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A review of past promises, present realities and
a vibrant future for wound dressing from naturally
occurring to sustainable materials

*

In the contemporary world, evolution of the scientific field has reached an elevation but has its own

intricacies. It is necessary to use naturally occurring materials, which are often incorporated into modern
therapeutics and have made major contributions. Generated medical waste needs to be processed to
ensure that clean-up is not messy. In many cases, the cost of waste disposal is greater than the cost of

the starting materials. It is important to prevent, or at least minimize, the formation of hazardous
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products that are environmentally harmful. In this study, we review the various applications of

phytochemicals, such as curcumin, EGCG, tannic acid, cellulose, ascorbic acid, aloe vera and quercetin,
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for the healing of chronic wounds (e.g., incisional, diabetic and burn wounds), along with antiviral and
antibacterial properties, with an emphasis on hydrogels fabricated from biopolymers.

Hydrogels derived from natural (phytochemicals) and sustainable materials (bio derived and biopolymers) are promising in the biomedical field in general, and
in wound dressings in particular, for faster and better healing due to their excellent antimicrobial properties.

1. Introduction

Natural products are compounds produced by living organisms
and can be either primary or secondary metabolites. They are
distinct due to the presence of aromaticity in the rings, hetero
atoms, chiral centers and stereoselectivity." The different
classes include alkaloids, terpenoids, phenolics, and saponins.>
They have always had enormous significance as far as medicine
and health are concerned, and herbs have long been used for
pain relief, wound treatment, etc. In recent years, the use of
natural compounds in biomedical fields has seen a surge.
Technological capabilities now allow the biological effects of
natural compounds on viruses and bacteria to be studied.
Viruses are sub-microscopic non-cellular organisms that
require a host cell to survive; they use their machinery to
produce viral proteins and their viral coat encloses DNA or RNA
as the genetic material.® The mutation rates of viruses are very
high, and therefore the best chance to fight them is during the
period of attachment to the host cell. The life cycle of a virus
involves attachment, viral entry (endocytosis), the release of the
viral genome, replication of the viral genome (reverse tran-
scription), synthesis and processing of viral proteins, and
assembly and release of the virus from the host cell.* Most
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antiviral drugs work by disrupting the critical stages of the life
cycle and the synthesis of viral-specific nucleic acids.

Bacteria are microscopic single-celled organisms that are for
the most part useful and harmless; they do not necessarily
require a host to survive and DNA is usually the genetic mate-
rial. Some are infectious and the life cycle involves a lag phase,
exponential phase, stationary phase, and death phase.

Antibacterial agents are successful because they can act
selectively against bacterial cells rather than animal cells due to
differences in structure and biosynthetic pathways. Bacteria are
characterized as Gram-positive and Gram-negative based on the
staining technique. Bacteria that lack an outer membrane but
have thick cell walls that stain purple are called Gram-positive
bacteria. Bacteria with thin peptidoglycan cell walls that stain
pink and are surrounded by an outer membrane that contains
lipopolysaccharides are called Gram-negative bacteria.® The
different mechanisms by which antibacterial agents act are: the
inhibition of cell metabolism, inhibition of bacterial cell wall
synthesis, plasma membrane interaction, protein synthesis
disruption, nucleic acid replication, and transcription inhibi-
tion.® Applications, such as wound dressings and hydrogels, are
collaboratively approached herein by reviewing the established
methodologies and pooling the obtained knowledge to reach
the solution. In this study, only compounds sourced from
plants are being considered because they can be regenerated in
the time frame of a human lifetime; NPs produced as a result of
metabolic pathways are not considered. In addition, few
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approaches demonstrating sustainability (self-healing and
durability) are emphasized. External stresses and pressure
result in damage to wound dressings. Self-healing capability is
preferred in the case of wound dressings to spontaneously heal
themselves similar to biological tissues and hence prolong the
lifetime of the material.”

The conservation of resources and reduction of waste is
made feasible by employing durable materials. This review
extends to multifunctional antimicrobial dressings and hydro-
gels that extend the service life of the dressings and prevent the
drying out of newly formed granulation tissue.® Consequently,
the raw materials employed for wound dressings for burn,
diabetic and incisional wounds are lint, gauze, cotton, alginate,
plaster and non-biodegradable polymeric resources. The
concerns put forward by medical professionals over the mate-
rials used both in biomedical commodities and non-medical
items make it imperative to use biocompatible compounds
due to the unfolding of hazardous impacts on the ecosystem.
Here, hydrogels that are incorporated into the wound dressings,
prepared for faster and better healing due to their excellent
mechanical and biochemical properties,® are also reviewed.

2. Methods of fabrication of wound
dressings and hydrogels

Various materials for the fabrication of hydrogels and wound
dressings are chosen based on the extremity of the wounds
developed. The following qualities are mandatory in a material
for it to be sustainable. (i) It should decay after its lifetime
without any residual by-products. (ii) Good adhesion of the
material due to its superior mechanical properties on the
wound site to avoid further infections. (iii) The material must be
capable of assisting in the clotting of blood at the wound site
and should be involved in activating factors for maintaining
homeostasis to facilitate faster wound healing. (iv) It must
possess excellent moisture retention so that it can deliver
moisture to the wound site, which is required for cell prolifer-
ation.” The integration of a biodegradable polymer with the
plant source to achieve the said properties can be done by
various methods as follows:

Electrospinning

Traditional dressings have not been able to satisfy the demands
of the current market due to their limited antibacterial qualities
and other drawbacks, despite the rising need for wound care
and treatment globally. Researchers are becoming more and
more interested in electrospinning technology as a straightfor-
ward and adaptable production technique. The electrospun
nanofiber membranes have both distinctive structures and
biological functions that make them suitable for use as
advanced wound dressings. Based on this idea, it is possible to
modify the electrospinning process to alter the morphology and
size of nanofibers by adjusting system parameters such as
polymer type, molecular weight, viscosity, the conductivity of
the solution, and surface tension, as well as process parameters
such as voltage, flow rate, and receiving distance."
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Electrospinning is an adaptable and practical method for
creating ultrathin fibres. There have been remarkable strides in
the advancement of electrospinning techniques and the crea-
tion of electrospun nanofibers to suit or enable diverse
applications.”

An electrospinning fabrication process is voltage driven in
which nanofibers are yielded from polymers. Solutions with low
surface tension are usually preferred. Typically, a needle with
a high voltage positive charge and a negative voltage at the
collector is the key to the formation of Taylor cones and sample
deposition. The voltage applied at the needle causes charges to
accumulate and overcome the surface tension of the solution.
The needle-to-collector distance is reduced for less travel time
and this induces small fiber-fiber bonding and prevents
delamination. Increasing the solution flow rate increases the
diameter of the developing fibers.*?

Spin coating

Spin coating is a frequently used method for producing thin-
film coatings with uniform, smooth surfaces over huge
regions. Through the development of techniques involving the
interface between the substrate and the deposited solution,
research has recently expanded the use of spin coating to
produce self-supported films, also known as freestanding films.
As a result, those structures have been created for a variety of
regions. Spin coated freestanding films are used for biosensing,
medication administration, and wound dressing in the field of
medicine.” Four phases can efficiently be used to separate the
spin-coating procedure, namely, (i) the dispensing stage, (ii)
substrate acceleration stage, (iii) stable fluid outflow, and (iv)
solvent evaporation. For a variety of spin coated systems, a wide
range of spin-coating process factors have been thoroughly
investigated.

