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1. Introduction

The prevalence of wounds in the global community is a rising
concern. Data collected by numerous studies have brought
light to a trend of increasing occurrence of wounds in tertiary
care [1,2]. This has been highlighted by observational clinical
studies conducted in several countries across the globe. In the
United Kingdom, a cohort study reported a 71% increase of
wound incidence from 2012 to 2018 within the National Health
Service (NHS) [3]. Cases of chronic wounds increased from
0.94% in 2014 to 2.11% in 2018 in hospitals in Northern China,
whereby the mean duration of hospitalization was 13 days
[4]. Similarly, a 95.1% increase in wound episodes per 1000
patient admissions from 2013 to 2017 was reported by a case-
control study conducted in Singapore [5]. The rising incidence
of both acute and chronic wounds has imposed substantial
burdens on healthcare. Data from the NHS shows that the
estimated average costs per healed and unhealed wounds
have increased by about 30.0% and 73.90% respectively from
2012 to 2018 [3].

Despite being a common presentation in the clinical
setting, provision of optimal wound care remains a
challenge to many physicians, especially in developing
nations due to the limited resources available, coupled
with the rising cost of wound care. In an effort to combat
the significant difficulty in managing certain wound
conditions and to alleviate the healthcare burden of
treating wounds, development of novel wound treatment
options warrants necessary attention [6]. Affordable wound
treatments capable of improving wound healing outcomes
are desirable and beneficial to both patients and the overall
healthcare system [6]. Considering this notion, a great
number of studies have explored numerous pharmaceutical
formulations, utilising new technology and biomaterials
with favourable properties to develop modern wound
dressings [7-9].

This review aims to provide in depth discussion
surrounding the use of chitosan (CS)-based nanoparticles
(NPs) for the application in wound healing, which have
been widely reported to have improved wound healing
outcomes compared to CS alone and other forms of CS-based
formulations. The small sizes of these CS-based NPs allow
better permeation and distribution around the wound area
[10]. We provide critical analysis on the various mechanisms
on wound healing elicited by CS-based NPs, and their in vitro
and in vivo effects. The main type of CS-based NP discussed in
this review are CS NPs (CSNPs) which are polymeric NPs, either
nanocapsules or nanospheres, formulated using CS. Other
types of NPs such as nanogels, NP complexes, and polymeric
micelles were also among some of the studies reviewed.
The NPs were either used on their own or as a transport
vehicle to deliver therapeutic agents such as antibiotics,
natural compounds, and peptides. We include studies using
different forms and derivatives of CS such as chitin, CS
oligosaccharide (COS), and carboxymethyl CS (CMCS). Effects
of CS-modified metal NPs were also highlighted in the context
of wound healing. Discussion of the studies was categorised
according to the wound healing mechanisms, namely
haemostasis, antimicrobial effects, antioxidant effects,

inflammatory response, angiogenesis, collagen deposition
and wound closure rate acceleration. Research gap and future
prospects in this research area were also addressed in this
article.

2. The wound healing process
2.1. Skin physiology and wound healing

Representing the largest organ by surface area, the skin
is the first line of defence separating the internal bodily
environment from harmful external factors [11-13]. A
breach in this defense and disruptions to the important
functions of the skin may occur in the event of an injury
[12]. Fortunately, regeneration of damaged skin tissue
can be achieved to a certain extent through the process
of wound healing [11]. Despite exhaustive efforts and
extensive research in unraveling its physiological process,
the complete mechanism surrounding wound healing
still remains elusive [14]. Current evidence on the wound
healing process can be categorised into chronological
phases which overlap and are strongly dependent on each
other [11].

2.2.  Phases of wound healing

Haemostasis is the crucial first step in starting the wound
healing process [11]. To prevent excessive blood loss,
vasoconstriction of nearby vessels and aggregation of
platelets take place to form a platelet plug in the initial stages
almost immediately [11,14]. This is followed by the formation
of thrombus via the coagulation cascade to temporarily seal
any opening on the skin due to the wound [11].

The next chronological phase involves infiltration of
immune cells, beginning with neutrophils and followed
by macrophages to engulf any foreign invaders and debris
present at the wound site [15,16]. The early inflammation
phase involves the pro-inflammatory M1 macrophage
phenotype, which releases cytokines such as interleukin
(IL)-6 and IL-18, as well as proteases known as matrix
metalloproteinases (MMPs) [15]. During the late inflammation
phase, anti-inflammatory M2 macrophages release several
growth factors such as vascular endothelial growth factor
(VEGF), insulin-like growth factor 1 (IGF-1) and transforming
growth factor (TGF)-g along with anti-inflammatory cytokines
such as IL-10 [11,15].

Subsequently, the proliferation phase kicks in, with the
deposition of new granulation tissue, re-epithelialisation, and
angiogenesis [12]. Fibroblast cells begin manufacturing new
extracellular matrix (ECM) components such as collagen III,
fibronectin, and hyaluronic acid [17,18]. Newly differentiated
myofibroblasts also exert contractile forces to physically
pull the edges of the wound together to facilitate wound
contraction [17,18]. Meanwhile, a fresh epidermal layer begins
to form on the surface of the wound through the proliferation
and migration of keratinocytes during the process of re-
epithelialisation [19]. Previously damaged or lost blood vessels
are also slowly replaced during the process of angiogenesis
[11,12].
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Complete healing is characterised by a sealed opening,
based on physical appearances on the external surface
[11,20]. This is followed by the remodeling phase, which
can last for several months or years after the wound has
fully closed and involves the maturation of underlying
skin tissue along with the manifestation of scars [11,20].
Changes which gradually occur during this phase include
the replacement of type III collagen with type I collagen,
along with the degradation of unnecessary ECM components
by MMPs [11,21]. During this time, leaky new blood vessels
undergo several changes to form more well-perfused vessels
[11].

3. CS as a natural bioactive polymer

Mainly sourced from the exoskeletons of marine crustacean
life, chitin is the second most abundantly occurring
polysaccharide in nature [23]. However, its poor solubility
in aqueous solutions limits its application [23]. Deacetylation
of chitin results in the formation of CS, which comprises of
D-glucosamine and N-acetyl D-glucosamine subunits linked
together by 8—1,4 glycosidic bonds [23]. Protonation of the
amino groups along the CS polysaccharide chain makes it
soluble under acidic conditions [23]. Studies have explored
the benefits of CS in a wide range of applications across
various research disciplines, including drug delivery vehicles,
water treatment systems, and tissue engineering, to name a
few [23,24].

Several features exhibited by CS and its derivatives
have garnered attention from researchers to investigate its
application in wound regeneration. Studies exploring the
development of these materials have consistently shown
accelerated wound healing rates and improved healing
outcomes [25-28]. Its exceptional biocompatibility further
substantiates its suitability for use in wound dressings [25].

4. CS and wound healing
4.1. Wound healing properties of CS

CS exerts its wound healing effect via several well-studied
mechanisms. These include promotion of haemostasis,
antimicrobial activity, free radical scavenging activity, and
regulating the inflammatory response.

The physicochemical properties of CS and its polycationic
nature allow it to promote haemostasis around the wound
area through a few possible mechanisms identified by the
current literature [29]. Positively charged CS is able to promote
the aggregation of both negatively charged erythrocytes and
platelets along with plasma proteins such as fibrinogen
[29]. Collectively, these interactions help to facilitate blood
aggregation and haemostasis.

To prevent unwanted infections at the wound site, CS
exerts its antimicrobial effect via interactions between
the polycationic polysaccharide chain with the negatively
charged membrane components of bacterial cells [30,31].
Its ability to chelate trace amounts of metal ions on the

surface membrane of bacterial cells also contributes to its
antimicrobial properties to a smaller extent [30,31].

Over-production of reactive oxygen species (ROS) around
the wound site can lead to direct damage in the form of lipid
peroxidation and DNA modification to surrounding tissue;
and indirect damage through the continuous promotion of
pro-inflammatory cytokine release [32,33]. Having moderate
scavenging activity against free radicals, CS is able to reduce
ROS molecules by donating a hydrogen atom [34,35]. Both
the hydroxyl groups and amino groups along the polymer
chain contribute to this free radical scavenging effect [34,35].
However, the strong intermolecular and intramolecular
hydrogen bonding within and among the CS polymer chains
restrict the ability of these hydroxyl and amino groups from
reacting with free radicals [34,35]. Hence, CS tends to exhibit
mild anti-oxidative effects.

Any extension of inflammation beyond the healthy
amount can disrupt the wound healing process and lead
to chronic wounds [22,36]. CS with its immune stimulatory
characteristics has been found to regulate both pro- and anti-
inflammatory cytokines [37-39]. Inclination towards either
pro- or anti-inflammatory activity of CS may be largely
influenced by its physicochemical properties [40-42]. A small
number of studies found and discussed that the inflammatory
activity of CS may involve binding with CD14, TLR4, and CR3
receptors on macrophages [40-42]. Subsequent downstream
effects involving production of tumor necrosis factor (TNF)-
«, IL-6, nitric oxide, inducible nitric oxide synthase (iNOS)
expression, nuclear factor kappa B (NF-«B) activation, and
phosphorylation of mitogen-activated protein kinase (MAPK)
signaling proteins are also found to be affected [40-42].

4.2. Influence of polymer properties of CS on wound
healing effects

Being a natural polymer, variations in the molecular weight
(MW) and degree of deacetylation (DDA) can have a significant
influence on the wound healing properties of CS. The effects
of these variations have been investigated in a number of
studies.

4.2.1. Molecular weight

Generally, higher MW CS can be seen to be more favourable
for haemostasis than lower MW CS to an extent [43,44]. It
has been reported that CS oligomers with a MW of less than
8.6kDa may not induce significant blood aggregation [43].
However, an increase in MW above 380kDa was not found
to produce notable changes in blood aggregation either [44].
Essentially, lower MW CS grant the benefit of larger surface
area to volume ratios while higher MW CS provides greater
amount of amine groups for interaction. A required balance
between these two may be an explanation to the moderate
range of MW producing optimal blood aggregation.

Under neutral pH conditions, lower MWs produce an
overall improvement in antibacterial activity of CS [45].
Inversely, higher MWs have been correlated with an increase
in antibacterial effects under acidic conditions [45]. These
observations may possibly be due to the physical state of
CS. The relatively small size of low MW CS may have more
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interactions with bacteria cells due to a larger surface area
to volume ratio. However, under acidic conditions, the larger
positive charge of high MW CS may outweigh the benefits
granted by the smaller sized low MW CS. Nevertheless,
the antibacterial effects of CS based on its physicochemical
properties tend to be difficult to predict due to various
confounding factors. In fact, studies have reported varying
results of the influence of MW on the antibacterial effects of
CS [45-47].

In terms of free radical scavenging ability, studies have
found a trend of lower MW CS leading to an increase in
scavenging activity. Typically, as the MW of CS increases, the
polymer chain lengthens [48-51]. This could possibly result
in denser and more compact structures with an increase in
intramolecular hydrogen bonding [48-51]. As a consequence,
the ability of hydroxyl and amino groups present along the
chain to reduce free radicals may be reduced [48-51].

Differences in immunological response have also been
found between CS bearing different MWs. Although studies
investigating this phenomenon are few in number, it has been
found that low MW CS promote pro-inflammatory activity
while high MW CS promote anti-inflammatory activity [40-
42]. More studies will be required to describe these effects in
greater detail.

4.2.2. Degree of deacetylation

Similar to the effects of MW, moderate DDA is found to
produce better results in haemostasis [43,44,52]. Studies
evaluating different DDA values have described either 68%,
64% — 72%, or 75% — 88% DDA produce the best haemostatic
effects [43,44,52]. Striking a balance between the positive
charges of CS with the negatively charged blood components
is vital in producing optimal haemostatic effects [43].

Effects of DDA on the antibacterial properties of CS appear
to be more straightforward than the effects of MW. Current
literature generally reports a connection between increasing
DDA with increasing antibacterial activity [46,53,54]. As DDA
increases, the amount of amino groups available for ionisation
increases. Consequently, the overall positive charge of CS
increases, which enables stronger antibacterial effects.

A higher DDA may be correlated with higher free radical
scavenging activity. Park et al. reported the highest scavenging
effect when using hetero-CS with 90% DDA followed by 75%
and 50% DDA [55]. These results were most prominent in 2,2-
diphenyl-1-picrylhydrazyl (DPPH) radicals and not observed in
hydroxyl radicals and superoxide radicals [55].

5. The use of NPs in wound management

NPs have emerged as a major developmental tool in diverse
areas of medical and pharmaceutical research [56]. Their great
potential owes largely to the incredibly small sizes, readily
modifiable characteristics, as well as the ability to achieve
controlled and targeted drug release [57]. In the development
of wound dressings, NPs have been used either as a delivery
vehicle or as a bioactive component on their own to achieve
better wound healing outcomes (Fig. 2) [10,58,59].

As drug delivery vehicles, NPs are great carriers to
transport active compounds to improve wound healing

outcomes. They could also offer protection and prolong
the half-lives of short-lived therapeutic agents, such as
growth factors which are readily degraded by proteolytic
enzymes; as well as nitric oxide which is generally transient
in nature [58,59]. They have also been used to achieve
effective and controlled delivery of antimicrobial agents and
natural products for wound treatments [58,59]. Gene therapy
which facilitates wound healing through modification of the
wound microenvironment has also relied on nanoparticulate
systems to deliver specific genetic material to the wound site
[60].

Apart from serving as a delivery vehicle, some NPs have
been explored extensively in promoting the wound healing
process due to their intrinsic antibacterial properties [59].
Metallic NPs such as silver NPs (AgNPs), gold NPs (AuNPs),
zinc oxide NPs (ZnONPs), copper NPs (CuNPs) and selenium
NPs (SeNPs) have been widely studied for this purpose [59,61].
On the other hand, bioactive polymers such as alginate or
CS and their derivatives represent another attractive source
of building material for NP systems with exceptional wound
healing effects [59,62,63].

6. CS-based NPs
6.1. An introduction to CS-based NPs

Scientific literature surrounding CS-based NPs is continuously
growing at a rapid pace. In this review, CS-based NPs are
defined as particles below 1000 nm in size synthesised using
CS as the base material [64,65]. Numerous studies have been
undertaken to identify the suitability of applying CS-based
NPs in various biomedical fields such as wound healing and
drug delivery [64-66].

CSNPs are the main type of CS-based NPs covered in
this review article and comprise of polymeric NPs, either
nanocapsules or nanospheres, synthesised using CS as the
primary component [67]. Other types of NPs encountered
while reviewing the literature include, CS-based nanogels,
NP complexes, and polymeric micelles. Nanogels are nano-
sized hydrogels which are composed of an interwoven
network of cross-linked hydrophilic polymer chains such as
CS [68]. NP complexes or nanoplexes have been defined as
a drug-NP complex whereby an oppositely charged drug and
polyelectrolyte interact to form a nanoplex [69]. A polymeric
micelle is a self-assembled NP with a hydrophobic core and
a hydrophilic shell prepared using amphiphilic polymers
[70]. Other terms used in this review include carboxymethyl
chitosan NPs (CMCSNPs) and chitin NPs (CNPs), which are
polymeric NPs prepared using CMCS and chitin as the primary
component, respectively. CS-modified metal NPs such as CS-
modified AgNPs (CS-AgNPs), CS-modified AuNPs (CS-AuNPs),
CS-modified SeNPs (CS-SeNPs), and CS-modified ZnONPs (CS-
ZnONPs) will also be discussed in the following sections.

