research, innovation and
studies are required for better hold of the properties
of these novel materials to use it for the betterment of
mankind.
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It has been seen that microbial infection is the
major cause that delays the natural healing process.
Different species of bacteria such as E. coli, S. aureus
etc. once get in touch with the wound, start consuming
the tissues and forming dense colonies (or bacterial
biofilms) if not maintained a proper sterile condition.
This can cause severe infections that sometimes may
lead to sacrifice of the organ. On other hand, fibroblast
cells are critical for breaking down fibrin clot, creating
extra cellular matrix (ECM) to support growth of
collagen fibers and other essential cells related to
wound healing. Hence, developing a system that has
both the mentioned properties and that is compatible in
an in-vivo system is very useful.

The various types of metallic and non-metallic
nanoparticles has been chosen for therapeutic material
mainly because of its biocompatibility. The knowledge
of various approaches for the treatment helped to select
the most effective and feasible way materializing the
project. The green synthesis method has been chosen
for its various biological advantages over the others
and also for its cost effectiveness.

Hence, these nano-systems that the researchers are
designing and developing for the successful treatment
of wounds can revolutionize the future system of
curing various types of wounds.
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