It is well known that the spin speed, fluid viscosity, solvent
evaporation rate, diffusivity, molecular weight, and concentra-
tion of the solutes have a significant impact on the film thick-
ness, morphology, and surface topography. During the spin
coating, a solution is dispensed onto a rotating substrate and is
cast as an evenly spread thin film. The centripetal force in
combination with the surface tension of the solution pulls the
liquid into an even coating.*

Spun bond technique

The clinical options for managing chronic wounds are currently
limited, particularly in terms of reducing pain and promoting
quick wound healing. Therefore, the creation of alternate
therapeutic strategies is critical. Recent studies on the creation
of wound healing dressings have been considerably aided by the
use of multi-dimensional, multi-pore, and multi-functional
electrospun nanofiber scaffolds, which have been fabricated
using this method." Fabric manufacture and filament produc-
tion are combined in the process of creating spun bond textiles.
These textiles are now accepted in a variety of application fields
including civil engineering, medicine, and hygiene because of
their exceptional characteristics and high process efficiencies.*®
Non-woven fabrics are formed by an integrated process of fiber

© 2023 The Author(s). Published by the Royal Society of Chemistry
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spinning, web formation and bonding. The molten polymer is
spun to form filaments, which are stretched. The extruded spun
fibers are deposited under the influence of air jets or electro-
static charges onto a collecting belt, which is perforated to
prevent the air stream from forming uncontrolled, deflected
fibers. On increasing the polymer melt temperature, the fila-
ment diameter decreases."”

Atomic layer deposition and molecular layer deposition

High-quality nanometer-scale thin films may be made atomi-
cally, layer by layer, using the atomic layer deposition (ALD)
process. ALD provides several key benefits over other cutting-
edge gas-phase thin-film deposition methods as follows. The
films are symmetrical even when deposited on intricate three-
dimensional (3D) structures and may be placed with excellent
control over the film thickness. They are also dense, uniform,
and pinhole-free. Due to its unique capabilities, atomic layer
deposition (ALD), an ultra-thin film deposition technology, has
found several uses. It can increase the effectiveness of electrical
devices and include the uniform deposition of conformal films
with adjustable thickness, even on intricate three-dimensional
surfaces. Both the fundamental knowledge of how novel func-
tional materials may be created by ALD and the many practical
uses of this technique, notably in advanced nanopatterning for
microelectronics, catalysis, and medical disciplines, have
generated a great deal of attention.'® The research using an ALD
version that produced organic polymers in the 1990s, now more
frequently known as molecular layer deposition (MLD), named
after the molecular layer-by-layer manner the film builds during
the deposition, has significantly expanded the variety of mate-
rials. Interestingly, in the late 2000s, the two methods, ALD and
MLD, were merged to create inorganic-organic hybrid materials.
This allowed for the synthesis of entirely new material families
with a variety of properties that were not feasible with any other
method at the time." This is a vapour phase technique based on
the sequential use of gas-phase chemical processes in which the
thin film growth is governed by the self-limiting reactions of
reactant molecules with the substrate to form films, which
ensure that the reaction stops once all the reactive sites on the
substrate are used up. ALD is limited to inorganic coatings and
MLD uses small organic molecules as well, therefore enabling
the growth of organic layers similar to polymerisation.***

Hydrothermal synthesis

In the twenty-first century, there is the recurrent use of nano-
particles that were created through nanotechnology. Since
nanotechnology's invention in the late 1950s, its immense
promise has been realised via a rapid rise in its applications in
practically all spheres of life, and in particular, in the realms of
medicine and health.*” This method has been used to success-
fully synthesise a wide variety of nanomaterials. The hydro-
thermal synthesis approach has several benefits as compared to
other ones. Nanomaterials produced by hydrothermal synthesis
may not be stable at high temperatures. The hydrothermal
approach allows for the production of nanomaterials with high
vapour pressures while minimising material loss. Through
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liquid phase or multiphase chemical processes, the composi-
tions of the nanomaterials to be synthesised may be tightly
regulated during hydrothermal synthesis. Moreover, it is
a solution reaction-based approach in which nanomaterials are
formed in wide temperature and pressure range conditions.
Multiphase or liquid phase chemical reactions can be used to
control the composition of the nanomaterials.*

Supercritical CO,-assisted phase inversion technique

The utilisation of supercritical CO, processes holds promise for
creating goods with applications in biomedical engineering. The
end results of these processes, such as aerogels, foams,
membranes, fibres, liposomes, particles, and impregnated poly-
mers, are not frequently employed in hospitals or during surgical
operations.”® SC-CO, acts as the solvent for the liquid to dissolve
the polymer and as the non-solvent for the polymer. This results
in the formation of a phase inversion process with the formation
of supercritical discontinuous and continuous polymer phases to
produce a porous interconnected structure. SC-CO, dries the
polymer membrane without allowing the collapse of the structure
due to the absence of a liquid-vapour interface. No pot treatment
is required because there is no trace of organic solvent. It is also
easy to recover the solvent because the separator located down-
stream of the vessel for membrane formation can remove the
solvent dissolved in supercritical CO, from gaseous CO,.***’

Hydrogel preparation

Presently, wounds are a leading cause of mortality. There is
currently no effective and commonly used wound dressing that
can result in significant relief, especially in chronic wounds that
cause patients a considerable deal of discomfort. As such, new,
multipurpose wound dressings must be created. Because of
their 3D structure, superior permeability, outstanding
biocompatibility, and capacity to create a moist environment
for wound healing, which solves the drawbacks of conventional
dressings, hydrogels are a suitable dressing choice.*

They are degradable polymeric networks that are formed and
degraded as a result of crosslinking and this leads to the
multidimensional extension of polymeric chains. These natural
hydrogels have a good water absorption capacity, long service
life, and high gel strength. The classical chemical approaches to
preparation include one-step procedures like parallel cross-
linking of monomers and polymerisation.>®**®

One pot radical polymerisation

Different polymers may be used to provide the best materials for
making wound dressings. They fall within the categories of
synthetic polymers and biopolymers. A chain polymerization is
initiated by an initiator to form a reactive species such as
a cation or anion and many monomer molecules are added to
continuously propagate the reactive center.*

Freeze gelation technique

The freeze gelation process has been used to fabricate three-
dimensional porous scaffolds. Due to their distinctive
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adjustable features, the construction of scaffolds utilising
polymer mixes has recently become popular for numerous
tissue engineering applications. The most widely used, yet
inefficient and expensive way of creating porosity in scaffolds is
freeze-drying.** It involves a sol-gel process to induce the gela-
tion of the polymer, using chitosan or gelatin as the bio-
polymers, and is used for biomedical applications without
high-temperature sintering.*?