6.2. Advantages of using CS-based NPs for wound
healing

Various formulations of CS are reported in the literature for
wound healing, including but not limited to sponges and
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Fig. 2 - Illustration of the use of NPs in wound healing.

films which are made from CS as the base material. The
effects of these relatively larger structures are not comparable
to that of CS-based NPs, with their distinctive advantage
of having significantly smaller particle sizes [71]. The nano-
sized particles allow for improved penetration across skin
tissue and possibly into the wound area for more efficient
wound healing effects [71]. Additionally, the positive charge
of polymeric CS-based NPs offers a unique range of benefits.
As most CS-based NPs carry a strong positive charge due to

the nature of the polymer, most CS-based NP formulations
have good stability due the repulsion of like charges to prevent
aggregation [72]. Strong positive charges on the surface of CS-
based NPs also allow them to interact more readily with many
negatively charged components such as cell surfaces, mucosal
surfaces, and bacteria cells [72,73].

Having intrinsic wound healing properties, CS-based NPs
can be used on their own, or as a vehicle to deliver therapeutic
compounds to the wound. This further opens up more
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opportunities for enhancing wound healing effects, which can
be achieved by engineering the CS-based NPs to prolong the
half-life of a specific compound, achieve a controlled-release
effect, and enable targeted delivery of therapeutic compounds
[10,65]. Therapeutic compounds with low stability can also be

protected by the NPs in the drug delivery process for improved
efficacy [10,57,74]. Problems associated with poor solubility of
certain compounds can also be overcome by embedding them
within CS-based NPs to be delivered efficiently [10,57,74]. By
virtue of these two advantages, compounds which are not
able to be ordinarily used therapeutically can now be feasible.
The high surface to volume ratio also means that there is
significantly more surface available for interaction to trigger
the wound healing mechanism [75]. This enhanced feature
could also be further exploited to distribute high amounts
of active wound healing compounds more efficiently around
the wound site [10,65]. Therapeutic compounds delivered
using CS-based NPs have been shown to possess the added
advantage of enhanced skin penetration and deposition
[76-78]. Furthermore, compounds which exhibit toxicity at
high concentrations may also show reduced cell toxicity by
encapsulating them within CS-based NPs [79]. This shows that
the safety of therapeutic compounds could also be improved
through the formulation of CS-based NPs.

6.3. Preparation methods of CSNPs, nanogels, NP
complexes, and polymeric micelles

Various methods in formulating different types of CS-
based NPs have been studied extensively over the years.
Different methods used in the preparation of CSNPs, CS-based
nanogels, CS-based NP complexes, and CS-based polymeric
micelles are discussed below.

6.3.1. CSNPs

Chitosan-modified
Metal Nanoparticles

Chitosan-Gold
Nanoparticles

Chitosan-Silver
Nanoparticles

Chitosan-Selenium
Nanoparticles
(CS-SeNPs)

Chitosan-Zinc Oxide
Nanoparticles
(CS-ZnONPs)

Antibiotics

.

Types of Chitosan, Carboxymethyl Chitosan, and Chitin Nanoparticles

Chitosan Chitosan
Nanoparticle Nanogel Nanoparticle
(CSNP) Complex

(CS-AgNPs) (CS-AuNPs) )
] =74
Chitosan Carboxymethyl Chitin
Polymeric Chitosan Nanoparticle
Micelle Nanoparticle (CNP)
(CMCSNP)

AW
Chitosan

-
o,
=\

Examples of Delivery Payloads

i -

Natural Products

Proteins & Peptides

J

Fig. 4 - Illustration of the types of CS-based NPs, CMCSNPs, CNPs, and CS-modified NPs included in this literature review.
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6.3.1.1. Ionic gelation Since the discovery of CSNPs, multiple
preparation methods have been tested and evaluated to
efficiently synthesize these NPs under different conditions.
The most commonly reported method is the ionic gelation
or ionotropic gelation method. This method takes advantage
of the polycationic nature of CS where an oppositely charged
ionic cross-linker, usually sodium tripolyphosphate (TPP),
is added to induce the formation of NPs via electrostatic
interactions [80]. CS is usually initially dissolved in an acetic
acid, prior to the addition of TPP or other cross-linkers in
this method [80]. The simplicity and efficiency of this method
make it highly popular as it can be easily performed, and the
NP properties can also be readily manipulated by adjusting the
ratio of CS to the cross-linker added [80]. This method does not
require the use of organic solvents.

6.3.1.2. Polyelectrolyte complex method The polyelectrolyte
complex method is also fairly simple, where electrostatic
interactions between a polycation such as CS take place
with an anionic molecule to form polyelectrolyte complexes.
Examples of common polyelectrolyte complexes are NPs
formed by the spontaneous self-assembly of polycationic CS
with alginate, chondroitin sulfate, hyaluronate, dextran
sulfate, and carboxymethyl cellulose [81-83]. In some
instances, anionic molecules intended to be incorporated
into the NP can interact with CS to form these polyelectrolyte
complexes [84,85].

6.3.1.3. Microemulsion method As opposed to the ionic
gelation and polyelectrolyte complex methods, the
microemulsion method requires the use of organic solvent.
CS is initially prepared in an acidic aqueous solution, usually
low concentration acetic acid, along with a cross-linker such
as glutaraldehyde [86-88]. The solution is then added into a
mixture of an organic solvent such as hexane containing a
surfactant [86-88]. Cross-linking and the formation of CSNPs
will then ensue while the mixture is allowed to stir for a
duration of time [86-88]. Removal of the organic solvent can
then be done by evaporation under low pressure [86-88].
Addition of calcium chloride and centrifugation also assists
in the removal of excess surfactant via precipitation [86-88|.
Purification of the NPs through processes such as dialysis
followed by lyophilisation can then be done to obtain the final
product.

6.3.1.4. Coprecipitation method By taking advantage of the
solubility of CS at different pH values, the coprecipitation
method is rather simple and can be easily performed. This
method begins with dissolving CS in a low pH acidic solution
such as acetic acid. The dissolved CS is then slowly added
dropwise to an alkaline solution of pH 85 - 9.0 under
continuous stirring which advertently causes its precipitation
[89]. NPs can then be separated via centrifugation and
reconstituted in an aqueous solution for further analysis
[89]. This method has also been found to be applicable for
both CS and lactic acid-grafted-CS copolymers along with the
preparation of CS-coated magnetic NPs [89-92].

6.3.1.5. Emulsification  solvent  diffusion = method The
emulsification solvent diffusion method requires a large

amount of shear force typically provided by high pressure
homogenisation to synthesize CSNPs. In this method,
aqueous CS solution is carefully added to a mixture of
an organic solvent with a stabiliser to produce an emulsion
[93-95]. The resulting mixture is then subjected to high
pressure homogenisation to form NPs [93-95]. After applying
high pressure homogenisation, the NPs can be separated
by centrifugation or other means [93-95]. Addition of cross-
linkers such as glutaraldehyde or ionic cross-linkers such
as poly-y-glutamic acid (y-PGA) have been used by some
studies in combination with this method to further facilitate
NP formation [94,95].

6.3.2. CS-based nanogels

6.3.2.1. Physical gelation CS-based nanogels can be
synthesised through the gelation of CS polymers under
certain conditions. The physical gelation of CS to form
nanogels through reverse emulsion can be achieved by
mixing CS solutions within an emulsion containing a
surfactant, followed by the addition of a base, such as
ammonia to increase the pH to 9.0 [96]. This ensures the
precipitation of the nanogels due to the poor solubility of CS
under alkaline conditions [96].

6.3.2.2. Ionic gelation Similar to CS-based NPs, nanogels can
also be synthesised through the ionic gelation of CS using a
suitable cross-linker [97,98]. TPP again represents the most
commonly used cross-linker for the synthesis of CSNPs as
well as CS-based nanogels [97,98]. In this case, the gelation of
CS occurs via ionic cross-linking to form a three-dimensional
polymer network to form nanogels.

6.3.2.3. Inverse microemulsion Inverse microemulsion is
a method whereby two microemulsions are prepared
separately, one containing CS and another containing
the cross-linker such as genipin or poly(ethyleneglycol
bis(carboxymethyl)ether), PEGB(COOH), [99,100]. The two
microemulsions are then mixed together while stirring to
allow nanogels to form via cross-linking [99,100]. After the
nanogels have formed, they can then be separated through
precipitation with ethanol [99,100].

6.3.3. CS-based NP complexes

Electrostatic interactions between negatively charged drug
molecules with positively charged polycationic CS have been
seen to produce NP complexes or nanoplexes via electrostatic
interactions. Nguyen et al. described the preparation of
ionised curcumin (CUR3") which was mixed with a solution
of CS with stirring to form curcumin (CUR)-CS NP complexes
[101]. By using this method, changes to the NP properties
could be easily adjusted by manipulating the concentration
of CUR3-, pH of the solution, and CS: CUR3~ ratio [101]. The
NP complex was also able to be formed with CUR? and COS
[102].

6.3.4. CS-based polymeric micelles

CS exists as a hydrophilic polymer which does not self-
assemble under normal conditions. To form an amphiphilic
copolymer, hydrophobic modification of CS can be achieved
by grafting hydrophobic molecules onto the polysaccharide
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chain of CS [103]. The hydrophobic components can be fatty
acids, cholesterol, other polymers, along with many others
[103]. After modifying CS with the hydrophobic component,
the new amphiphilic molecule will be able to self-assemble
upon reaching a critical concentration in an aqueous solution
[103]. If an organic solvent is required to dissolve certain
components in the formulation, other methods of self-
assembly can be employed, such as co-solvent evaporation,
thin film hydration, and dialysis, to facilitate the removal of
the solvent during or after the process [104,105].

7. Wound healing studies using CS-based
NPs and CS-modified metal NPs

7.1. Haemostasis

7.1.1. CSNPs

Inadequacies in the haemostasis process can lead to
catastrophic outcomes due to the inability to prevent
excessive blood loss [106]. In a study using a thrombin
generation assay, blood treated with CSNPs displayed
two times higher thrombin levels than control, recording
levels of 250ng/ml and 120ng/ml respectively [107]. This
observation was explained through the polycationic nature
of the CSNPs, which allows them to interact with negatively
charged erythrocytes, causing quicker aggregation rates
[107]. Additionally, the large surface area presented by the
CSNPs provides a suitable site for platelet adhesion as well as
adsorption of fibrinogen and plasma proteins, which assists
in accelerating the haemostasis process [107]. Two studies
have both demonstrated haemagglutination occurring in
erythrocytes treated with blank CSNPs formed via ionic
gelation with TPP [108,109]. Neutralistion of the samples with
NaOH was found to improve the haemagglutination effect
of CSNPs in one of the two studies [109]. Gopalakrishnan et
al. had also found blank CSNPs to exhibit similar reductions
in blood clotting time as ellagic acid when used at higher
concentrations [108]. When combined as ellagic acid-loaded
CSNPs, the effect on blood clotting time was found to
be considerably enhanced [108]. Based on the proposed
mechanism, CSNPs have an advantage over CS in promoting
haemostasis as the smaller sizes of CSNPs grant them a
greater surface area to volume ratio which enables better
haemagglutination, platelet aggregation, and plasma protein
adsorption. Under the same reasoning, smaller particle sizes
and higher surface charges which lead to larger total surface
area to volume ratios and attraction of negatively charged
erythrocytes would improve haemostatic effects.

7.1.2.  CS-modified metal NPs

A separate study had examined the effects of thiol-modified
CS (TMC)-immobilised AgNP-loaded dressings on wound
haemostasis in vivo [110]. This study used two separate
animal models involving a liver injury model in mice and
a rabbit ear model simulating venous rupture [110]. In both
models, TMC and TMC-immobilised AgNP treatment groups
showed similar blood clotting ability, achieving haemostasis
in the shortest time, followed by the CS only group. All CS-
based treatment groups had superior haemostatic activities

compared to commercial poly(vinyl alcohol) dimethyl-formal
(PVF) sponge and medical cotton group [110]. TMC and
TMC-immobilised AgNP-loaded dressings were also found
to produce a significantly lower amount of blood loss
as compared to CS-based dressing alone, commercial PVF
sponge, and medical cotton [110]. The authors proposed that
the observed enhancement in haemostatic activity by TMC
in contrast to CS could be due to the thiol group, which
could potentially promote the activation of tissue factor, an
important initiator of the coagulation cascade [110]. However,
further investigation is needed to validate this notion.

7.2. Antimicrobial properties

7.2.1. CSNPs
The antibacterial mode of action of CS has been previously
elaborated in the earlier section of this review. Antibacterial
effects of polycationic CS are proposed to typically revolve
around its interaction with negatively charged cell surfaces
and chelation of metals. Interestingly, shorter-chained low
MW CS and CSNPs have shown additional antimicrobial
effects compared to larger-sized CS structures, in which the
latter typically only involve interactions with bacterial cell
surfaces [30,31,73,111]. The small sizes of CSNPs allow them to
act locally on bacterial cell membranes and permeate across
the bacterial cell wall to interfere with intracellular processes
such as DNA transcription and mRNA synthesis [30,31,73,111].
A few studies have investigated the use of unloaded
CSNPs for the purpose of wound healing in terms of
their antimicrobial effects (Table 1 & Table 2). Wang et al.
reported a statistically significant difference in antibacterial
activity between CSNP-loaded calcium alginate hydrogels
and CS-calcium alginate hydrogels [75]. At a concentration
of 100pg/ml CS in both groups, the CSNP-loaded calcium
alginate hydrogel had more than twice the antibacterial
activity against E. coli, and about three times the antibacterial
activity against S. aureus as compared to the CS-calcium
alginate hydrogel [75]. Overall, the calcium alginate hydrogel
in combination with CSNPs produced a notably better
antibacterial effect than the calcium alginate hydrogel
formulated with unmodified CS [75]. This further supports the
idea that CSNPs produce enhanced antibacterial activity than
CS alone. Sami et al. had similarly demonstrated that CSNPs
had higher antibacterial activity against S. aureus than E. coli
[75,112]. Both of these studies had CSNPs with similar surface
charges of +24.2mV and greater than +30mV, respectively
[75,112]. The positive surface charge of the CSNPs in these two
studies are reflective of the cationic nature of CS, which can
be seen as a significant contributor to its antibacterial effects.
Concentration-dependent reductions in bacterial growth
was reported in a study evaluating CSNP loaded in
polyurethane membranes [113]. However, the increase in
antibacterial activity due to increasing CSNP concentration
was only observed against the Gram-positive S. aureus, while
the activity against the Gram-negative P. aeruginosa remained
constant regardless of CSNP concentration [113]. Despite this
fact, the developed CSNPs in this study clearly exhibited
greater antibacterial activity against P. aeruginosa than
S. aureus, with differences between percentage reduction
ranging from approximately 20% to 40% across all samples
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Table 1 - Summary of wound healing studies evaluating the antimicrobial properties of CS-based NPs, CMCSNPs, and

CS-modified metal NPs in vitro.

NP Active Encapsulation Size Surface Microbe Key findings Ref.
formulation ingredient efficiency charge

Blank CS-based NPs
CSNp* - - 141.20 nm’ - S.aureus,P.  « Dose-dependent antibacterial activity was [113]
aeruginosa  observed against S. aureus.
- Consistent antibacterial activity was
observed for all concentrations of CSNPs
against P. aeruginosa (63% — 69%).
CSNP? - - 77 nm' > +30.00 mV S.aureus,E. - CSNPs displayed dose-dependent [112]
coli bacterial inhibition.
» Higher inhibitory effects were observed
against S. aureus (<50% survival) compared
to E. coli (>50% survival).