Successive ionic layer absorption and reaction deposition
technique

One of the simplest techniques in terms of better substrate
flexibility, large-area fabrication capability, deposition of
a stable and adherent film, low processing temperature for the
fabrication of the film, and reproducibility is the successive
ionic layer absorption and reaction (SILAR). This method saves
a lot of money because it doesn't need expensive equipment.
Because different fabrication parameters, including solution
concentration, precursors, the number of cycles during
immersion, pH, annealing, doping, and growth temperature,
impact the rate of fabrication and the structural, optical, and
electrical properties of the thin films produced, it has become
necessary to conduct a thorough analysis of this special fabri-
cation method.*

This is based on the deposition of ionic species on a surface,
which is followed by a reaction triggered by the successive
adsorption of other ionic species for the formation of an
insoluble product, which accounts for the film coating usually
at room temperature and pressure.**

Solvent casting method

The most used technique for creating wound dressing films is
solvent casting. Enhanced gas permeability and wound moni-
toring are provided by wound dressing films, which are adapt-
able and simple to use.*®* This is a process of forming
a thermoplastic polymer by dipping a mold into a polymer
solution and removing the solvent to leave a film of the polymer
on the mold to form a membrane or scaffold.

Force spinning method

A new approach called force spinning reduces the drawbacks of
electrospinning and gives it more benefits. Drug delivery issues
including instability and hydrophobicity are solved using
polymer-based nanofibers whose benefits include stability,
solubility, and drug storage.*® This method uses solid materials
or solutions that are melted into spinnerets and spun into
nanofibers by centripetal forces. There is no need for solvent
recovery because no solvent is used. The parameters that
control the fiber diameter include spinneret selection, rheo-
logical properties, rotation speed, temperature and
environment.*”

Ionic gelation method

Calvo et al. (1997) developed the ionic gelation approach,
a chemical procedure for creating microparticles or NPs, which
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relies on electrostatic interactions between ions of various
charges. Alginate and polymeric materials, typically CS, are
needed for this method.*® The ionic gelation procedures may be
carried out easily, gently, and rapidly in typical laboratories
since it just needs inexpensive, basic, and readily available
ingredients and equipment. Additionally, because the method
relies on electrostatic contact rather than a chemical reaction,
organic solvents are not required, and potentially harmful
substances or reagents are also avoided. This method's draw-
backs include the difficulty in producing evenly sized NPs and
the paucity of research on different polymers (other than CS).*
It is a process for the synthesis of nanoparticles in which
polyelectrolytes crosslink with counter ions. Chitosan is a poly-
saccharide that has a positive charge and undergoes ion gela-
tion to form spherical particles.*’

Solvent exchange method

This is a novel strategy for creating hybrid alginate-chitosan
aerogel fibres and assessing their potential for use in wound
healing. The advantage of chitosan's composition and molec-
ular weight regarding fibres has led to adapting emulsion-
gelation to create polyelectrolyte complex hydrogels from both
polymers to create the fibres. Alcogels were created by convert-
ing hydrogels by solvent exchange and then drying them with
supercritical CO,.** A solid polymer forms at the interface
between an aqueous solution and a solution of the water-
insoluble polymer. A micro-dispenser system consists of two
ink jet nozzles that continuously produce reservoir-type micro-
capsules that consist of an aqueous core surrounded by a thin
polymer membrane (Fig. 1).*

3. Phytochemicals: natural
occurrence, source and chemistry

Curcumin  (1,7-bis(4-hydroxy-3-methoxy)-1,6-heptadiene-3,5-
dione), also called diferuloylmethane, is an active ingredient
(polyphenol) derived from turmeric, the rhizome of Curcuma
longa and other Curcuma species.*

EGCG (—)-epigallocatechin-3-gallate is a major polyphenolic
compound (catechin) found in green tea, Camellia sinensis.**

Tannic acid is a naturally occurring water-soluble poly-
phenol that consists of the central glucose molecule and one or
more galloyl residues derivatizing the hydroxyl groups. It is
found with other condensed tannins in beverages such as green
tea, black tea, coffee, beer, and red wine.*

Cellulose is a polysaccharide comprised of a linear chain of
units of B(1,4)p-glucose units and is an important structural
component of the cell wall of algae, green plants and oomy-
cetes.*® Bacterial cellulose is an extracellular polysaccharide
produced by Acetobacter xylinum bacteria into long ribbon-like
microfibrils.*” Ascorbic acid is a water-soluble vitamin found
in citrus fruits, oranges, strawberries and peppers. The keto
lactone with two ionisable hydroxyl groups usually exists as the
ascorbate monoanion at physiological pH. It is an excellent
reducing agent and undergoes one-electron oxidation to form
the ascorbate radical and dehydroascorbic acid.*®

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Different strategies for the fabrication of wound dressings and hydrogels.

Aloe vera consists of phytochemical classes such as phenolic
acids (caffeoylquinic acid hexoside and 3,4-O-(E) caffeoyl fer-
uloyl quinic acid), anthraquinones (aloeresin E, isoaloeresin D
and 2-O-feruloyl aloesin), and flavonoids (lucenin II, vicenin II,
and orientin).*

Quercetin (5,7,3',4"-flavan-3-0l), a pentahydroxyflavone with
five hydroxyl groups, is an abundant flavonoid found in apples,
onions, red wine and berries.®® It has four active groups:
a dihydroxy group in the A ring, o-dihydroxy group B, C ring C2,
C3 double and carbonyl groups. The phenolic group and double
bonds present rationales for the biological properties of
quercetin.®*

The plant kingdom has exuberant flora and medicinal plants
have been known to provide a secure, accelerated recovery with
minimal side effects from ailments due to the active
compounds in them and are a substantial resource for
constituents that are extensively used for drug development.
The organic constituents are typically the secondary metabo-
lites produced by the plants as a consequence of physiological
stress and are not primarily involved in the normal growth,
maturation and reproduction of the life form. The phyto-
chemicals are known to have antioxidant, anticarcinogenic,

© 2023 The Author(s). Published by the Royal Society of Chemistry

antifungal, antibacterial, anticonvulsant, anti-inflammatory,
and analgesic properties that are beneficial to both humans
and animals. Accordingly, the functional groups in the
mentioned phytochemicals play a vital role in wound healing. It
is imperative to scrutinize the active compounds that naturally
occur in plants for the development of dressings (Fig. 2).

4. Naturally occurring materials
having antiviral and antibacterial
potential and their mechanisms of
action

Curcumin

Curcumin inhibited haemagglutination in H1N1 and H6N1
subtypes, which developed resistance to amantadine. The
synthesis of viral proteins like neuraminidase (NA), matrix
protein (M1), and haemagglutinin (HA) was delayed in MDCK
cells by curcumin. Incubation of the IAV (influenza A virus)
with curcumin prior to viral attachment completely terminated
plaque formation. The haemagglutinating (HA) interference
assays showed the compounds lacking one methoxyl group
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Curcumin

Ascorbic acid

Fig. 2 Phytochemicals: source, occurrence and chemical structure.

(curcumin II-demethoxycurcumin), or both methoxyl groups
(curcumin III-bisdemethoxycurcumin) exhibited similar
strength to curcumin. This indicates that the presence of the
methoxyl groups does not play a significant role.>* Curcumin
showed antibacterial activity against Gram-positive bacteria
(Enterococcus faecalis and Staphylococcus aureus) and Gram-
negative (Pseudomonas aeruginosa and Escherichia coli). There
was membrane leakage in the bacteria and this was exhibited
using fluorescent probes, calcein and propidium iodide. Cur-
cumin, being lipophilic, enters the bilayer organization and
this is due to the interaction of curcumin with the polar head
group of the lipid bilayer.>*>*

EGCG

The 3-galloyl group and 5-OH group of the catechin skeleton in
EGCG play a role in the antiviral activity and the antiviral effect
on the influenza virus is due to its capacity to alter the physical
properties of the viral membrane.* It interferes during the early
stages of infection such as the attachment of the virus, its entry
and membrane fusion with the host cell. Its virucidal activity
can be increased by the incorporation of fatty acids as this
would increase the phenolic hydroxyl groups, which in turn
increases viral and cellular membrane permeability.>® The
recovery acceleration during wound healing is due to the anti-
oxidant activity for speeding up the vessel formation on the skin
and its anti-inflammatory activity.”” The galloyl moieties are
efficient as they can partition into biological membranes of the
bacteria, perturb the membrane and reduce free radical diffu-
sion and affect enzyme activities, and regulate the functions of
membranes and protein in membranes.”® Hydrogen peroxide
generated by a one-electron reduction to dissolved oxygen from
catechin has a bactericidal effect; catechin also has physical
binding properties to lipid bilayers and also cell membrane
proteins, thereby enhancing the bactericidal activity.>
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Tannic acid’s activity against viruses is related to its interference
with the viral adsorption onto the cell membrane, and might be
effective in blocking the NoV P protein of the norovirus binding
to HBGA receptors.® The polyphenolic hydroxyl groups with one
or more galloyl residues of tannic acid and their hydrophobic
‘core’ and hydrophilic ‘shell’ are also responsible for the anti-
oxidant activity, which might contribute to the inhibitory effect
on replication.®® Tannic acid acts as an inhibitor of the NorA
efflux pump and this is considered as the main mechanism that
is responsible for resistance against S. aureus.®® The inhibition of
bacterial growth observed in E. coli, P. aeruginosa, Y. enter-
ocolitica, S. aureus, B. cereus and L. innocua might be due to the
inhibition of sugar and amino acid uptake by tannic acid.®

Cellulose

The antiviral or antibacterial properties can be developed by the
incorporation or coating of antimicrobial phytochemicals.
Bacterial cellulose dressings were made antibacterial by loading
with amoxicillin and bacitracin, which are antibacterial agents,
and showed activity against S. aureus and E. coli.** DAC (dia-
ldehyde cellulose)/GO (graphene oxide)/amino acid (cysteine
(Cys) and methionine (Meth)) nanocomposites were prepared in
which both DAC/GO/Cys and DAC/GO/Meth showed good
antimicrobial activity against E. coli, P. aeruginosa, B. subtilis
and S. aureus.®® This shows that cellulose, unfortunately, does
not possess any antiviral or antibacterial activity but can be
modified by incorporating biocompatible compounds that
possess these activities.

Ascorbic acid

Redox-active metals are reduced by ascorbate and on further
reaction with oxygen produce superoxide; superoxide dismutase

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Structures of the natural phytochemicals having antiviral and antibacterial potential
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Lucenin II, vicenin II, and orientin
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HO
Quercetin

OH

produces hydrogen peroxide and its increased levels afford the
antimicrobial activity.*® In the HSV1 virus, dehydroascorbic acid
(oxidized form of ascorbic acid) affects the virus during the
maturation stage after the completion of viral replication and

OH

OH

so, prevents the formation of infectious virus progeny in the
infected cells.*” Vitamin C is acidic and its inhibitory activity can
be altered by altering the pHj; it inhibits S. aureus at a pH close
to neutral. There are two possible mechanisms for this growth

Table 2 The compositions of the wound dressings and hydrogels with their antibacterial activities

Phytochemical Bacteria type Material and composition References
Curcumin E. coli and S. aureus Polycaprolactone + curcumin on 77
polypropylene spun bound
membrane
E. coli and S. aureus Cu(u) curcumin complex coated 78
cotton
EGCG E. coli, P. aeruginosa, B. subtilis and HG-Ag-EGCG 79
S. aureus Bare hydrogel + Ag nanoparticles +
EGCG
E. coli and S. aureus CMCS (carboxymethyl chitosan)- 80

Tannic acid S. aureus, B. subtilis, E. coli and P.
aeruginosa

S. aureus, E. coli and P. aeruginosa
S. aureus and E. coli

. aureus and E. coli
. aureus and E. coli
. coli and B. subtilis
. aureus

Cellulose

SN

=

coli, S. aureus and P. aeruginosa
E. coli and S. aureus

Ascorbic acid E. coli and S. aureus
Aloe vera E. coli and S. aureus

Quercetin E. coli and S. aureus
E. coli and S. aureus

S. aureus

770 | RSC Sustainability, 2023, 1, 763-787

PBA (4-formylphenylboronic acid) +
EGCG + PEG-glu (gluconate-
terminated polyethylene glycol) to
form hydrogel

Cotton/GPTMS (3-glycidoxypropyl 81
trimethoxysilane)/tannic acid/

MWCNT

CA60/TA/Zn (CTZ) hydrogel 82
TA-reinforced CSMA/SFMA 83
hydrogels

QT hydrogel 84
TA@bilayer hydrogel 85
Diclofenac containing cellulose film 86
Lysostaphin (Lst), a cell lytic enzyme 87
functionalized cellulose

AgNP-bacterial cellulose hybrid gel 88
membranes

Bacterial cellulose dressings loaded 63
with amoxicillin and bacitracin

ZnO-ascorbic acid 89
SH (sodium hyaluronate), CS 90

(chitosan), and DA (dopamine) in
natural DES (deep eutectic solvent)
+ aloe vera gel

Quercetin-chitosan-fibrin scaffold 91
Poly lactic acid, graphene oxide, 92
quercetin scaffold

Polycaprolactone nanofibers was 93

fabricated with graphene oxide/
quercetin nanocomposites
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inhibitory activity. (1) When vitamin C is oxidized, the bacteria
are exposed to oxidative stress. (2) The formation of acetic acid
and lactic acid from vitamin C.*®

Aloe vera

The aloe polysaccharides from aloe vera inhibit the attachment
of the influenza virus to host cells and also reduce the viral
shedding and clinical symptoms in influenza-affected mice.
Since the inhibition effect was observed in the early stages of
infection, nasal administration is also effective.®® The main
mechanism of antiviral action was during the time of DNA
synthesis, especially protein synthesis during the cytomegalo-
virus infection.”

AVG has antimicrobial activity against cariogenic and
periodontopathic bacteria and it shows stronger activity against
Gram-positive as compared to Gram-negative bacteria.” This is
due to the presence of pharmacologically active compounds
such as aloin A (10-C-beta-p-glucopyranosyl-1,8-dihydroxy-3-
hydroxymethyl-9-anthracenone), and aloe-emodin  (1,8-
dihydroxy-3-hydroxymethyl-9,10-anthracene dione), which are
polyphenols that can inhibit protein synthesis by bacterial
cells.”