CSNp* - - 208.40+15.70 +24.20+3.90 S.aureus,E. -+ CSNP-loaded calcium alginate hydrogels  [75]
nmf mV coli exhibited a dose-dependent antibacterial
effect with greater effects against S. aureus
than E. coli.

» CSNP-loaded calcium alginate hydrogels
had significantly higher antibacterial
activity than CS-calcium alginate

hydrogels.
Therapeutic compound loaded CS-based NPs
Lecithin- Tigecycline  22% 235420 nm’ +19+5mV  S.aureus » TGC-loaded CSNPs had significantly lower [125]
coated (TGCQ) minimum inhibitory concentration (MIC)
CSNp* values than TGC-loaded lecithin-coated
CSNPs.

+ Unloaded CSNPs had consistently lower
MIC values than unloaded lecithin-coated
CSNPs.

» The MIC values for unloaded CSNPs,
TGC-loaded CSNPs, lecithin-coated CSNPs,
and TGC-loaded lecithin-coated CSNPs
were 0.3, 0.1, 1.2, and 0.4 mg, respectively.

CSNPP SSD 89.71% + 51.67+£12.55 - S.aureus,P.  + SSD-loaded CSNPs showed higher [126]
11.01% nm’ aeruginosa, E. antibacterial activity against Gram-positive
coli, B. bacteria than Gram-negative bacteria.
subtilis, C. » Antifungal activity of SSD-loaded CSNPs
albicans ranged from 20.35% — 36.85% reduction
rates.
CSNP? Cefazolin 94.80% =+ 0.47% 227.40 nm! +48.80 mV S. aureus - Sodium alginate and pectin films [127]
(CEZ) containing the CEZ-loaded CSNPs achieved
100% inhibition at 24 h incubation.
CSNp* CUR 99.93% =+ 3.43% 279.70+20.30 +52.40+1.50 S.aureus,P. - Similar inhibitory activity was observed [128]
nm? mV aeruginosa  for both S. aureus and P. aeruginosa for all

treatment groups.

» CUR-loaded CSNPs had significantly
higher inhibitory activity than blank CSNPs.
+ At 1000 ng, CUR-loaded CSNPs had a ZOI
of ~25 mm while the positive control,
gentamicin had a ZOI of 25 - 30 mm for
both S. aureus and P. aeruginosa

Gelatin/ EGCG 45.80% + 3.70% 236.60+7.80 +28.90+1.20 S.aureus,P. «EGCG-loaded gelatin/CSNPs with [129]
CSNP*© nm’ mvV aeruginosa, E. gentamicin had significantly larger ZOI
coli than commercial Aquacel® Ag* dressings.

« Largest ZOI was observed in P. aeruginosa
followed by S. aureus, and E.coli.

(continued on next page)
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Table 1 (continued)

NP Active Encapsulation Size Surface Microbe Key findings Ref.
formulation ingredient efficiency charge
CSNP? H. pineodora 27.56% 158.70 nm’  +24.10 mV S. aureus, « H. pineodora encapsulated in CSNPs had  [119]
MRSA, P. significantly larger ZOI than H. pineodora
aeruginosa, E. essential oil, CSNPs and chloramphenicol
coli, B. across all microorganisms tested except for
subtilis, B. C. albicans.
cereus, P. « H. pineodora encapsulated in CSNPs
mirabilis, S.  showed 90.0% - 99.9% synergism between
typhimurium, the H. pineodora and CSNP.
Yersinia sp., +Up to 83.03% and 80.71% reduction in
K. colony counts were observed in an in vitro
pneumoniae, collagen wound model and simulated
S.boydii, A.  wound fluid, respectively.
anitratus, C.
albicans, C.
utilis
CSNP? Insulin 77% 294.50+21.92 +17.89+0.74 - + Samples treated with wound dressings [130]
nmf mV containing insulin-loaded CSNPs had lower
microbial penetration across the wound
dressing.
« Optical density of the Brain heart infusion
broth of the positive control
(absorbance~30) was significantly higher
than dressings containing insulin-loaded
CSNPs (absorbance<5), by Day 7.
CMCSNPs
CMCSNP? OH30 82.46+1.11%  258.70+13.30 +30.20+5.10 E. coli » OH30-loaded CMCSNPs sustained 100% [120]
nm! mV antibacterial activity while the unloaded
CMCSNPs peaked at less than 50%.
CMCSNP*© OH30 92.14+1.05% 164.60+5.00 —37.60+1.50 S.aureus,E. < Dressings containing OH30-loaded [121]
nm’ mV coli CMCSNP produced >80% antibacterial
activity against both S. aureus and E. coli.
« Unloaded dressings produced around 40%
and 20% antibacterial activity against S.
aureus and E. coli, respectively.
CS-modified metal NPs
CS-ZnONP | ZnO - ~180 nm! - S.aureus, E.  + Nanocomposites loaded with CS-ZnONPs  [131]
coli, M. luteus had higher antimicrobial activity on
Gram-positive bacteria than Gram-negative
bacteria.
« At 7.5 wt% concentration, CS-ZnONPs had
~1.6, ~3.0, and ~3.0 antibacterial activity
against E. coli, S. aureus and M. luteus,
respectively.
CS-AgNP* Ag = 5-50 nm$ - S.aureus,P.  « CS-AgNPs cross-linked with genipin [132]
aeruginosa, E. showed significant antimicrobial activities
coli and inhibition of bacterial growth.
« The highest antimicrobial activity was
observed in P. aeruginosa (ZOI~4 mm),
followed by E. coli (ZOI~3mm) and S.
aureus (ZOI~2 mm).
CS-SeNP* Se - 55-500 nm* - S. aureus, » No significant antimicrobial activity [133]
MRSA, E. coli against E. coli.

+ CS-SeNPs achieved up to 52% growth
inhibition in S. aureus and 54% growth
inhibition in MRSA.

(continued on next page)
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Table 1 (continued)

NP
formulation

Active
ingredient

Encapsulation Size

Surface
charge

Microbe

Key findings Ref.

PVA/CS-
AgNP*

COS-AgNP*

2-mercapto-
1-

Ag

Au

methylimidazole

(MMT)-CS-
AuNp*

CS-AgNP*

CS-AgNP*

CS-AgNP?

CS-SER-
AgNP*

Ag

Ag

Ag

Ag

190 - 200
nmt$§

15.70+4.73
nmS$

10.07 +2.34
nm'

22.80 nm'

225.30 nm'

10 - 30 nm?

96.93 £0.50
nm'

—45.90 mV

—21.40 mV

—0.42+0.12
mV

S. aureus, P.
aeruginosa, E.
coli, M. luteus
S. enterica, S.
typhimurium,
B. cereus, E.
faecalis

S. aureus, E.
coli

S. aureus,
MRSA, E. coli

E. coli

S. aureus, P.
aeruginosa

MRSA

S. aureus,
MRSA, P.
aeruginosa, S.
epidermis, A.
baumannii

» Higher AgNOj3 concentrations in [134]
PVA/CS-AgNPs led to higher antibacterial

activity.

» PVA/CS-AgNPs showed highest inhibitory
activity against S. aureus (ZOI=21+1mm)

and M. luteus (ZOI=20+ 0.5 mm).

« PVA/CS-AgNPs showed the lowest

inhibitory activity against E. coli

(ZO1=13+0.5) and S. typhimurium

(ZOI=1040.1)

« A significantly larger ZOI was observed in  [123]
plates treated with COS-AgNPs than AgNPs.

« Inhibition ratio of S. aureus treated with
COS-AgNPs and AgNPs were ~100% and

~90%, respectively, after about 5h.

» Inhibition ratio of E. coli treated with
COS-AgNPs and AgNPs were ~80% and

~60%, respectively, after about 5h.

* MMT-CS-AuNPs had similar inhibition [135]
ratios (between 90% - 100%) as ampicillin

for S. aureus and E. coli.

» MMT-CS-AuNPs (>90%) had a significantly
higher inhibition ratio than ampicillin for

MRSA (10% — 20%).

« CS- AgNP-loaded CS films (62.22% + 0.91%) [124]
produced the highest E. coli inhibition as
compared to CS-AgNP solution (58.52% =+

0.52%), blank CS film (16.67% =+ 0.91%), and

CS solution (29.63% =+ 1.05%).

» The MIC of CS-AgNPs (2.98 ng/ml) were [136]
significantly lower than unmodified AgNPs
(4.6811g/ml) and CS alone (3.10 pg/ml)

against S. aureus.

» The MIC of CS-AgNPs (1.92 pg/ml) were
significantly lower than unmodified AgNPs

(3.5 6 pg/ml) and CS alone (2.84 pg/ml)

against P. aeruginosa.

» There was no significant difference in [137]
bactericidal activity against MRSA between
CS-AgNPs, PVP-AgNPs, and AgNPs with all

of them achieving 100% bactericidal

activity at 8 ug/ml and having an IC50 of

about 4 pg/ml.

- GS-SER-AgNPs (31.24+0.43mm & [138]
29.17 +0.41 mm) had larger ZOIs than

CS-AgNPs (15.33+0.25mm &

23.33+0.58 mm) when tested against MRSA

and P. aeruginosa, respectively.

» CS-SER-AgNPs (11.25+0.43mm &

13.75+0.43 mm) had smaller ZOIs than

CS-AgNPs (27.00+0.78 mm &

16.75+0.50 mm) when tested against S.

aureus and A. baumannii, respectively.

+ CS-SER-AgNPs (22.50 + 0.53 mm) had

similar ZOIs as CS-AgNPs (22.00 & 0.76 mm)

when tested against S. epidermis.

(continued on next page)
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Table 1 (continued)

NP Active
formulation ingredient

Surface
charge

Encapsulation Size
efficiency

Microbe Key findings Ref.

CS-SER- Ag - 239.90+1.56
AgNP* nm'

CS-AgNP* 10-50 nm$ -

TMC- Ag = = =
immobilised
AgNP #

+37+3.6 mV S. aureus, E.

 The ZOI of CS-SER-AgNPs

coli (21.00 &+ 1.50 mm) was larger than AgNPs
(8.00 £+ 1.50 mm) when tested against E. coli.
« The ZOI of CS-SER-AgNPs

(17.00 & 1.45 mm) was larger than AgNPs
(7.00 £+ 1.00 mm) when tested against S.
aureus.

» MIC of CS-AgNPs (1.84+0.17 pg/ml &

3.78 +1.70 pg/ml) were significantly lower
than unmodified AgNPs (2.65 +1.40 pg/ml &
4.89 +1.80 pg/ml) and CS alone
(3.84+1.80ug/ml & 5.10 +2.20 pg/ml)
against P. aeruginosa and MRSA,
respectively.

« ZOI of CS-AgNPs (20+0.2mm &

18 + 0.6 mm) were significantly higher than
unmodified AgNPs (10 £0.9 mm &

9+ 1.1 mm) and CS alone (12+0.4 mm &
10+ 1.8 mm) against P. aeruginosa and
MRSA, respectively.

S.aureus,P.  « Sponges loaded with TMC-immobilised
aeruginosa, E. AgNPs displayed antibacterial effects

coli against S. aureus (ZOI~7 mm), P. aeruginosa
(ZOI~8 mm), and E. coli (ZOI~7 mm).

« TMC and CS sponges did not show any
antibacterial activity.

[139]

MRSA, P.
aeruginosa

[140]

[110]

@ Prepared using ionic gelation method with TPP as a cross-linker;.
b

¢ Prepared by gelation of CS and gelatin mixture;.
d
¢ Prepared using electrostatic droplet method;.

I Prepared using precipitation method;.

# Prepared using chemical reduction method;.

* Prepared using template method;.

T Size measured using dynamic light scattering (DLS);.

1 Size measured using scanning electron microscopy (SEM);.

§ Size measured using transmission electron microscopy (TEM);.
* Method used unspecified.

Prepared using ionic gelation method with carboxymethyl-g-cyclodextrin (CM--CD);.

Prepared using ionic gelation method with a mixture of CMCS and OH30;.

tested for both bacterial strains [113]. Other studies have also
described lower minimum inhibitory concentration (MIC)
values for CS against P. aeruginosa as compared to S. aureus
[114]. Generally, there are conflicting results in the current
literature surrounding the effects of CS against P. aeruginosa
and S. aureus as there have been some studies showing the
opposite to occur as well [115]. In principle, the most profound
antibacterial activity of CS is thought to be derived from the
electrostatic interactions between the cationic polymer with
the negatively charged bacterial cell wall [116]. In accordance
with this, Gram-negative bacteria have been proposed to be
more susceptible to the antibacterial effects of CS as they
have a larger negative charge than Gram-positive bacteria due
to their lipopolysaccharide (LPS)-rich outer membrane [116].
Further supporting this idea is a study by Raafat et al. which
reported a S. aureus mutant strain lacking any negatively
charged teichoic acid on the cell wall displaying significant
resistance against CS [117]. Meanwhile, a S. aureus mutant

strain which carried a higher negative charge due the lack of
the D-alanine modification in teichoic acids had an increase
in susceptibility by about 100 times [117]. Nevertheless, there
are a number of studies with evidence suggesting otherwise;
whereby the antibacterial effects of CS are more prominent
against Gram-positive bacteria [116]. The antibacterial nature
of CS most likely stems from a complex combination of
events which collectively contribute to bacterial cell death
[117]. To truly understand the reasoning behind the different
extents in antibacterial activity of CS against Gram-negative
and Gram-positive bacteria, more evidence surrounding its
possible modes of action will need to be uncovered.
Meanwhile, another study described the antibacterial
effects of CSNPs in combination with a first-generation
cephalosporin, cefadroxil (CDX) [118]. Wounds treated with
in situ gels containing CDX-loaded CSNPs had more than
60% inhibition of S. aureus growth, as compared to gels only
containing CDX which had about 40% inhibition [118]. These
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Table 2 - Summary of wound healing studies evaluating the antimicrobial properties of CS-based NPs and CS-modified

metal NPs in vivo and ex vivo.

NP Active Encapsulation Diameter Surface Wound model Key findings Ref.
formulation ingredient efficiency charge (Microbe)
Therapeutic compound loaded CS-based NPs
Lecithin- TGC 22% 2354+£20nm’ 19+£5mV Ex vivo porcine  + S. aureus survival rate was decreased [125]
coated skin by approximately 2-fold in the
CSNP* (S. aureus) presence of TGC-loaded
lecithin-coated CSNPs.
 CFUs were markedly lower for CSNPs
as compared to lecithin-coated CSNPs.
CSNPf CDX 84.25% + 0.02% 408.30+53.17 +22.80+0.57 In vivo wound - Inhibition percentage in the [118]
nm’ mV infection CDX-loaded CSNP group was
(S. aureus) consistently 20% higher than the CDX
group, up to Day 4.
- Greater than 90% inhibition was
obtained in the CDX-loaded CSNP
group on Day 5.
CS-modified metal NPs
CS-AgNP* Ag - 15 nm? - In vivo burn » Wounds treated with CS-AgNPs [141]
wound (~2.8Log CFU/cm~2) had significantly
(No specific lower bacterial counts than untreated
bacterial species) wounds (~3.6Log CFU/cm~?) and
SSD-treated wounds (~3.6Log
CFU/cm™2).
- Bacterial counts for CS-AgNP treated
wounds were about 7-10 times less
than SSD treated wounds.
CS-AgNP* Ag - 10-30nm® - In vivo infected - Similar antibacterial effects were [137]

full-thickness
wound (MRSA)

observed for uncoated AgNPs,
PVP-AgNPs, and CS-AgNPs.

» MRSA was not detected in all
treatment groups beyond day 3
post-wounding.

@ Prepared using ionic gelation method with TPP as a cross-linker;.
f Prepared using W/O/W type double emulsification;.

*# Prepared using chemical reduction method;.

T Size measured using DLS;.

§ Size measured using TEM

observations show the enhanced antibacterial effect which
can be achieved when using CSNPs in combination with an
antibiotic.

The antimicrobial activity of CSNPs for wound healing
applications have also been studied in combination with
natural active constituents. A thorough study evaluating the
synergistic effects of CSNPs and Homalomena pineodora
(H. pineodora) essential oil against clinical isolates of
common diabetic wound pathogens has been reported
[119]. The study found that CSNPs loaded with H. pineodora
essential oil exhibited synergism (Fractional inhibitory
concentration, FIC indices < 0.5) against S. aureus, B. cereus,
B. subtilis, methicillin-resistant S. aureus (MRSA), P. mirabilis,
A. anitratus, S. boydii, and C. albicans [119].

7.2.2. Carboxymethyl NPs

Two separate studies by Sun et al. and Zou et al. reported the
use of CMCSNPs together with a bioactive OH-CATH30 (OH30)
peptide for the purpose of wound healing [120,121]. In contrast
to CS-based NPs, CMCSNPs typically carry an overall negative

charge due to the presence of carboxylic acid functional
groups instead of amino groups. The negatively charged
OH30-loaded CMCSNPs incorporated into polyvinyl alcohol
(PVA)/CS nanofibres reported by Zou et al. produced significant
antimicrobial activity against both S. aureus and E. coli
when compared to unloaded PVA/CS nanofibres, with a larger
difference observed against E. coli. [121]. In another study,
unloaded CS-coated CMCSNPs only had modest inhibitory
activity against E. coli with less than 50% inhibition, which
decreased over time. However, the OH30-loaded CS-coated
CMCSNPs exhibited 100% inhibition which was sustained
over 24 h [120]. Interestingly, the authors of this study
compared the effects of negatively charged OH30-loaded
CMCSNPs (zeta potential, ¢ =—36.7 £3.3mV) with positively
charged OH30-loaded CS-coated CMCSNPs (zeta potential,
¢ =+430.2+5.1mV) [120]. The positively charged OH30-loaded
CMCSNPs had significantly greater antibacterial effects than
their negatively charged counterparts [120]. Findings from this
study further highlight the importance of particle surface
charge on the antibacterial effects even when being used as
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a delivery vehicle for antimicrobial compounds such as the
OH30 peptide.

7.2.3.  CS-modified metal NP

CS-modified metal NPs, particularly CS-AgNPs have been
widely studied for their antimicrobial wound healing
applications [122]. PVA/COS-AgNPs were compared with
PVA/COS/AgNO3; and unloaded PVA/COS nanofibres in terms
of their antimicrobial activity against S. aureus and E.
coli [123]. In this study, the unloaded PVA/COS nanofibres
exhibited the lowest antimicrobial activity with no noticeable
zone of inhibition (ZOI) [123]. On the other hand, the PVA/COS-
AgNP group produced the greatest antimicrobial activity, with
an inhibition ratio of 100% against S. aureus and an inhibition
ratio greater than 80% against E. coli after 5 h of incubation
[123].In contrast, PVA/COS/AgNO; only had an inhibition ratio
of greater than 80% for both bacteria after 5 h of incubation
and a smaller inhibition zone than PVA/COS-AgNPs [123].
Similar findings were reported in a study evaluating the
antimicrobial activity of CS-AgNPs and CS solution alone
[124]. The CS-AgNPs had an average ZOI diameter of 5.27 cm
and 58.52% inhibition while CS solution alone only had an
average ZOI diameter of 2.67 cm and 29.63% inhibition when
tested against E. coli, demonstrating superior antimicrobial
effects by CS-AgNPs [124]. When used in combination with
other materials with intrinsic antimicrobial properties
such as transition metals, antibiotics or natural products,
CSNPs, CMCSNPs and CS-modified metal NPs are capable of
producing enhanced antimicrobial effects [111].

7.3. Oxidative stress and anti-oxidative properties

7.3.1. CSNPs

The formation of CSNPs with or without other active
ingredients may take advantage of the mild anti-oxidative
properties of CS to further improve wound healing outcomes
by preventing excessive oxidative stress around the wound
area.

A study by Sami et al. reported very little to no significant
antioxidant activity in the tested CSNPs [112]. Interestingly,
this study used a modified 4,5-dimethylthiazole-2-yl)—2,5-
diphenyltetrazolium bromide (MTT) assay without any cell
cultures [112]. Only the reagent and experimental treatments
were used on the formulated CSNPs to quantify its antioxidant
activity [112]. The most common application of MTT lies
in determining cell viability, proliferation, and cytotoxicity
instead of antioxidant activity [142]. In this scenario, the basic
principle of the assay was employed, whereby the soluble MTT
reagent is reduced to insoluble formazan by nicotinamide
adenine dinucleotide phosphate (NADPH) produced by cell
metabolism [112,142]. This was used by the authors to
quantify the reduction of MTT by the antioxidant, CSNP, in the
absence of any cells [142]. There is currently limited evidence
to support the reliability of an MTT assay in quantifying
antioxidant activity in comparison to more commonly used
assays such as the DPPH free radical scavenging method
[142]. Therefore, the findings could be further investigated
with other commonly used antioxidant assays for validation
purposes.

Gallic acid (GA) is a plant polyphenol known for having
potent antioxidative properties. The antioxidative properties
of GA-loaded CSNP incorporated into collagen-fibrin scaffolds
were evaluated for the purpose of wound healing [143].
Authors of this study compared the DPPH scavenging activity
of collagen-fibrin scaffolds containing GA-loaded CSNPs
against unloaded collagen and collagen-fibrin scaffolds [143].
The antioxidant activity was found to increase substantially
to about 90% with the addition of GA-loaded CSNPs in
comparison to the unloaded collagen and collagen-fibrin
scaffolds which only produced about 10% antioxidant activity
[143]. Combination of the highly potent antioxidant, GA
with the mildly antioxidative CSNPs resulted in a significant
boost in antioxidant activity higher than each of these
components on their own. [143]. An interesting note is
when GA is conjugated to CS as GA-grafted-CS, but not
formulated as NPs, the antioxidative effects from DPPH, 2,2’-
azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS), and
oxygen radical scavenging assays were lower than or equal to
GA alone [144]. However, when GA is encapsulated in CSNPs
in a different study, the antioxidative effects were increased
above GA alone [143,144].

Mangiferin-loaded CSNPs were similarly observed to
strengthen the free radical scavenging effect of mangiferin in
a separate study by Samadarsi and Dutta [145]. Statistically
higher antioxidative effects were seen in DPPH, ferric reducing
antioxidant power (FRAP), and ABTS assays when comparing
mangiferin-loaded CSNPs to mangiferin alone [145]. The
same was observed for naringenin-loaded CSNPs compared
to naringenin alone whereby higher hydroxyl, DPPH, and
nitrite free radical scavenging activity was obtained in the
former group [146]. These studies had all used the ionic
gelation method with TPP as the cross-linker to prepare
the CSNPs [143,145,146]. NP sizes and surface charges
determined by dynamic light scattering (DLS) in these studies
ranged from 91.0nm to 446.7 nm and +22.0mV to +58.4mV,
respectively [143,145,146|. Encapsulation efficiency of these
natural compounds were also found to range between 73% to
85% [143,145,146]. The differences in active compound tested
in each of these studies limit the comparison of beneficial
CSNP effects in relation to these important properties.
Moreover, notice should be taken regarding the range of
particle size, surface charge, and encapsulation efficiency
reported in these studies, which could all influence the effects
of the CSNPs, leading to the observed findings.

7.3.2.  CS-modified metal NPs

Results from a study using CS-AgNPs showed that an
increased incubation time of 1h to 24 h consistently improved
the scavenging rate of CS-AgNPs by about 5% across all
tested concentrations [141]. The CS-AgNPs also showed a
dose-dependent increase in scavenging rate which gradually
increased from about 70% at 0.004ng/ml to about 85% at
0.13ng/ml [141]. Meanwhile, Haiji et al. thoroughly examined
the antioxidant properties of PVA/CS-AgNPs compared to
CS alone using both in vitro and in vivo techniques [134].
Significant antioxidant activity from PVA/CS-AgNPs was
observed, which was comparable to butylated hydroxyanisole
(BHA) and L-mannitol that were used as positive controls
[134]. CS alone had lower antioxidant activity than PVA/CS-
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AgNPs in all of the in vitro antioxidant assays [134]. The
in vivo assay revealed increased expression of antioxidative
enzymes, namely catalase (CAT), superoxide dismutase
(SOD), glutathione peroxidase (GPx) following treatment with
PVA/CS-AgNPs in comparison to the control group [134].
Lower levels of lipid peroxidation were also reported for
wounds treated with PVA/CS-AgNPs when compared to the
control group [134]. Overall, the findings from these studies
indicate that CSNPs and CS-modified metal NPs are capable
of producing antioxidative effects which may be beneficial to
wound healing.

7.4. Inflammatory response regulation

7.4.1. CSNPs

Formulation of CSNPs from different types of CS polymers
were shown to improve the permeation and distribution of
CS across the wound site and increase the internalisation of
CS by macrophages [147]. This may lead to more profound
effects observed in CSNPs than unmodified CS, as they have
easier access to target cells in terms of regulation of immune
responses.

An in vitro study involving LPS-treated RAW264.7 cells had
reported significant decrease of IL-6 and TNF-a expression
following treatment with CUR-loaded CSNPs and free CUR
alone in a dose-dependent manner [148]. The downregulation
of both pro-inflammatory cytokines was significantly greater
in the CUR-loaded CSNP group than the free CUR group
[148]. CUR-loaded CSNPs were able to significantly reduce
the inflammation produced by LPS-stimulated macrophages
in vitro [148|. A separate study investigated the effects of
vaccarin (VAC), VAC-loaded CSNPs, and unloaded CSNPs
on the expression of TNF-a and IL-18 in an in vivo full-
thickness excisional wound model [149]. Findings from this
study suggested that VAC-loaded CSNPs were capable of up-
regulating the expression of IL-18 [149]. Another interesting
result obtained from this study was a significantly elevated
level of TNF-« in VAC-treated wounds which was not observed
in any other groups, including the VAC-loaded CSNP group
[149]. Similarly, Choudhary et al. had reported a markedly
lower expression of TNF-« in wounds treated with quercetin
(QUE)-loaded CSNPs when compared to wounds treated with
bulk QUE alone [150]. Meanwhile, the anti-inflammatory IL-
10 and TGF-B1 were significantly elevated in wounds treated
with QUE-loaded CSNPs when compared to control wounds
and QUE-treated wounds [150]. Authors in these three studies
utilised the ionic gelation method with TPP as the cross-linker
to synthesize the CSNPs [148-150]. The NP sizes ranged from
91.3nm to 361.2nm across the three studies [148-150]. Only
Hou et al. had reported the zeta potential of the VAC-loaded
CSNPs, which averaged at +37.1mV [149]. Collectively, these
results highlight the important role of CSNPs as drug delivery
vehicles for regulating inflammation during wound healing,
improving the effects of the active ingredients when delivered
in CSNPs.

7.4.2. CMCSNPs

In a study evaluating OH30-loaded CMCSNPs coated with a
layer of CS, elevated levels of TNF-« were reported in wounds
treated with OH30 alone while lower levels were observed in

wound treated with OH30-loaded CMCSNPs coated with CS
[120]. Other pro-inflammatory cytokines, IL-6 and IL-8 were
initially expressed at higher levels in OH30-loaded CS-coated
CMCSNP-treated wounds but steadily declined to levels lower
than or similar to untreated wounds [120]. OH30-loaded CS-
coated CMCSNPs also displayed a longer sustained increase
in IL-10 expression than OH30 alone, but a consistently lower
expression of TGF-g1 than untreated wounds throughout the
study duration [120]. NPs formulated in this study had an
average size of 258.7nm and the outer layer of CS coating
the CMCSNPs granted a positive surface charge of +30.2mV
[120]. The particle size and surface charge of the CS-coated
CMCSNPs in this study are similar to those reported for the
studies on CSNPs previously discussed.

The effect of CSNPs and CMCSNPs carrying different types
of therapeutic agents produced varying results in terms of
the expression of pro- and anti-inflammatory cytokines. This
highlights the complex interactions between the CSNPs and
CMCSNPs together with their therapeutic cargo with the
surrounding immune cells during the inflammatory phase.
It was interesting to note that in three separate in vivo
studies involving VAC, QUE, and OH30, CSNPs and CS-coated
CMCSNPs were able to reduce the expression of TNF-o which
was significantly elevated in treatment groups involving the
active therapeutic compounds alone [120,149,150]. The diverse
effects of CSNPs and CMCSNPs on these cytokines during
wound inflammation can be further connected to other effects
observed, such as in collagen deposition or angiogenesis due
to the varied nature of these cytokines.

7.4.3. CS-modified metal NPs

Significantly lower levels of IL-18 mRNA expression following
treatment with CS-AgNP was reported in an in vivo burn
wound study [141]. The levels reported were lower than both
the control group and positive control group with silver
sulfadiazine (SSD) as the treatment throughout the duration
of the study [141]. In contrast, TGF-f1 mRNA expression
appeared to be significantly higher in wounds treated with CS-
AgNPs than in control wounds and SSD-treated wounds, but
only on day 7 [141]. This could be due to the fact that CS-AgNP
treated wounds had achieved almost complete closure by day
7, which explains the possible peak in TGF-B1 expression
at this point [141]. Other treatment groups experienced an
elevation in TGF-81 mRNA at later timepoints where the levels
in the CS-AgNP group began declining as the wound healed
earlier [141]. Overall, the results from this study showcased
the ability of CS-AgNPs to act as an anti-inflammatory agent
by modulating both IL-18 and TGF-81 levels [141].

7.5.  Angiogenesis and new vessel formation

7.5.1. CSNPs

The relationship between CS and angiogenesis is not as
clearly described in the current literature as its other
properties. Minor effects of CS on angiogenesis are attributed
to its indirect mechanisms on inflammation and oxidative
stress [148|. Angiogenesis is initiated by a hypoxic wound
environment, the release of pro-angiogenic growth factors,
and the release of proteases [151,152|. This helps to deliver
nutrient-rich blood to sustain the regeneration of skin tissue
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and ECM around the wound bed [151,152]. Nevertheless,
excessive levels of angiogenesis have been linked to
hypertrophic scar formation. Hence, optimal wound healing
outcomes require a healthy level of angiogenesis [153].
Numerous studies have investigated the application of CS
and its derivatives in formulating drug delivery systems for
pro-angiogenic uses in wounds [154,155].