Quercetin

Quercetin modulates HCV replication through its antioxidant
activity as it inhibits HCV-induced ROS and RNS generation,
lipid peroxidation, and accumulation.” Quercetin interacts
with glycoprotein hemagglutinin 2 (HA2) and plays a role in the
initial stage of viral infection by inhibiting viral entry into the
host cell.”

Quercetin strongly inhibited E. coli, S. enterica, S. typhimu-
rium, S. aureus, and P. aeruginosa and the bacteriostatic effect
was greater for Gram-positive than Gram-negative bacteria due
to the difference in the cell wall. Quercetin changed the
permeability of the membrane of S. aureus and increased ATP
activity. It also decreased the synthesis of bacterial proteins,
deterred the expression of proteins in the cell and ultimately led
to cell lysis and death.” Using the scratch wound in vitro assay,
it was proved that quercetin inhibited the scratch wound
closure of primary astrocytes by two pathways: (i) inhibition of
G1 to S phase cell cycle transition, which further inhibits cell
proliferation; (ii) the extracellular-signal-regulated kinase (ERK)
pathway (Tables 1 and 2).7°

Open wounds are common, as a result of cuts, burns and
surgical incisions. Environmental conditions or improper care
result in infection. Gram-negative bacteria, such as S. aureus
and Gram-positive bacteria, namely, E. coli and P. aeruginosa,
are predominantly responsible for wound infections and
contaminations.” Wound healing is delayed due to the viral
alteration of macrophages, especially in second-degree
wounds.” Numerous strategies can be adopted to incorporate
antimicrobial agents into the dressings as they behave as
biocides for killing and inhibiting microorganisms that are
intact on the wounds during wound healing.?® This amalgam-
ation of antimicrobial agents with the dressings and hydrogels

© 2023 The Author(s). Published by the Royal Society of Chemistry
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results in an increased therapeutic outcome and assists in the
healing of the infected wound.

5. Wound healing activities:
mechanism of wound healing

Wound healing occurs in four phases:

Homeostasis

Once the skin is injured, the exposure of collagen initiates
a clotting cascade in which additional platelets are recruited by
the activated platelets to the homeostatic plug. These activated
platelets cause the negatively charged phospholipid to move
from the inner to the outer leaflet of the membrane bilayer and
vesicles containing anionic phospholipids are released. These
vesicles and activated platelets provide a binding site for
enzymes and cofactors and thrombin is generated.®” Thrombin
binds to procoagulant substrates such as fibrinogen to activate
them to convert them into fibrin, which further initiates the
process of activating factor XIII (FXIII), which is crucial for
efficient homeostasis.” The fibrin forms a mesh to trap the
blood cells and platelets.

Inflammation

A localized swelling is observed due to the leaking of blood
vessels. Neutrophils and monocytes rapidly migrate to this site,
which stimulates the secretion of growth factors and proteins.
This controls bleeding and prevents any infection. Vascular
endothelial growth factor, which is secreted from the monocyte-
derived macrophages, plays an important role in the inflam-
matory response during the healing of the wound because its
release and angiogenesis are important.*
Inflammation is accompanied by redness, heat and pain.

Proliferative phase

At the beginning of this phase, fibroblasts start to appear at the
site of injury under the influence of some chemoattractants that
are released or produced from the matrix of macrophages and
platelets, such as platelet-derived growth factor (PDGF),
interleukin-1 beta (IL-1f8) and tumor necrosis factor-alpha (TNF-
o) as part of the inflammatory response where it penetrates the
fibrin and degrades it."*>*** This is replaced by an extracellular
matrix that is composed of components such as collagen,
glycoproteins, glycosoaminoglycans, and hyaluronic acid.**
The myofibroblasts (activated fibroblasts), which are
contractile, smooth muscle-activating cells also help in the
contraction of the granulation tissue. The tissue also receives
oxygen and nutrients with the help of blood vessels built.
Keratinocytes usually contribute to the production of cyto-
kines and help in the pathogenesis of wound healing. They
produce antimicrobial peptides that kill invading pathogens.*
They are also responsible for restoring the epidermal layer by
a process called re-epithelialization and the failure of kerati-
nocytes to maintain the barrier can lead to wound recurrence.'**
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Remodeling/maturation phase

In this phase, the granulation tissue matures into a scar and the
tissue tensile strength is increased. This scar is then remodeled
by the ECM, which is similar to skin, and this occurs through
the action of different classes of proteins produced during
wound healing such as matrix metalloproteinases and serine
proteases (Fig. 3).'%°

Wound healing activity of the considered phytocompounds

Cost-effective therapeutic agents are essential in comparison to
reference drugs due to their availability. The active phyto-
chemicals fabricated into the wound dressings play a pivotal
role in accelerated wound healing and optimising the formu-
lation assists in the multifunctional application. The salient
features responsible for this are the astringent, free radical
scavenging, anti-inflammatory, anti-microbial and anti-
oxidative properties. The mechanisms of wound healing aided
by the active components are as follows:

Curcumin. It stimulates the production of growth factors
and accelerates healing and ability to reduce the body's
response such as inflammation and oxidation and enhance
granulation, collagen synthesis and wound contraction.'®

EGCG. The recovery acceleration during wound healing is
due to the antioxidant activity of EGCG, which is beneficial for
speeding up vessel formation on the skin and its anti-
inflammatory activity.®”

Tannic acid. This is a natural polyphenol astringent that can
accelerate wound healing by modulating the inflammatory
growth factors and cytokines and activating the Erk 1 (extra-
cellular signal-regulated kinase 1) cascade by increasing the cell
growth by stimulating the bFGF (basic fibroblast growth
factor).*””

Cellulose. Its wound healing capacity can be attributed to its
high tensile strength, strong water-holding capacity, and
compatibility with tissues. It also allows the absorption and
evaporation of exudate from the wound and allows oxygen
exchange for better healing.'*®

Ascorbic acid. In wound healing, ascorbic acid is necessary
for collagen synthesis, angiogenesis and for promoting collagen

INFLAMMATORY PHASE

Blood clot

Fig. 3 Phases of wound healing.
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cross-linking. In its deficiency, there is reduced collagen depo-
sition and delayed wound healing is likely.**®

Aloe vera. Its anti-inflammatory, antiviral, and antioxidant
properties, its ability to decrease histamine-induced acid
secretion,'® the stimulatory effect on cell proliferation, and
migration of fibroblasts and keratinocytes make it an ideal
candidate for a dressing."**

Quercetin. Its wound healing activity is demonstrated in its
ability to promote proliferation and the migration of fibro-
blasts, reduce the level of inflammatory factors and also
increase the level of growth factor through the Wnt/B-catenin
pathway. Also, due to the intervention of quercetin, the
expression of TERT protein can be increased.”®