The difference in angiogenic effect of CS and CSNPs on
human umbilical vascular endothelial cells (HUVEC) were
examined by Wang et al. [75]. It was revealed that calcium
alginate hydrogels containing CSNPs produced significantly
higher cell migration, tubule formation, and VEGF expression
in HUVEC as compared to CS-calcium alginate hydrogels [75].
A significant increase in ROS production was observed in
HUVEC treated with calcium alginate hydrogels containing
CSNPs in comparison to CS-calcium alginate hydrogels
[75]. In addition, when cells were treated with calcium
alginate hydrogels containing CSNPs together with a strong
antioxidant, N-acetyl cysteine (NAC), the ROS production
dropped to levels similar to control cells [75]. This combination
of calcium alginate containing CSNPs with NAC also did not
show any significant changes in HUVEC migration, tubule
formation, or VEGF expression, suggesting the possible role of
ROS upregulation by CSNPs in facilitating angiogenesis [75].
The authors attributed the differences in the results between
CSNPs and unmodified CS to the enhanced cellular uptake of
CSNPs [75].

In a separate in vitro study, CUR-loaded CSNPs were
evaluated using high glucose induced HUVEC (HG-HUVEC)
and RAW264.7 to mimic diabetic wound conditions [148].
Following treatment with CUR-loaded CSNPs and CUR alone,
an increased HG-HUVEC cell migration, tubule formation, and
VEGF expression was observed in cultures incubated together
with RAW264.7 and LPS [148|. The increased cell migration,
tubule formation, and VEGF expression was observably higher
in CUR-loaded CSNPs than CUR alone. In this study, the
angiogenic effects of CUR-loaded CSNPs and CUR alone were
explained based on their ability to reduce RAW264.7 induced
inflammation [148]. This was supported by their findings
whereby a high concentration of CUR-loaded CSNPs was able
to restore HG-HUVEC migration, tubule formation, and VEGF
expression to values similar to HG-HUVEC incubated without
RAW264.7 and LPS [148|. CUR-loaded CSNPs were also shown
to elevate the number of blood vessels in a separate in vivo
wound healing study by more than two times when compared
to untreated wounds [156]. When used in combination with
a polymeric fibre mat, CUR-loaded CSNPs further increased
the number of blood vessels formed as compared to using the
polymeric fibre mat alone [156].

Both of these studies synthesised CUR-loaded CSNPs using
the ionic gelation method with TPP as the cross-linker
[148,156]. Although using the same preparation method and
similar CS polymers in terms of MW and DDA, the properties
of CUR-loaded CSNPs in these studies largely differed. The first
study reported an average particle size of 91.3nm while the
second study had a size of 359.0nm [148,156]. Although zeta
potential was only reported in the second study as —12.2mV,
the first study claimed their CUR-loaded CSNPs to have an
overall positive surface charge [148,156]. Drug loading and
encapsulation efficiency also largely differed, as the first study

had a drug loading of 35.1% and encapsulation efficiency
of 77.2% while the second study had 4.2% and 93.0% as
the drug loading and encapsulation efficiency, respectively
[148,156]. These differences highlight the importance of the
preparation steps involved in synthesising CSNPs, such as the
ratio of each component along with the purification method.
However, despite the vastly different NP properties reported,
positive outcomes were still achieved by both authors, which
further inform us on the degree of flexibility allowed by CSNPs
carrying specific compounds in exerting their effects.

Using a scratch assay, Hou et al. reported an increase in
HUVEC migration rate for cells treated with VAC, VAC-loaded
CSNPs, and unloaded CSNPs; whereby the largest increase
was observed with VAC, followed by VAC-loaded CSNPs and
unloaded CSNPs [149]. However, a larger number of migrated
cells were seen in the VAC group than the VAC-loaded
CSNP group when using the transwell cell migration assay
[149]. Both groups exhibited higher cell migration rate than
untreated cells in the same assay [149]. Furthermore, findings
from the same study showed that wounds treated with VAC
and VAC-loaded CSNPs both produced significantly higher
levels of microvascular density (MVD) in wound tissues as
compared to the control group [149]. Platelet-derived growth
factor (PDGF)-BB expression of wounds treated with VAC
and VAC-loaded CSNPs peaked and declined earlier than
control wounds [149]. The outcomes from this study provide
evidence that CSNPs are suitable as a delivery vehicle for
VAC in supporting healthy angiogenesis in wounds which is
beneficial for tissue regeneration.

QUE-loaded CSNPs used in an in vivo study were also
shown to be able to increase the VEGF expression in wound
tissues [150]. The increase in VEGF expression was higher
than the levels obtained from QUE-treated wounds and
control wounds [150]. Interestingly, an inverse relationship
was observed between the increase in VEGF expression and
QUE concentration in QUE-loaded CSNPs [150]. A similar
inverse relationship was seen upon histological analysis of
blood vessel density between the concentration of QUE in
QUE-loaded CSNPs and the number of blood vessels on day
7 of treatment. However, on day 21, this was reversed whereby
increasing QUE concentration in QUE-loaded CSNPs led to an
increase in number of blood vessels counted. This contrasts
the results obtained from a study by Kant et al. whereby
VEGF mRNA expression in wound tissues increased following
increases in QUE concentration dissolved in DMSO [157]. The
QUE concentrations used in these two studies were similarly
reported as 0.03%, 0.1% and 0.3% [150,157]. The differences in
the findings from these studies may be due to the differences
in drug release kinetics and skin permeation offered by QUE-
loaded CSNPs as compared to QUE alone applied topically
to the wound. Further research into the possible reasons for
this observation is required before a clear explanation can be
drawn.

Despite the positive results obtained in the in vitro
studies using HUVEC under different conditions, the
effects of unloaded CSNPs on angiogenesis using in vivo
models, in terms of VEGF and PDGF-BB expression, were
not as noticeable [75,148-150,158,159]. However, when used
alongside another active compound, these formulations
were capable of producing promising results with higher
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expressions of pro-angiogenic biomarkers and increased
angiogenesis activity which peaked earlier and declined
sooner than control groups [148-150,159].

7.5.2. CNPs

An interesting result obtained by a study measuring
the effects of CNPs on neovascularisation revealed that
CNP-based aerogels produced the highest amount of
neovascularisation in wound tissues on Day 7 of treatment
and the lowest amount of neovascularisation on day 14 [158].
The difference in neovascularisation in comparison to all
other groups were significantly large [158]. This finding is
suggestive of a wound dressing capable of accelerating the
wound healing process by facilitating the growth of new
vessels earlier without causing excessive growth of vessels at
later stages which may cause unwanted outcomes such as
hypertrophic scarring [158]. Formation of more structurally
mature and larger-sized blood vessels was also observed
in CNP-based aerogels in comparison to other groups [158].
This further supports the use of CNPs which enhance the
development of blood vessels in wounds in a timely manner
without impeding the maturity or structural integrity of
newly formed vessels.

7.5.3.  CS-modified metal NPs

Li et al. had also reported an increase in VEGF mRNA
expression in full-thickness incisional wounds treated with
PVA nanofibres containing COS-AgNP which peaked earlier
than control wounds and achieved baseline levels quicker
than control wounds [159]. The elevation in VEGF mRNA
expression was only observed to be statistically significant
on Day 7 and 9, while the other time points were not
statistically significant [159]. A trend was also noticed
whereby the PVA/COS-AgNP nanofibre group displayed an
earlier and higher peak in VEGF mRNA than all the other
groups which subsequently declined sooner [159]. This is a
desirable observation as it depicts quicker vascularisation
which generally speeds up wound regeneration. Treatment
of wounds with PVA/COS-AgNP together with a TGF-g1
inhibitor produced the slowest but similarly high peak in VEGF
mRNA which remained slightly elevated at the study end-
point [159]. Authors of this study connected this observation
with the wound healing time observed for this treatment
group, which was similarly the slowest, and attributable to
a slower formation of granulation tissue [159]. This further
highlights the intricacy of angiogenesis as part of the wound
healing process, where the expression of growth factors can
be easily changed by the expression and action of other
cytokines.

7.6. Collagen deposition

7.6.1. CSNPs

Reconstruction and reorganization of the ECM are two
separate but intertwined processes which are vital for
successful wound healing [160,161]. Of the many different
components of the ECM, collagen has an important role
of maintaining the structural and dynamic integrity of
the ECM while serving as a scaffold for other biological
processes [160,161]. During the proliferative phase of wound

healing, collagen type III is typically present in greater
amounts whereas during the remodeling phase, collagen type
I becomes dominant in scar tissue [160-163]. Hydroxyproline
is an amino acid which has been commonly used as a means
to estimate the amount of collagen due to its high content in
collagen [164,165].

A noticeable trend of increasing hydroxyproline content
to varying degrees in wounds treated with different CSNPs,
CMCSNPs, and CS-modified metal NPs were observed across
a number of studies (Table 3). Kaparekar et al. measured
the changes in collagen content of wound tissues through
estimation using hydroxyproline [143]. The study found that
treatment of wounds with GA-loaded CSNPs impregnated into
polymeric scaffolds resulted in elevated collagen deposition
on Day 4, 8 and 12 when compared to empty polymeric
scaffolds and untreated wounds [143]. The increase in
collagen content were statistically significant on Days 4
and 8 [143]. Findings from a study using polycaprolactone
(PCL)-gelatin scaffolds containing CUR-loaded CSNPs had
showed that the treatment of wounds with CUR-loaded
CSNPs produced significantly higher collagen content in
wound tissues than control and vehicle control groups [156].
Furthermore, this study had also showed a mild increase in
collagen content for wounds treated with blank CSNP-loaded
PCL-gelatin scaffolds alone [156].

However, melatonin (MEL)-loaded lecithin/CSNPs did not
produce an increase in collagen content in one study by
Lopes Rocha Correa et al. [166]. No significant difference in
collagen density was observed with MEL-loaded lecithin/CSNP
treatment in comparison to other groups as reported by the
authors [166]. Although not significant, there was an increase
in collagen observed in MEL-loaded lecithin/CSNP groups
compared to the vehicle formulation group [166]. Particle
size, surface charge, and encapsulation efficiency of the NPs
used in this study can be seen in Table 3. The MEL-loaded
lecithin/CSNPs with no statistically significant findings did
have a considerably lower encapsulation efficiency than the
other two studies discussed earlier [166]. This may be a
possible factor in the lack of substantial difference observed,
along with the slower release of MEL from the NPs which was
highlighted by the authors [166].

7.6.2. CMCSNPs

In a study by Sun et al., OH30-loaded CS-coated CMCSNPs
did not increase the collagen content of wounds following
treatment [120]. In fact, OH30-loaded CS-coated CMCSNPs
had been shown to produce a significantly lower collagen
content as compared to control [120]. It also had the
lowest amount of collagen type I and the highest amount
of collagen type III when compared to the control group,
blank CMCSNP treatment group, and OH30 treatment group
[120]. A low collagen type I to collagen type III ratio is
typically synonymous with slower wound remodeling while
higher ratios have been related to faster wound healing and
maturation [120]. This study had explained the contrasting
results from the wound closure observed and the collagen
type I to type IIl ratio by the appearance of hypertrophic
scarring [120]. Photographs of the wound at the study end-
point had showed clear results of less scarring on the
surface of the closed wound for the OH30-loaded CMCSNP
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Table 3 - Summary of wound healing studies evaluating the effects of CS-based NPs, CMCSNPs, CNPs, and CS-modified

metal NPs on collagen deposition.

NP Active Encapsulation Diameter Surface Wound Key findings Ref.
formulation ingredient efficiency charge model
(Animal)
Therapeutic compound loaded CS-based NPs
CSNP? GA 73.20% £ 2.10% 252.90+3.09 +33.50+0.30 Excision » Collagen and hexosamine content were [143]
nm' mvV wound (Male the highest in the collagen-fibrin scaffold
Wistar rat) containing GA-loaded CSNP treatment
group (~0.4 mg/100 mg dry weight) as
compared to the control group
(~0.25 mg/100 mg dry weight) and
unloaded collagen-fibrin scaffold
treatment group (~0.3 mg/100 mg dry
weight).
CSNP? CUR 93.00% + 5.00% 359465nmf -10.70+0.10 Full- » Highest collagen density was obtained [156]
mvV thickness in the PCL-gelatin containing CUR-loaded
wound CSNP group (49.6% =+ 5.6%)
(Male Wistar « Control group and PCL-gelatin group
rat) had collagen densities of 7.6% =+ 3.0% and
12.1% =+ 3.2%, respectively.
Lecithin/ MEL 27% 160.43+4.45 +25.004+0.57 Diabetic - No significant difference in collagen [166]
CSNPE nmf mvV full-thickness content was observed between
wound MEL-loaded lecithin/CSNP (~50.7), MEL
(Wistar rat)  alone (x63.0), blank lecithin/CSNPs alone
(~44.8), and the vehicle control group
(~43.5).
CMCSNPs
CMCS-OH30 OH30 82.46% + 1.11% 258.70+13.30 +30.20+5.10 Full- » Wounds treated with OH30-loaded [120]
NP4 nm mV thickness CMCSNPs had a collagen I/collagen III
wound ratio of 1.875 while control wounds had a
(Female collagen I/collagen III ratio of 12.22.
Kunming « Highest total collagen content was
mice) observed in the control group, followed by
the blank CMCSNP group, OH30 group,
and the OH30-loaded CMCSNP group.
ChitinNPs
CNP2 = = 144+ 3 nm? = Full- - CNP-based aerogel group (collagen [158]
thickness density ~ 40%) had the highest average
wound collagen density.
(Male » CNP-based cryogel group (collagen
Sprague- density ~ 35%) had similar levels of
Dawley collagen density as the positive control
rat) (DuoDERM®) (collagen density ~ 35%).
+ The control group only had a collagen
density of approximately 20%
CS-modified metal NPs
PVA/CS- Ag — 190 - 200 - Full- » PVA/CS-AgNPs produced a [134]
AgNP* nm'$ thickness hydroxyproline content of
wound 27.53 +0.47 mg/g which was close to the
(Male Wistar amount present in the original tissue and
rat) was about 1.6 times higher than the
control group.
PVA/COS- Ag = = = Full- + The relative hydroxyproline contentin  [159]
AgNP* thickness the PVA/COS-AgNP group (~0.5 by day 3)
wound was significantly higher than the control
(Male group (~0.3 by day 3).
Sprague- » PVA/COS-AgNP group had more rapid
Dawley collagen I and III formation than the
rat) control group.
CS-AgNP# Ag - 15 nm? - Burn wound - Significantly higher hydroxyproline [141]
(Male content was observed in the CS-AgNP
Sprague- group (4.90 +0.05 mg/g) as compared to
Dawley the control (4.59 +0.20 mg/g) and SSD
rat) (4.57 £0.20 mg/g) groups.

(continued on next page)
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Table 3 (continued)

NP Active Encapsulation Diameter Surface Wound Key findings Ref.
formulation ingredient efficiency charge model

(Animal)
PVA/COS- Ag - 1531+ 4.00 - = « HSF cells treated with PVA/COS-AgNP  [167]
AgNP* nmS nanofibres (hydroxyproline

content=0.1092) produced significantly
higher hydroxyproline than the untreated
group (hydroxyproline content = 0.0896).

@ Prepared using ionic gelation method with TPP as a cross-linker.

d Prepared using ionic gelation method with a mixture of CMCS and OH30.

& Prepared using self-assembly.

# Prepared using chemical reduction method.
T Size measured using DLS.

§ Size measured using TEM.

treatment group in comparison to other groups [120]. Hence,
the significantly higher overall collagen content found in the
control group could be a consequence of the increase in scar
tissue formation [120].