6. Naturally occurring materials
fabricated into wound dressings and
hydrogels

Curcumin

It was used as a nanocoating on a polypropylene (PP) spun bond
membrane, which influenced the contact-killing efficiency
against bacteria and bacteriophages.”” Curcumin was added to
biobased PU in DMF and was electrospun to form fibrous
scaffolds for wound dressing. The effects of the concentration of
the polymer and contact angles were investigated."*> Cu(u) cur-
cumin complex-coated cotton prepared by treating CuO cotton
or pristine cotton with an ethanolic solution of curcumin
showed better antimicrobial properties than curcumin or
cotton against E. coli and S. aureus.”® An ethanolic solution of
curcumin was incorporated into a collagen solution, which was
then filtered through muslin cloth and dried in the dark under
a laminar fume hood in Teflon trays and the obtained collagen
films were applied in excised wounds on rats and wound heal-
ing took place."® Electrospun curcumin-loaded mesoporous
silica nanofiber mats (CCM-MSNs) prepared by the incorpora-
tion of polyvinyl pyrrolidone (as depicted in Fig. 4) can be used
in the biomedical field to construct homeostatic materials for in
vivo and in vitro studies of animal livers."** A dermal wound
dressing was developed, which was made up of a nano-

REMODELLING PHASE

reshly healed
epidermis
* Freshly healed
-3 dermis
-
~ ’

/Blood vessel

Fibroblasts
proliferating
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CCM-MSNs

— —p ‘if;:

PVP Solution Electrospinning CCM-MSNs@PVP

Fig. 4 Fabrication of curcumin-loaded mesoporous silica hanofiber
mats.™*

composite hydrogel composed of curcumin, N,0-carboxymethyl
chitosan and oxidized alginate. The CCS-OA hydrogel has
properties like exudate absorption, immobilization, and non-
cytotoxicity, and is also biodegradable and bioabsorbable.
Nano-curcumin was prepared via a thin-film evaporation
method using methoxypoly(ethylene glycol)-b-poly(e-capro-
lactone) copolymer (MPEG-PCL) as a carrier. In an adult male
SD of 10 weeks, a full-thickness dorsal wound was created. The
nano-curcumin/CCS-OA hydrogel was found to have the best
potential in wound healing."® The effects of the curcumin
nanoparticles-hydrogel on the full-thickness excisional skin
wounds on the backs of rats in a rat model of diabetes mellitus
type 1 were studied. Curcumin and Cur-NP were loaded into the
N,O-carboxymethyl CS/oxidized alginate hydrogel, forming
a gel-forming composite, and the rats with Cur-NP/HG showed
the highest rate of wound closure, which was confirmed by the
re-epithelization of epidermal cells, indicating that the hydrogel
played a very important role in wound healing."* Wound
healing in adult male BALB/C mice was analyzed using dextran
hydrogel and curcumin-encapsulated PEG-PLA [poly(lactide)-
block-poly(ethylene glycol)] nanomicelles incorporated into
dextran hydrogel to study the role of the hydrogel as a wound
dressing and its capacity to control the release of curcumin. The
blank dextran hydrogel was less effective as compared to the
curcumin nanomicelle-loaded dextran hydrogel; due to the
presence of curcumin in the hydrogel, it was released slowly
during the healing and contributed to the growth of epithelial
cells.'”” Consequently, the approaches undertaken to fabricate
the polyphenol curcumin into the dressings assisted in
accomplishing a multifunctional sustainable material. Curcu-
min, as indicated above, protects wounds against microbial
infection, reduces inflammation and induces cell epithelial-
ization due to its anti-infectious, anti-inflammatory and anti-
oxidant properties during various wound healing stages.
Electrospinning is specifically beneficial for constructing
nanofibers and these nanocomponents provide a large surface
area for the incorporation of an excessive amount of polyphenol
to substantiate the uniform release, which is important for
durable dressings.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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EGCG

Aminated guar gum was used to produce silver nanoparticles
(Ag@AGG) from silver nitrate by reduction chemistry. Bare
hydrogels were prepared using aminated GG, sodium alginate,
gelatin solutions, glycerol and calcium chloride followed by
lyophilization. To prepare HG-Ag-EGCG, sodium alginate,
gelatin solutions, glycerol, CaCl,, Ag@AGG and EGCG were
added instead of AGG before lyophilization. It showed good
anti-inflammatory and antibacterial properties and demon-
strated good cytocompatibility towards normal keratinocyte
MSC P5 cells. This formulation also promotes rapid wound
healing.” CMCS-PBA is phenylboronic acid-grafted carbox-
ymethyl chitosan prepared using carboxymethyl chitosan and 4-
formylphenylboronic acid. Gluconate-terminated polyethylene
glycol (PEG-glu) was prepared according to a previous report,*®
where CMCS-PBA, EGCG and PEG-glu were dissolved in
deionized water in different proportions to form different
hydrogels by borate ester crosslinking between diol groups of
EGCG and PEG-glu and phenylboronic acid (PBA) groups of
phenylboronic acid-grafted carboxymethyl chitosan (CMCS-
PBA). The hydrogels were desirable because EGCG provides
antioxidant properties by scavenging free radicals and has
excellent antibacterial capability against S. aureus and E. coli. As
such, the hydrogels were good wound dressings for female
Kunming rats employed in the experiment.*® Poly(lactic-co-gly-
colic acid) (PLGA) in DMF and THF and EGCG were electrospun
into membranes that were then sterilized with 25 kGy gamma
irradiation. The fibre diameter was decreased by increasing the
concentration of EGCG due to its increased molecular weight.
The EGCG helped in wound healing in adult human dermal
fibroblasts (HDFs) but on increasing the concentration (i.e. 5%
EGCG-PLGA), it showed cytotoxicity because HDFs lost their
spindle shape and exhibited a round shape.'** EGCG-NapFFY
supramolecular hydrogel was prepared using a 0.01 M
phosphate-buffered saline (PBS, pH 7.4) solution of the hydro-
gelator NapFFY and a PBS solution of EGCG. The 1:2 EGCG-
NapFFY helped in decreasing the wound area, which was made
by making an incision of 1 cm in mice that were anesthetized by
intraperitoneal injection of 0.5% pentobarbital sodium and
proved that this hydrogel can be used for wound healing.*
Fiber matrices of HA/PLGA-E core/shell prepared by electro-
spinning hyaluronic acid (HA), poly(lactic-co-glycolic acid
(PLGA) and EGCG were used to explore wound healing in
streptozotocin-induced diabetic rats and normal rats and the
rate was accelerated with the HA/PLGA-E matrices and can be
considered as a novel scaffold for diabetic wound healing.** 3-
Acrylamido phenylboronic acid (APBA) with EGCG formed
boronic esters as crosslinkers to form the E-A complex and this
was further used to prepare the EACPA E-A complex-based
polyacrylamide hydrogel by a one-pot radical copolymeriza-
tion with acrylamide (AM) in the presence of N,N,N,N-tetra-
methyl ethylene-1,2-diamine (TEMED) and ammonium
persulfate (APS) (as depicted in Fig. 5a). Streptozotocin (STZ)-
induced diabetic C57BL/6 mice with wounds had a better
healing efficiency and avoided secondary injury of the wound
site (as depicted in Fig. 5d) due to the presence of EGCG."> A
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green tea ointment was made using a hydro-alcoholic extract of
green tea and the yield was mixed with distilled water, hydro-
carbon bases and Eucerin to yield a 1% green tea ointment.
Ulcer healing was monitored for leprosy patients using the
ointment and control (FGD - framycetin gauze dressing) and it
was confirmed that the EGCG 1% ointment improved the
healing rates as compared to FGD." Glycol chitosan was