7.6.3. CNPs

Guo et al. had reported the use of CNP-based aerogels in
animal wounds whereby the collagen density present in
wound tissues at the study end-point was found to be more
than 2 times higher than the amount present in the control
group [158]. A similar relative increase in collagen density was
also seen in wounds treated with CNP-based aerogel when
compared to the control group at the mid-point of the study
[158]. The positive control used in this study, DuoDERM®,
produced similar levels of collagen density elevation as CNP-
based cryogels which were still significantly lower than the
levels achieved by CNP-based aerogels on both timepoints
[158]. optimization of the biological effects of NPs do not end
with the NP formulation itself but extends further to the final
formulation design. As shown by Guo et al., formulating CNP
into aerogels and cryogels through two different methods
resulted in distinct differences in the final biological activity
when treating wounds [158].

7.6.4. CS-modified metal NPs

Invitro measurements of hydroxyproline expression in human
skin fibroblast (HSF) cells treated with PVA/COS-AgNPs
provided evidence of increased hydroxyproline production
[167]. A minor dose-dependent effect was observed in cells
treated with PVA/COS-AgNPs, an increase in concentration
from 12.5pg/ml to 500 ng/ml led to a small but statistically
significant increase in hydroxyproline expression [167].
Addition of a TGF-g1 inhibitor in combination with PVA/COS-
AgNPs led to a staggering decrease in hydroxyproline content
which was even lower than the control group [167]. This may
indicate a dependence on the TGF-g1 signaling pathway for
the elevation in hydroxyproline observed following PVA/COS-
AgNP treatment. Further supporting this is a similar dose-
dependent increase in TGF-B1 expression in cells following
PVA/COS-AgNP treatment [167]. In another study, PVA/COS-
AgNP formulated in the form of nanofibres was also shown
to increase hydroxyproline expression in wound tissues by

a statistically significant amount compared to control [159].
This increase was statistically significant from Day 3 to 9 and
remained slightly higher than the control group from Day 12
to 18 [159]. Addition of a TGF-A1 inhibitor similarly reduced
the effect of PVA/COS-AgNPs to levels similar or less than
the control group [159]. This also provides evidence on the
relevance of TGF-B1 on the effects of PVA/COS-AgNPs. Oryan
et al. had found statistically higher hydroxyproline content in
wound tissue following treatment with high dose CS-AgNPs
at Day 7 when compared to control [141]. The amount of
hydroxyproline was even higher than the positive control
group treated with SSD and the low dose CS-AgNP group
[141]. Hydroxyproline expression at other time points were
similar between each group in the study [141]. Another in
vivo study demonstrated that the treatment of wounds using
PVA/CS-AgNPs had produced hydroxyproline levels which
were almost as high as the levels observed in the original
tissue and were 1.63 times higher than the amount present in
the control group [134]. The increase in hydroxyproline levels
in the PVA/CS-AgNPs was very closely similar to the increase
seen in the PVA/CS group which was 1.59 times higher than
the control group [134]. This observation may indicate that
PVA/CS modification may provide a greater contribution
to the effects seen than the AgNP component of the
formulation.

7.7. In vitro wound closure rate acceleration

7.7.1. CSNPs
The final step in wound healing involves re-establishment
of the previously broken skin. By facilitating the closure
of wounds, overall patient outcomes can be improved, and
health care burdens can be reduced tremendously [9].
Studies examining the wound healing effects of CSNPs
incorporated with Dbioactive compounds on fibroblast
or keratinocyte cell lines are summarised in Table 4.
Improvements in cell migration rates were observed in these
cells. Fibroblast cells around the wound, which mature into
myofibroblasts, have an important role in wound contraction
while keratinocytes are directly involved in forming a new
epithelial layer during the process of re-epithelialisation
[17,19]. Fibroblast cells treated with CUR-loaded CSNPs and
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Table 4 - Summary of studies evaluating the effects of CS-based NPs, CMCSNPs, and CS-modified metal NPs on the in vitro

cell migration rate using a scratch assay.

NP Active Encapsulation Diameter Surface Cell type Percentage wound closure Reference
formulation ingredient efficiency charge
Therapeutic compound loaded CS-based NPs
CSNP? CUR 99.93% 279.70+£20.30 +52.44+1.50 Human « Control (40.02%) [128]
nm’ mV Dermal « CSNP (19.86%)
Fibroblast- » CUR-loaded CSNP (69.39%)
Adult
(HDFa)
CSNP? GA 73.20% + 2.10% 252.90+3.09 +33.50+0.30 Murine « Control (Incomplete healing) [143]
nmf mV Fibroblast » CSNP (Incomplete healing)
(NIH/3T3) » GA-loaded CSNP (Complete healing)
MEL - 255.00+7.70 +24.50+0.60 Human « Control (27.0% =+ 7.2%) [168]
Lecithin/CSNP# nm? mV Keratinocyte -+ Lecithin/CSNP (44.7% =+ 11.8%)
(HaCaT) » MEL-loaded lecithin/CSNP (59.4% +
12.5%)
CMCSNPs
CMCSNP? OH30 82.46% + 1.11% 258.70+13.30 +30.20+5.10 Human « Control (~60%) [120]
nm/ mV Keratinocyte + OH30 (~80%)
(HaCaT) « CMCSNP (~75%)
» OH30-loaded CMCSNP (~90%)
Conjugated  rhEGF 82.43% + 3.14% 155.30+4.62 —23.30+0.37 Murine « Control (11.27% + 4.06%) [169]
linoleic acid nm! mV Fibroblast + ThEGF (34.78% + 2.18%)
(LA)- (L929) « ThEGF-loaded LA-CMCSNP (38.62% -
CMCSNP2 5.29%)
CS-modified metal NPs
CS-AgNP* Ag = 22530 nm! —2140mV  Murine + AgNO; (59%) [136]
Macrophage < CS (82%)
(RAW 264.7) - CS-AgNP (85%)

@ Prepared using ionic gelation method with TPP as a cross-linker.

d Prepared using ionic gelation method with a mixture of CMCS and OH30.

& Prepared using self-assembly.
# Prepared using chemical reduction method.
T Size measured using DLS.

GA-loaded CSNPs in two separate studies showed increased
rates of migration as compared to untreated cells and cells
treated with CSNPs alone [128,143]. Although these studies
utilised different cell lines, CUR-loaded CSNPs were found to
improve human dermal fibroblast (HDF) cell migration as the
scratched wound was fully closed by 48 h following treatment
as compared to the control which took 72h [128]. GA-loaded
CSNPs similarly produced faster migration rates in a murine
fibroblast cell line, NIH/3T3, whereby treated wounds were
fully closed by 24h while the control group required greater
than 48h [143].

MEL-loaded lecithin/CSNPs were found to improve the
migration rate of keratinocyte cells in vitro in a study
investigating the effects of different MW and DDA of the
CS used in the formulations [168]. A higher DDA of greater
than 90% and low MW of 50 to 150kDa were found to be the
optimal parameters in designing MEL-loaded lecithin/CSNPs,
which provided the best in vitro cell migration results
on keratinocytes [168]. Changes in MW seem to produce
more prominent effects towards cell migration than DDA,
as both low MW formulations still produced statistically
significant effects despite changes in DDA, whereas the
high MW formulations did not produce any substantial
increase in cell migration [168]|. This may be further due

to the smaller particle sizes granted by the lower MW
formulations although the differences were minor between
formulations.

All three of these studies had closely similar particle
sizes and positively charged surfaces (Table 3), especially the
GA-loaded CSNPs and the MEL-loaded lecithin/CSNPs which
were reported to have average sizes of 252.9 and 255.0nm,
respectively [143,168]. The small particle sizes of NPs used in
these studies may be an important factor in achieving these
outcomes, as smaller sized particles have a larger surface area
to volume ratio to interact with cells more frequently, which
may lead to an increase in cellular uptake and other cell-
surface interactions.

7.7.2. CMCSNPs

Other studies have also investigated the effects of OH30 and
recombinant human epidermal growth factor (thEGF) when
used in combination with CMSNPs on the migratory rates
of human keratinocytes and murine fibroblasts [120,169]. CS-
coated CMCSNPs ferrying OH30 displayed significantly higher
keratinocyte migration rates than the comparison groups
[120]. This increase in cell migration was also observed in
murine fibroblasts treated with rhEGF-loaded linoleic acid
(LA)-CMCSNPs. Initially after 6h of incubation, the increase
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was significantly higher than untreated cells, and only
slightly higher than cells treated with rhEGF alone [169].
However, at 12h incubation, the rhEGF-loaded LA-CMCSNP
group produced an evidently higher rate of cell migration
than the rhEGF group [169]. The same study also showed
that treatment with rhEGF-loaded LA-CMCSNPs led to a
statistically significant increase in fibroblast cell proliferation
[169].

7.7.3.  CS-modified metal NPs

Although not immediately involved in the physical closure
of wounds, the migration of macrophages is imperative
in facilitating the wound healing process. Macrophages
have a crucial role in the inflammatory phase which
serves to stimulate other processes. Parthasarathy et al.
reported improved murine macrophage cell migration rates
in RAW 264.7 cells following treatment with CS-AgNPs
[136]. Interestingly, the amount of cell migration observed
at the study end-point of 48h was similar for both CS-
AgNPs (85%) and CS alone (82%) [136]. However, at the mid-
point of 24h, CS-AgNPs (73%) did have a notably higher
cell migration rate than CS alone (56%) [136]. Both these
groups had much higher migration rates than the AgNO;
group which only had 38% and 59% scratch wound closure
by 24h and 48h, respectively [136]. As seen in the results
from this study, the modification of AgNPs with CS granted
significant improvements in biological activity, in terms of
promoting macrophage cell migration. Similarly, usage of
CS in combination with AgNPs also served to improve the
biological activity of CS in comparison to being used on its
own.

7.8. In vivo wound closure rate acceleration

7.8.1. CSNPs

Numerous studies have attempted to assess the ability of
CSNPs along with a wide range of therapeutic compounds to
accelerate the wound healing process using animal models
(Table 5). CSNP-encapsulated treatments and CS-modified
metal NPs have been shown to reduce the time to achieve at
least 80% wound closure from 5 or 7 d to 3-4 d in comparison
to untreated wounds (Table 5). In complicated wound models
such as diabetic wounds, the difference in healing rate in
terms of time taken to achieve a high extent of wound
closure may be difficult to compare as some of these wounds
have delayed healing rates which extend beyond the study
duration. This was also observed for some of the studies
involving healthy animals due to the size of the wound or
duration of the study. For cases such as these, the significant
effects of the treatment groups can be observed in terms of
the percentage of wound closure observed at the endpoint of
the study (Table 6).

Along with measurements of the physical wound closure,
studies have also reported histological observations of cross-
sectional layers of the wound tissues using Haematoxylin
and Eosin (H&E) and Masson’s Trichrome (MT) staining. One
study was conducted using CSNP-loaded calcium alginate
hydrogels which showed significant improvements in the
histological changes of healthy wound tissues throughout
the treatment duration besides faster healing times [75]. This

study showed that wound treatment with CSNPs facilitated
faster resolution of wound inflammation with lower amounts
of immune cell infiltration observed at earlier times than
control wounds [75]. Higher degrees of granulation tissue
formation, re-epithelialisation, and blood vessel maturation
was also a prominent feature in wounds treated with CSNPs
incorporated into hydrogels [75]. This phenomenon was
also common among studies involving therapeutic agents
encapsulated using CSNPs.

A significant observation reported in a study using
epigallocatechin gallate (EGCG)-loaded CSNPs as a treatment
in a diabetic wound model was the substantial decline in
inflammatory cells present on Day 10 of treatment [170].
Although the wounds treated with CSNPs and EGCG showed
statistically lower amounts of inflammatory cells around
the wound bed, a more pronounced decrease was obtained
when used in combination as EGCG-loaded CSNPs [170]. In
contrast, Lopes Rocha Correa et al. had shown that treatment
of diabetic wounds using MEL and CSNPs alone led to a
similar suppression in polymorphonuclear leukocytes (PMNL)
numbers on days 3 and 5 of treatment, respectively [166].
Surprisingly, this was not reflected in either day for MEL-
loaded CSNP treatment groups [166]. Instead, only a modest
decrease in PMNLs was observed in the wounds treated with
MEL-loaded CSNPs on the same days where a sharp decline
in PMNLs was reported for the 2 separate components [166].
The authors attributed this observation to the immediate
exposure to MEL when free MEL was used as a treatment,
in contrast to a slower exposure to MEL which have been
encapsulated in CSNPs [166]. This enabled greater amounts
of MEL to exhibit a larger antioxidative effect to suppress
the inflammatory response [166]. However, the overall positive
effects of encapsulating MEL in CSNPs in this study were
credited to their ability to reduce its propensity to oxidation,
which subsequently increased its half-life [166].

7.8.2. CS-based nanogel

Another study had developed alginate-coated CS nanogels
carrying SSD specifically for burn wounds [171]. In their study,
the authors reported that SSD-loaded alginate-coated CS
nanogels produce significantly higher wound closure at both
Day 5 and 10 when compared to both the control group and
positive control group (marketed formulation of SSD) [171].
Interestingly, the developed nanogel contained 0.414% SSD
of which rats were treated with 1% of the nanogel, whereas
the positive control had a total SSD concentration of 0.1%
[171]. Thus, the authors highlighted that SSD-loaded alginate-
coated CS nanogels were able to produce faster wound healing
speeds in vivo while using a lower concentration of SSD than
the marketed formulation [171].

7.8.3. CS-based NP complex

NP complexes designed using COS and CUR3~ were evaluated
as a potential wound healing tool in one study [102]. Generally,
CUR-COS NP complexes were found to have faster wound
closure rates and wound healing efficacy than CUR alone
when used at the same dose of CUR [102]. Authors of
this study proposed two primary factors which significantly
contributed to the improved wound healing activity observed
[102]. Firstly, the CUR-COS NP complexes were able to
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Table 5 - Summary of studies evaluating the effects of CS-based NPs, CMCSNPs, CNPs, and CS-modified metal NPs on the

wound closure rate in animal models in terms of the time taken to achieve almost complete wound closure.