(a)
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combined with EGCG to form the EGCG-chitosan hydrogel,
which showed good antibacterial activity toward Escherichia coli
and Staphylococcus aureus. On increasing the EGCG concentra-
tion, the wound closure was accelerated.*** As indicated above,
EGCG functions as a powerful antioxidant and also inhibits the
early stages of infections, which is critical to avoid delayed
wound healing. It also plays an important role in providing
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Fig.5 (a) Preparation of the EACPA hydrogel. (b) Depiction of no residue after adhesion and peeling. (c) Depiction of the ability of the self-healed
hydrogel to withstand external force. (d) The mechanism involved in chronic wound treatment in streptozotocin (STZ)-induced diabetic C57BL/6

mice by the hydrogel.*??
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a microenvironment that is essential for better functioning of
the key factors involved in improved rates of wound healing.

Tannic acid

An acetic acid solution of chitosan and tannic acid was treated
with an iron(m) solution. The material obtained after evapora-
tion with chitosan and the TA-Fe(u) complex was subjected to
contact angle and maximum tensile strength measurements.
The rate of haemolysis was also measured using sheep blood.
Tannic acid can improve the mechanical properties and
degradation of chitosan fibers and can, therefore, be used as
a wound dressings.’*® The medical adhesive TASK (prepared as
depicted in Fig. 6) is composed of tannic acid and silk fibroin,
which was used as a lyophilized powder. Wet tissue adhesion,
and self-healing properties of TASK were provided by SF, and
tannic acid provided its wet-resistant adhesion resulting from
the abundant anchor moieties in its structure.'”® The CA60/TA/
Zn (CTZ) hydrogel prepared from carboxylated agarose, CA60,
TA and ZnCl,. Zn*" ions provided the best control over the
release of TA. The antibacterial activity of hydrogel CTZ was
observed against E. coli, S. aureus, and P. aeruginosa using an
agar disc diffusion test. E. coli was used because it is one of the
causative agents of burn wound infections, and the hydrogel
exhibited remarkable activity. This makes it a suitable candi-
date to be used for wound dressings.®* The TATA supramolec-
ular hydrogel was formed by copolymerization between the
crosslinker, tannic acid and thioctic acid monomer, followed by
freeze-thawing to produce hydrogen bond cross-linking for
hydrogel formation. The amount of tannic acid determines the
state (amorphous) of the hydrogel formed. The wound healing
property of TATA hydrogel was checked on a rat model with an
incision. On treatment with the TATA hydrogel, the incision was
restored by the basement membrane and, therefore, no deep
opening could be observed.’” TA-reinforced CSMA (methacry-
lated chitosan)/SFMA (methacrylated silk fibroin) hydrogels

SF solution  Adding TA solution

! , B) .
@@ U > e

Stirring

Lyophilizing the Grinding Adding water to
precipitation : restore
“ ﬁ
e

Storing at -20 °C

Fig. 6 Preparation of TASK.*2®
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were prepared and they showed wound healing ability that was
evaluated using the ICR mice model. The wound area had
drastically decreased in the case of hydrogels with increasing TA
percentage concentration. The antibacterial activity of the
hydrogel was demonstrated against S. aureus and E. coli. TA-
reinforced hydrogels performed significantly better in compar-
ison with hydrogel without TA, which is mostly because of the
combined antibacterial ability of chitosan and TA.** QT hydro-
gels were prepared by introducing tannic acid (TA) into a qua-
ternized chitosan (QCS) matrix. A full-thickness STZ diabetic
wounded rat was used to evaluate the wound-healing effect of
the QT hydrogel. The QT hydrogel could promote wound heal-
ing and skin tissue regeneration. It also showed antibacterial
activity against S. aureus and E. coli.** Bilayer hydrogel was
prepared (as depicted in Fig. 7) in which the bottom layer was
composed of carboxylated chitosan (CCS), poly(vinyl alcohol)
(PVA) and polyethylene glycol (PEG) and the top layer was
composed of hyaluronic acid (HA), PVA, and PEG, which was
further cast in a mold. This bilayer hydrogel was immersed in
a TA aqueous solution to acquire the TA@bilayer hydrogel. The
TA@bilayer hydrogel inhibited the growth of E. coli and S.
aureus.

Homeostatic performance was evaluated in rabbits with an
incision in the liver. The TA@bilayer hydrogel showed less
blood loss, which proved the good adhesive property of the
hydrogel as it provided a good physical barrier and prevented
the outflow of blood from the site of the wound. A cut on the
dorsum of the rabbit was treated with the hydrogel and wound
repair was observed.*® As visualized earlier, chitosan, PVA, PEG,
etc. provide a base for the incorporation of tannic acid to
fabricate hydrogels that possess great tissue adhesiveness and
decreased water loss, which are essential for rapid wound
healing. The incorporated polyphenol tannic acid aids in pre-
venting microbial infections as evidenced by studies that claim
it prevents the binding of microbes onto the wound site.*
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Fig. 7 Preparation process of TA@bilayer hydrogel.®

Cellulose

Silver nanoparticles were impregnated into bacterial cellulose
by immersing it in silver nitrate solution and the absorbed silver
(Ag" ions) was reduced to silver nanoparticles by sodium boro-
hydride. This impregnated cellulose as a wound dressing
showed antimicrobial activity against E. coli and S. aureus.”
Cellulose was used as the support for the incorporation of
analgesics into wound dressings. Trimethylsilyl cellulose and
diclofenac dissolved in THF were used to prepare DCF-
containing cellulose film; the release of DCF from the film
was studied over time and the addition of another layer of
cellulose slowed down the release.** Wood-based (from
bleached birch pulp fibers) nanofibrillar cellulose, which was
chemically unmodified, was used as a replacement for Supra-
thel to enhance wound healing in severely burned patients, also
it detached from epithelialized skin by itself after the site was
renewed.'” Bacterial cellulose was impregnated with alginate
(as depicted in Fig. 8) and the efficiency of this dressing was
tested on human fibroblast cells. To incorporate antimicrobial

Bacterial cellulose

‘goc

Fig. 8 Fabrication of bacterial cellulose/alginate composite.**°
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activity and for the treatment of wounds, a cationic antimicro-
bial agent PHMB poly(hexamethylene biguanide) hydrochloride
solution was mixed with the BC/alginate dressings.'*"