NP Active Encapsulation Diameter Surface Wound Model Initial Wound Time Taken to Achieve  Ref.
formulation ingredient  efficiency charge (Animal Model) Size >80% Wound Closure
Blank CS-based NPs
CSNP? - - 77nmf > +30mV Diabetic pressure 15mm » Control (>21 d) [112]
ulcer diameter + Oregano + Turmeric + CSNP
(Male ointment (15 d)
Sprague-Dawley rat) + Oregano + Turmeric + CSNP
hydrogel (>21 d)
+ Oregano + Turmeric + CSNP
nanofibre (15 d)
CSNP? - - 208.40 +£15.70 +24.20+3.90 Full-thickness 20 mm « Control (>14 d) [75]
nm' mV wound diameter » CS-calcium alginate
(Female hydrogel (9 d)
Sprague-Dawley rat) » CSNP-loaded calcium
alginate hydrogel (7 d)
Therapeutic compound loaded CS-based NPs
CSNPf CDX 84.25% + 0.02% 408.30 £53.17 +22.80+0.57 S. aureus infected 5mm « Control (>5 d) [118]
nm' mV full-thickness diameter » CDX in situ gel (=5 d)
wound + CDX-loaded CSNP in situ
(Male albino rat) gel (5 d)
Alginate- SSD 41.34 £% 697.19 nm’ -29.92mV  Burn wound = « Control (> 10 d) [171]
coated CS (Female rat) + SSD-loaded
nanogel® alginate-coated CS
nanogels (> 10 d)
CSNP? QUE 90.00% =+ 3.30% 361.16+9.72 - Full-thickness ~400 mm? « Control (14 d) [150]
nm? wound * QUE (14 d)
(Male Wistar rat) + CSNP (14 d)
* QUE-loaded CSNP (14 d)
CSNP? VAC 51.70% =+ 1.70% 216.60+10.10 +37.10+1.20 Full-thickness 10mm « Control (10 d) [149]
nm’ mV wound diameter + VAC (7 d)
(Sprague-Dawley rat) « CSNP (7 d)
* VAC-loaded CSNP (7 d)
CSNP? GA 73.20% =+ 2.10% 252.90+3.09 +33.50+0.30 Excision wound 2.0x2.0 cm? - Control (>16 d) [143]
nm? mvV (Male Wistar rat) » Collagen-fibrin scaffold
containing GA-loaded
CSNP (12 d)
CSNP? CUR - 196.40 nm’ +30.30 mV  Diabetic wound 2.0x2.0 cm? - Control (>15 d) [173]
(Male Wistar rat) « Collagen-alginate
scaffold containing
CUR-loaded CSNP (15 d)
CSNP? CUR 77.20% 91.28+4.30 - Diabetic wound 20mm « Control (14 d) [148]
nm? (Sprague-Dawley rat) diameter » CUR-loaded CSNP (7 d)
EGCG 45.80+3.70% 236.60+7.80 +28.90+1.20 S.aureus,E.coli,P. 1.0x1.0cm? - Control (>12 d) [129]
Gelatin/CSNP¢ nm? mV aeruginosa infected * EGCG-loaded
full-thickness gelatin/CSNP + Activated
wound (Male carbon with
Sprague-Dawley rat) gentamicin + y-
PGA/gelatin hydrogel (12
d)
CS/y- CUR 52.80+4.70% 193.10£8.90 +420.60+2.40 Full-thickness 1.0x 1.0 cm? - Control (12 d) [94]
PGA/pluronic/ nm mV wound » CS dressing (12 d)
CUR NP" (Male + CUR-loaded CS dressing
Sprague-Dawley rat) (12 d)
+ CS dressing containing
CS/y-PGA/pluronic/ CUR
NP (9 d)
CS-lecithin  TQ 98.77% 63.76 £14.78 - Full-thickness 1.0x 1.0 cm? - Control (>16 d) [172]
micelles® nm’ wound + TQ (16 d)

(Balb/c mice)

» TQ-loaded CS-lecithin
micelles (12 d)

» TQ-loaded CS-lecithin
micelle hydrogel (12 d)

(continued on next page)



ASIAN JOURNAL OF PHARMACEUTICAL SCIENCES 17 (2022) 299-332

321

Table 5 (continued)

NP Active Encapsulation Diameter Surface Wound Model Initial Wound Time Taken to Achieve  Ref.
formulation ingredient  efficiency charge (Animal Model) Size >80% Wound Closure
CUR-COS CUR - 140+ 7 nm' - Full-thickness 8mm « Control (7 d) [102]
nanoplex' wound diameter + CUR (7 d)
(Male mice) » CUR-COS nanoplex (5 d)
CSNP?2 CUR 91.97% 257.70+£2.14 +30+14 mV Full-thickness ~500 mm? « Control (>21 d) [174]
nm/ wound (Male Wistar + CUR (21 d)
rat) - CSNP (>21 d)
« CUR-loaded CSNP (21 d)
EGCG & 68.39+2.60% 286.78+3.02 +29.90+0.59 Diabetic 6mm « Control (>10 d) [170]
Gelatin/CSNP¢ Ascorbic acid nm! mV full-thickness diameter « EGCG (10 d)
wound (Male ICR » CSNP (10 ds)
mice) » EGCG-loaded
gelatin/CSNP (8 d)
CSNP? CUR 93.004+5.00% 359+65nmf —10.70+£0.10 Full-thickness 1.5x1.5cm? - Control (>14 d) [156]
mvV wound » CSNP-loaded PCL-gelatin
(Male Wistar rat) nanofibre (>14 d)
+ CUR-loaded CSNP (>14
d)
« PCL-gelatin nanofibre
containing CUR-loaded
CSNP (14 d)
CSNP? Insulin 77% 294.50+£21.92 +17.89+0.74 Full-thickness 1.5x 1.5 cm? - Control (>14 d) [130]
nm’ mvV wound « PCL-collagen scaffold
(Male Wistar rat) containing insulin-loaded
CSNP (14 d)
CSNP? GM-CSF 97.40+£1.68% 366.90+9.15 +43.52+2.39 Full-thickness 1.5x1.5cm? - Control (>13 d) [175]
nm?’ mV wound + CSNP-loaded cellulose
(Male Wistar rat) nanocrystal-hyaluronic
acid composite (8 d)
» Cellulose
nanocrystal-hyaluronic
acid composite
containing
GM-CSF-loaded CSNP (8 d)
MEL 27% 160.43+4.45 +25.00+0.57 Diabetic 9mm « Control (>14 d) [166]
Lecithin/CSNP# nm’ mV full-thickness diameter * MEL (>14 d)
wound (Wistar rat) » Lecithin/CSNP (14 d)
» MEL-loaded
lecithin/CSNP (14 days)
CSNP? Insulin 97.19% =+ 2.18% 245.90 +£25.46 +39.30+4.88 Diabetic 8mm + Insulin (>14 d) [176]
nm’ mvV full-thickness diameter + CSNP (>14 d)
wound (Female » Insulin-loaded CSNP
Wistar rat) (>14 d)
CSNP? GM-CSF 80.15% + 0.56% 400 nm' - Full-thickness 20mm » Control (16 d) [177]
wound diameter » CSNP-loaded PCL
(Male Wistar rat) scaffold (14 d)
« PCL scaffold containing
(G-CSF)-loaded CSNP (12
d)
CMCSNPs
CMGSNP4 OH30 82.46% + 1.11% 258.70+£13.30 +30.20+5.10 Full-thickness 7 mm » Control (15 d) [120]
nm' mV wound diameter + OH30 (15 d)
(Female Kunming « CMCSNP (15 d)
mice) » OH30-loaded CMCSNP
(10 d)
Conjugated rhEGF 82.43% + 3.14% 155.30+4.62 —23.30+0.37 Full-thickness 2.54 cm? + Control (14 d) [169]
LA-CMCSNP2 nmf mV wound - thEGF (11 d)
(Rat) - LA-CMGSNP (14 d)

» ThEGF-loaded
LA-CMGCSNP (7 d)

(continued on next page)
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Table 5 (continued)

NP Active Encapsulation Diameter Surface Wound Model Initial Wound Time Taken to Achieve  Ref.
formulation ingredient  efficiency charge (Animal Model) Size >80% Wound Closure
CMCSNP® OH30 92.14% + 1.05% 164.60+5.00 —37.60+1.50 Full-thickness 7 mm « Control (12 d) [121]
nm' mvV wound diameter « CMCSNP (9 d)
(Female Kunming + OH30-loaded CMCSNP (6
mice) d)
CNPs
CNP# - - 144+3nms - Full-thickness 10 mm « Control (>9 d) [158]
wound diameter + CNP Cryogel (9 d)
(Male » CNP Aerogel (>9 d)
Sprague-Dawley rat)
CS-modified metal NPs
CS-modified ZnO = ~180 nm] - Full-thickness 1.5x1.5cm? - Control (>14 d) [131]
ZnONP! wound + CS-ZnONP-loaded CO
(Sprague-Dawley rat) film (10 d)
CS-AgNP* Ag - 5-50nmé - Full-thickness 10mm « Control (>14 d) [132]
wound diameter « CS-Bletilla striata (BG)
(Male Kunming sponge (14 d)
mice) + CS-BG + CS-AgNP bilayer
sponge (14 d)
PVA/CS- Ag - 190 - 200 - Full-thickness 1.5x 1.0 cm? - Control (12 d) [134]
AgNP* nm8 wound - CS (10 d)
(Male Wistar rat) + CS-PVA (10 d)
« PVA/CS-AgNP (9 d)
COS-AgNP*  Ag - 15.70+4.73 - Full-thickness 5.0 x 4.0 cm? - Control (12 d) [123]
nm? wound + PVA/COS/AgNO;
(Sprague-Dawley rat) nanofibre
- PVA/COS-AgNP
nanofibre (7 d)
PVA/COS- Ag - - - Full-thickness ~200 mm? « Control (15 d) [159]
AgNP* wound + PVA/COS-AgNP
(Male nanofibre (12 d)
Sprague-Dawley rat)
MMT-CS- Au - 10.07+2.34 - MRSA infected 25mm - Control (>16 d) [135]
AuNP* nm?’ full-thickness diameter + CS-AuNP-loaded gelatin
wounds (16 d)
(New Zealand * MMT-CS-AuNP-loaded
rabbits) gelatin (16 d)
CS-AgNP* Ag - 15 nm$ - Burn wound (Male 10 mm » Control (14 d) [141]
Sprague-Dawley rat) diameter + CS-AgNP (7 d)
CS-AgNP* Ag = 22.80 nm' —4590Mv  Abrasion wound 1.5x1.5cm? - Control (21 d) [124]
(DLS) (Male Wistar rat) + CS film (21 d)
+ CS-AgNP-loaded CS film
(sd)
CS-AgNP* Ag - 10-30nm¢ - MRSA infected 1.5x1.5cm? - Control (14 d) [137]
full-thickness » AgNP (10 d)
wound » PVP-AgNP (10 ds)
(Balb/c mice) » CS-AgNP (10 d)
CS-SER- Ag = 96.93+0.51 —0.42+ S. aureus infected ~ ~400 mm? - Moxifloxacin (>14 d) [138]
AgNP* nm? 0.12mV burn wound (Male + CS-SER-AgNP film (7 d)
Sprague-Dawley rat)
CS-SER- Ag = 96.93+0.51 —0.42+ P. aeruginosa ~400 mm? -« Moxifloxacin (>14 d) [138]
AgNP* nm? 0.12mV infected burn wound + CS-SER-AgNP film (14 d)

(Male
Sprague-Dawley rat)

(continued on next page)
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Table 5 (continued)

NP Active Encapsulation Diameter Surface Wound Model Initial Wound Time Taken to Achieve Ref.
formulation ingredient efficiency charge (Animal Model) Size >80% Wound Closure
CS-SER- Ag - 239.90+1.56 +37.00+3.60 Full-thickness 10mm « Control (>14 d) [139]
AgNP* nm? mvV wound diameter + CS-SER-AgNP (>14 d)

(Wistar rat)
TMC- Ag - - - Full-thickness - « Control (>7 d) [110]
immobilised wound +CS(>74d)
AgNP* (Mice) « TMC (>7 d)

- TMC-AgNP (>7 d)

f Prepared using W/O/W type double emulsification.
& Prepared using self-assembly.

h prepared using emulsification solvent diffusion method and homogenisation.

1 prepared using polyelectrolyte complex method.
I Prepared using precipitation method.

# Prepared using chemical reduction method.

* Prepared using template method.

1 Size measured using DLS.

1 Size measured using SEM.

§ Size measured using TEM

produce a higher concentration of CUR at the wound site
compared to applying CUR to the wound site on its own
[102]. Secondly, the additional biological activity of COS when
used in combination with CUR further increased the overall
efficacy. Histological examination revealed that both CUR-COS
NP complex and CUR treatment groups had higher collagen
deposition than the control group [102]. The authors also
reported the CUR-COS NP complex group to have the smallest
amount of scar tissue present among all [102].

7.8.4. CS-based polymeric micelle

A study using thymoquinone (TQ)-loaded lecithin-CS
polymeric micelles incorporated into hydrogels had showed
improved rates of tissue maturation at the study end-point,
including the appearance of thicker epidermal layers, an
organised layer of collagen fibre, increased quantities of
fibroblasts and new vessels, along with the scarcity of
inflammatory cells when compared to untreated wounds and
positive control wounds treated with SSD [172]. Improvements
were still observed in wounds treated with the therapeutic
agent, TQ alone, where reduced inflammatory cells and
increased collagen formation was seen [172]. However, this
observation was much more pronounced in the wounds
treated with TQ loaded into lecithin-CS polymeric micelles
[172].

A variety of different NPs other than the conventional
CSNPs can be seen to be effective in designing potential
pharmaceutical formulations in treating different wounds.
These studies demonstrated that using NPs in the form of
nanogels, NP complexes, and polymeric micelles can produce
enhanced therapeutic outcomes.

7.8.5. CMCSNPs

When studying the positively charged OH30-loaded CS-coated
CMCSNPs, microscopic evaluation of wound tissues revealed
more intricate improvements accompanying the accelerated

wound healing rate [120]. At the study end-point of 15 days,
wounds treated with OH30-loaded CS-coated CMCSNPs had
a visibly thicker and more robust re-epithelialisation layer
than all the other groups [120]. Authors of this study also
found that CS-coated CMCSNPs allowed OH30 to permeate
deeper into the skin of nude mice and can be retained for
a much longer time as compared to OH30 alone [120]. This
may be a significant contributing factor which allowed the
developed formulation to produce wound regeneration at
higher speeds and higher quality than when using OH30
alone [120].

Another study which evaluated negatively charged OH30-
loaded CMCSNPs also found both faster healing speeds and
better wound healing quality following treatment with their
formulation [121]. Zou et al. found that treatment with OH30-
loaded CMCSNPs not only reduced the time taken for wound
closure but also observed significant changes histologically
[121]. The wounds treated with OH30-loaded CMCSNPs
had accelerated re-epithelialisation and collagen deposition
which were considered to be a factor in the faster wound
healing observed by the authors [121]. Although the two
studies using both OH30 and CMCSNPs had major differences
in overall particle surface charge, the wound healing effects
of both components were still retained [120,121]. To gain
more insight on this, future studies on negatively charged
OH30-loaded CMCSNPs could be prompted to evaluate the
distribution of OH30 in skin and the retention time of the
compound to compare this aspect with positively charged
OH30-loaded CS-loaded CMCSNPs.

Conjugated LA-CMCSNPs carrying rhEGF were also
successfully formulated to improve wound healing in
animals [169]. The rhEGF-loaded LA-CMCSNPs were able
to produce faster wound closure than blank LA-CMCSNPs
and rhEGF alone [169]. All three treatment groups had
faster wound closure than the control group [169]. H&E
staining further revealed more complete regeneration of
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Table 6 — Summary of studies evaluating the effects of CS-based NPs and CS-modified metal NPs on the wound closure

rate in animal models in terms of the percentage wound closure at the study end-point.

NP Active Encapsulation Diameter Surface Wound Model Initial Wound Percentage Wound Closure Ref.
formulation ingredient efficiency charge (Animal Model) Size at Study End-point

Therapeutic compound loaded CS-based NPs

Alginate- SSD 41.35% 697.19 nm’ -29.92mV  Burn wound = « Control (16.07% + 1.52%) [171]
coated CS (Female rat) * SSD (34.53 +2.61%)
nanogel® + SSD-loaded

alginate-coated CS nanogel
(49.61% =+ 5.01%)

CSNP? QUE 90.00% =+ 3.30% 361.16 +£9.72 - Full-thickness ~400 mm? - Control (>90%) [150]
nm wound * QUE (>90%)
(Male Wistar rat) + CSNP (>90%)
« QUE-loaded CSNP (>90%)
CSNP? CUR - 19640 nm’ +30.30mV  Diabetic wound 2.0x 2.0 cm? - Control (44.6% + 6.3%) [173]
(Male Wistar rat) « Collagen-alginate scaffold
containing
» CUR-loaded CSNP (98.1%
+ 3.4%)
Gelatin/ EGCG 45.80% + 3.70% 236.60+7.80 +28.90+1.20 S.aureus, E.coli, . 1.0 x 1.0 cm? - Control (~70%) [129]
CSNP© nmf mV aeruginosa infected » EGCG-loaded
full-thickness gelatin/CSNP + Activated
wound (Male carbon with
Sprague-Dawley rat) gentamicin + y-PGA/gelatin
hydrogel (~90%)
CSNP? CUR 91.97% 257.70+£2.14 +30+14mV Full-thickness ~500 mm? - Control (~20%) [174]
nm' wound (Male Wistar + CUR (~90%)
rat) - CSNP (~65%)
+ CUR-loaded CSNP (~100%)
CSNP? CUR 93.00% + 5.00% 359+65nm' —10.70+£0.10 Full-thickness 1.5 x 1.5 cm? - Control (42.5% =+ 4.7%) [156]
mV wound » CSNP-loaded PCL-gelatin
(Male Wistar rat) nanofibre (~65%)
» CUR-loaded CSNP (73.4%
+3.2%)

« PCL-gelatin nanofibre
containing CUR-loaded
CSNP (82%)

CSNP? Insulin 77% 294.50+£21.92 +17.89+0.74 Full-thickness 1.5x1.5cm? - Control (45.70% + 4.06%)  [130]
nm’ mV wound « PCL-collagen scaffold
(Male Wistar rat) containing insulin-loaded
CSNP (96.90 + 1.11%)
Lecithin/ MEL 27% 160.43+4.45 25.00+ Diabetic 9mm » Control (~27%) [166]
CSNPE nm' 0.57mV full-thickness diameter * MEL (~13%)
wound (Wistar rat) » Lecithin/CSNP (~40%)
» MEL-loaded lecithin/CSNP
(~44%)
CSNP? Insulin 97.19% =+ 2.18% 245.90 4 25.46 +39.30 +4.88 Diabetic 8mm « Insulin (~100%) [176]
nm' mV full-thickness diameter + CSNP (~100%)
wound (Female « Insulin-loaded CSNP
Wistar rat) (~100%)
CS-modified metal NPs
CS-AgNP* Silver, Ag - 5-50nmé - Full-thickness 10 mm + Control (76.35%) [132]
wound diameter » CS-BG sponge (87.7%)
(Male Kunming + CS-BG + CS-AgNP bilayer
mice) sponge (89.3%)
MMT-CS- Gold, Au - 10.07+2.34 - MRSA infected 25mm » Control (67%) [135]
AuNp” nm' full-thickness diameter + CS-AuNP loaded gelatin
wounds (83%)
(New Zealand * MMT-CS-AuNP-loaded
rabbits) gelatin (91.5%)
CS-SER- Silver, Ag - 239.90+1.56 +37.00+3.60 Full-thickness 10mm » Control (40% =+ 3.92%) [139]
AgNP* nm? mv wound diameter + CS-SER-AgNP (70% +
(Wistar rat) 3.14%)

(continued on next page)
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Table 6 (continued)

NP Active Encapsulation Diameter Surface Wound Model Initial Wound Percentage Wound Closure Ref.
formulation ingredient  efficiency charge (Animal Model) Size at Study End-point
TMC- Silver, Ag - - - Full-thickness - » Control (~45%) [110]
immobilised wound + CS (~60%)
AgNP# (Mice) « TMC (~60%)
- TMC-immobilised AgNP
(=70%)
@ Prepared using ionic gelation method with TPP as a cross-linker.
¢ Prepared by gelation of CS and gelatin mixture.
& Prepared using self-assembly.
# Prepared using chemical reduction method.
* Prepared using template method.
T Size measured using DLS.
§ Size measured.
the underlying skin tissue in wounds treated by the rhEGF- PVA/COS/AgNO; [123]. Once again, the PVA/COS-AgNP

loaded LA-CMCSNPs [169]. A thicker epidermis along with
an increase in epidermal cells, fibroblasts, and collagen was
seen [169]. Hence, the applicability of CMCSNPs in wound
healing is not limited to unmodified CMCSNPs alone. Positive
outcomes are able to be achieved by designing NP carriers
using CMCS conjugates such as LA-CMCSNPs in this study
[169].

7.8.6. CNPs

CNPs formulated into both cryogels and aerogels exhibited
faster wound closure than both the control (gauze) and
positive control (DuoDERM®) [158]. The group treated with
CNP aerogels had smaller wound areas than the cryogels
throughout the study duration except at the end-point where
the cryogels had a smaller final wound area than aerogels
[158]. Both the CNP aerogels and cryogels produced lesser
inflammatory cells by Day 7 and more fibroblast cells by Day
14 based on histological analysis [158]. However, the CNP
aerogels had the formation of more matured blood vessels
and epithelial layer than the other groups [158]. By using CD31
immunostaining, the authors also found that the matured
blood vessels of the CNP aerogel group were larger on Day
7 and were smallest by Day 14 [158]. Histological analysis
further revealed increased collagen deposition and improved
alignment in CNP aerogel groups [158]. Overall, the results
suggested that CNPs in the form of aerogels may hold better
promise in improving wound healing outcomes than CNPs in
the form of cryogels [158]. However, both designs using CNPs
as the base have been found to significantly improve wound
healing [158].

7.8.7. CS-modified metal NPs

Wound tissues treated with castor oil (CO) films loaded
with CS-ZnONPs had noticeably less inflammatory markers
at the study end-point along with denser, more compact,
and better aligned collagen fibres than wounds treated
with blank CO films [131]. To show the added benefits
of modifying AgNPs with COS, a study examined the
different results obtained using PVA/COS-AgNP against

showed superior wound healing with improved granulation
tissue maturation, re-epithelialisation, and vessel formation
than the PVA/COS/AgNO; treatment group [123].

In terms of infected burn wounds, Shah et al. showed
that film dressings developed using CS-sericin (SER)-AgNPs
had significantly improved wound healing abilities than
treatment with moxifloxacin alone [138]. This effect was
slightly higher in S. aureus infected wounds than P. aeruginosa
infected wounds [138]. Histological results illustrated that
CS-SER-AgNP treatment groups had the highest degree of
collagen formation, fastest resolution of wound inflammation,
and improved angiogenesis rate than the positive control
group treated with commercial Bactigras® [138]. The strong
antibacterial nature of the formulated CS-SER-AgNPs was
thought to be the primary factor contributing to this positive
outcome [138].

A preclinical study on the treatment of MRSA-infected
wounds using CS-AgNPs by Peng et al. had also produced
encouraging results [137]. In terms of wound healing speed,
CS-AgNPs had very similar results to those of uncoated-AgNPs
and polyvinylpyrrolidone (PVP)-AgNPs [137]. However, coating
AgNPs in the form of CS-AgNPs greatly reduced the amount of
silver detected on newly healed skin tissue by almost half as
compared to uncoated-AgNPs and PVP-AgNPs [137]. Similarly,
treatment with CS-AgNPs was found to have a significant
impact on silver content detected in the liver [137]. Topically
applied CS-AgNPs produced a much lower deposition on silver
in the liver as compared to uncoated-AgNPs and PVP-AgNPs
administered in the same manner [137]. The findings from this
study provide an additional angle supporting the usage of CS
in modifying metal NPs. Although enhancement in bioactivity
may not necessarily be achieved by modifying AgNPs with
CS, other aspects such as safety and distribution can be
significantly improved.
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8. Future prospects

The end goals in the development of wound dressings are
to improve patient healthcare and wound healing outcomes
[6,8]. In order to achieve this purpose, there is a need
for a strong database of evidence supporting the overall
clinical and therapeutic functionality of wound dressings in
development.

Emerging novel and innovative nanoformulations for
wound care applications have expanded the number of
options and possibilities in designing modern wound
dressings. Studies investigating nanoformulations such
as NP-based systems for dermal wound healing often take
advantage of the smaller particle sizes for better skin
penetration and controlled delivery of active compounds
[71]. Despite this fact, there are limited studies that report
on the degree of skin penetration of the investigated active
compound against the active compound embedded within the
CS-based NP formulation [178]. As certain active compounds
exhibit poor skin penetration or short half-lives, data
demonstrating the usage of CS-based NPs to overcome
this weakness is valuable to the scientific community.
The notable rise in amount of research focusing on the
development of nanoformulations for wound healing
purposes has been astonishing over the past few years
[58-60,71]. Search results for the terms “Nanoparticle” AND
“Wound Healing” on PubMed has increased by about 10 times
from the year 2010 with 41 results to 2020 with 443 results.
Development of nanoformulations within this field has
shown enormous potential for improving patient outcomes
[58-60,71]. Functional properties ranging from microbial
inhibition to directly stimulating tissue regeneration have
been thoroughly explored using these nanoformulations
[179,180]. This widely diverse set of applications have been
made possible due to the nature of nanomaterials as a
platform which enables the usage of various active agents;
some of which become less feasible without the use of
these nanoformulations [179,180]. These agents include but
are not limited to proteins, peptides, growth factors, and
stem cells [179,180]. Necessary actions involving funding
and future investments must be carefully taken to ensure
the continuity of research in this area to capitalise on the
maximum potential of nanotechnology and improve our
understanding of this modern tool.

On another note, there are large numbers of studies
providing substantial amounts of information regarding the
antibacterial effects of CS-based NPs and CS-modified metal
NPs, particularly involving the combination with active
compounds, such as CUR and AgNPs. However, there are
limited studies investigating the inhibitory effects of these
formulations on bacterial biofilm in wound healing, despite
documented evidence of CS’s anti-biofilm properties [181-
183]. Another gap identified in the literature is that most of
the studies involving CS-modified metal NPs are conducted
on normal healthy wounds or infected wounds. It would be
interesting to expand the potential of these CS-modified metal
NPs into more complicated types of wounds, such as diabetic
wounds, which will bring a whole new perspective to chronic
wound management. Furthermore, a deep understanding on

the mechanistic actions of CS-based NPs in terms of their
wound healing effects is necessary in order to optimise their
use and understand the possible interactions that may arise
when used in combination with other products.

Although a number of studies discussed in this literature
review included the use of CS derivatives such as CMCS,
the total number of studies examining these derivatives
in the form of NPs for wound healing are relatively low
[120,121,169]. It could be seen that CS-coated CMCSNPs could
potentially provide better performance for certain aspects
such as antimicrobial activity than CMCSNPs, however, more
studies will be required before an adequate comparison can
be made with CS-based NPs and other derivatives [120].
It was also noticed that CMCSNPs were more commonly
used in combination with OH30, which was less commonly
used together with CS-based NPs among the wound healing
studies [120,121]. This may be due to the cationic nature of
OH30 which allows them to form NPs more easily with the
negatively charged CMCS rather than positively charged CS.

Usage of CS-based nanogels, NP complexes, and polymeric
micelles have also been under-represented in the current
literature. Although, promising results have been produced
by studies evaluating these nanoformulations, the minimal
amount of studies available greatly limits any discussion
on their applicability. It would be interesting to see the
comparison of wound healing efficacy between these
nanoformulations and CSNPs.

There have been a number of clinical trials conducted
on CS-based wound dressings in various settings including
normal open wounds, diabetic foot ulcers, burns, and surgical
wounds [184,185]. However, to our best knowledge, there
has been a distinct lack of studies involving the use of CS-
based NPs in the form of a wound dressing in a clinical
trial setting. There is already a wealth of pre-clinical animal
studies consisting of a wide range of both animal models and
wound types which can provide the necessary knowledge to
begin the venture into clinical models in a suitable setting.
Recognizing the underlying healthcare burdens of wounds
in the clinical setting, the development of a revolutionary
wound healing dressing will provide substantial relief to both
clinicians and patients. Indeed, great strides have been made
in terms of wound dressings used across the past decades,
from traditional cotton gauzes to synthetic polymer-based
dressings with bioactive components. Further incorporation
of newer cutting-edge technologies such as NP systems in
developing the next generation of wound dressings is crucial
in improving wound management within the healthcare
industry. The progression from in vitro cell cultures and in
vivo animal models into clinical trials is an imperative step in
determining the feasibility and impact of applying CS-based
NPs in this field of medicine.

Additionally, despite the strong evidence supporting the
benefits of using CS-based NPs, they are not without certain
drawbacks or limitations. Firstly, the poor solubility of CS in
neutral and alkaline solutions limit its widespread use as CS-
based NPs [186,187]. High variability in polymer properties
which lead to large variations in biological activity of the final
product also causes difficulty in standardisation [186,187].
Although, many studies advocated the biodegradability of CS,
a large portion of these studies only quote the biodegradability



ASIAN JOURNAL OF PHARMACGEUTICAL SCIENCES 17 (2022) 299-332 327

of the polymer without investigating the final CS-based
formulation [188]. This is even more prominent in studies
using CS-based NPs. More research on the biodegradability
of CS-based NPs and their impact on the environment is
necessary before its use can be widely accepted [188]. Due
to the antimicrobial nature of CS, there is also a need to
understand the impact of CS-based NPs on the environmental
microbiome upon their disposal [189]. Numerous studies
have evaluated the toxicity and biocompatibility of CS-
based NPs within the context of their application. However,
there is a need for studies investigating the full potential
toxicity profile of CS-based NPs to ensure safe and efficacious
usage [190]. Furthermore, there is also a greater challenge
in scaling up the preparation of CS-based NPs for mass-
production as compared to CS-based materials in general
[191].

9. Conclusion

By taking advantage of the known biological properties of
CS, researchers have seized the opportunity to study its
application in treating wounds and skin tissue injury in the
form of various types of formulations, ranging from hydrogels
and aerogels to film membranes and nanofibres. CS-based
NPs are only a small subset of this large family of wound
dressings with CS as its common factor. Designing CS-based
wound dressings in the form of NPs provides the additional
advantage of having better tissue penetration and overall
activity due to the smaller sizes and flexible surface structure.
Another fascinating feature of this design is the added
opportunity of transporting other therapeutic agents which
can actin combination with the CS-based NPs. Acknowledging
this fact, many studies have encapsulated actives such as
natural compounds, peptides, and antibiotics using various
forms of CS-based NPs when formulating a wound dressing.
However, more research will be required to overcome the
challenges associated with using CSNPs such as the limited
of biodegradability data, its impact on the environment, and
scalability.

Overall, the variety of different CS-based NPs, CMCSNPs,
CNPs, and CS-modified metal NPs were shown to have
promising wound healing effects from numerous perspectives
such as wound haemostasis, microbial growth inhibition,
anti-oxidation, inflammatory modulation, and angiogenetic
regulation, among many others which cumulatively
contribute to wound healing rate acceleration. Despite a
small number of studies showing lack of expected outcome,
majority of evidence have demonstrated superior wound
healing effects by these formulations, either used on their
own or as drug delivery vehicle to encapsulate wound healing
agent. This is a testament to the remarkable versatility
and applicability of these nanoformulation in developing
wound healing treatments. Quality formulation design and
rigorous optimisation are key to construct nanoformulations
with desired properties, to further advance the field of drug
delivery in the application of wound healing.
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