Cation exchange reactions were used to modify montmoril-
lonite and bacterial cellulose was immersed in a homogeneous
suspension of different modified MMTs (Na-MMT, Ca-MMT,
Cu-MMT). After the removal of the surface suspension, the
modified cellulose composites were freeze-dried and their
antibacterial activities were investigated against E. coli and S.
aureus, which suggested the potential use of these composites
in wound dressings.*** Lysostaphin (Lst), a cell Iytic enzyme, was
immobilized onto biocompatible fibers made by electro-
spinning homogeneous solutions of cellulose [EMIM][OAc],
cellulose-chitosan solution and cellulose-PMMA (poly(methyl
methacrylate)) solution. These Lst-functionalized cellulose
fibers were processed to obtain bandages that showed anti-
bacterial activity against S. aureus.®” Cellulose nanowhiskers
(CNWs) prepared from cellulose pulp and CNW-loaded poly(SA)
hydrogel films prepared from monomer sodium acrylate (SA)
were dispersed in cellulose nano-whiskers, where N,N-

Sodium alginate solution (0.5% w/v) 0 HO
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methylenebis-acrylamide (MB) was used as a crosslinker; the
catalyst used was N,N,N,N-tetramethyl ethylenediamine
(TEMED) and the initiator used was potassium persulfate
(KPS).**> The antibiotic drug minocycline (Mic) was then loaded
to investigate the antifungal and antibacterial activity and this
was controlled by varying the cellulose content and amount of
cross-linker (MB) in the film. The release of minocyclin was
interpreted by the Schott model. These films can be used as
a potential wound dressings."*® A cellulose-based super absor-
bent polymer was formed by combining cellulose + sodium
monochloroacetate (MCA) to obtain biodegradable carbox-
ymethyl cellulose (CMC), which was further treated with
epichlorohydrin (ECH). Because of its superior swelling prop-
erties, it can be used to replace biomedical products and
feminine hygiene products. Therefore, it can also be potentially
used as wound dressing.’** Cellulose considered here plays
a pivotal role in sustainability due to its excellent biodegradable
nature, and in most approaches, it is considered as the basal
layer for incorporating reference drugs. This provides the
advantage of good adhesiveness to maintain water content,
which is beneficial for providing an optimum environment for
wound closure along with uniform drug release to prevent
microbial infections.

Vitamin C

Hydrogen peroxide was generated by adding a copper/ascorbate
formulation to hydroentangled nonwoven greige cotton. Each
fabric was saturated by submerging it in copper(u) chloride
hydrate and either r-sodium ascorbate (Na Asc.) or r-ascorbic
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acid (Asc. A). Cu/Asc.—analogs of cotton and ascorbic acid
alone showed good activity against S. aureus and K. pneumoniae.
Treatment of human dermal fibroblasts with Cu/Asc.—analogs
of cotton and copper-treated cotton showed attenuated growth
in comparison to untreated cotton."** Super absorbent wound
dressing prepared (as depicted in Fig. 9a) with chitosan and
agarose provided accelerated healing and also an environment
to support skin regeneration. Vitamin C (100/200 pg per 1 mL of
prepared homogeneous mass) in the biomaterial CHN/A + vit C
enhanced fibroblast proliferation as it reduced matrix
metalloproteinase-2 production and promoted platelet-derived
growth factor-BB synthesis by fibroblasts, which is desired
during chronic wound treatment.'*

Different quantities of r-ascorbic acid were added to acryl-
amide to synthesize hydrogel specimens by a y-ray radiation
technique. The gel systems ((P(AAm)/LAA)) were good candi-
dates to be used as wound dressing based on tensile strength,
hardness, pH and degree of adhesion. Another application was
the drug release of antifungal terbinafine hydrochloride (TER-
HCI), which was helpful in skin wound healing.**® The electro-
spinning of a solution of polyvinyl alcohol and ascorbic acid or
caffeine sodium benzoate (a caffeine salt that is water soluble)
was carried out to prepare nanofibers. Wounded Wistar rats
were treated with nanofiber mats loaded with ascorbic acid and
caffeine and maximum wound healing was observed. Both the
ascorbic acid and caffeine in the mat also enhanced the anti-
fungal activity against Candida albicans.**” Ascorbic acid solvent
was used to dissolve chitosan, which was linked to dialdehyde
bacterial cellulose (DABC) nanofibers by a Schiff's base reaction

CHN/A + vit C

Fig. 9 (a) The preparation of the CHN/A + vit C biomaterial. (b) Dry and

hydrated material. (b) The exceptional ability of the material to remain

intact in the presence of water makes it beneficial in wound treatment.1°°
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to form an injectable hydrogel that has antibacterial proper-
ties."*® L-Ascorbic acid (C¢HgOg) was used as the reducing agent
for the green, effective synthesis of ZnO-AA mats from zinc
acetate dihydrate (Zn(CH3C0OO),-2H,0) via the SILAR (succes-
sive ionic layer adsorption and reaction) technique. S. aureus
was more sensitive to the antibacterial activity in comparison to
E. coli.”*® N,0-Carboxymethyl chitosan (CMCS) was synthesized
from virgin chitosan, to which polyethylene oxide (PEO) was
added to form a polymer solution, to which ascorbic acid was
added and the vitamin C and phenytoin sodium (PHT-Na)
solutions were electrospun to form a fabricated hybrid of the
nanofibrous sample. In the wounds of male Wistar rats, elec-
trospun samples containing vitamin C and PHT-Na (1%)
showed an efficient healing process as compared with vitamin
C/PHT-Na (50/50) ointment and there was remarkable regen-
eration of the epidermis without necrosis. The rates of release of
vitamin C and PHT-Na from the nanofibrous sample were also
similar.**® Chitosan ascorbate is the organic salt prepared from
chitosan deacylated amino groups and ascorbic acid in water
and the electrospun polycaprolactone membrane was infil-
trated with the prepared CA solution to obtain PCL/CA
composites, which also improved the hydrophilicity and water
uptake capacities of the membranes. The cell compatibility and
the adhesion of human mesenchymal stem cells (hMSCs) and
human umbilical vein endothelial cell (HUVEC) culture with
PCL/CA were better than the pristine; therefore, the PCL/CA
membranes are promising for wound healing applications.'**
Wound healing in diabetes mellitus was accelerated by
cellulose-based films that were prepared by the solvent casting
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method using cellulose extracted from rice husk and poly(vinyl
alcohol) (PVA), and vit C-containing film and propolis (Prop)-
containing film were prepared by adding vit C and Prop
respectively after the cellulose addition step in the protocol.
Diabetes-induced mice treated with streptozotocin showed
increased wound healing and closure by Cel-PVA/VitC/Prop
films."* Based on the mentioned approaches, it is evident
that vitamin C is crucial for all phases of wound healing. Its
deficiency can hinder wound healing as revealed, and hence
coupling with other reference drugs enhances the fibroblast
proliferation for rapid wound closure.

Aloe vera

A conventional crosslinking method was used to prepare SA/
PVA/aloe vera hydrogels using poly(vinyl alcohol), a solution
of sodium alginate, ammonium persulfate and a solution of
aloe vera, to which glycerine was added'* to ensure the trans-
parency and flexibility of the membrane. The dried hydrogel
was used to measure the tensile strength of the dressings and
the amount of aloe vera incorporated affected this; no burst
effect was observed during the release of aloe vera, which was
beneficial during wound healing. No toxicity was observed on
the normal human dermal fibroblasts (NHDF) by the fabricated
membrane and it actively improved the wound-healing effi-
ciency.'** Periodate-oxidized pectin (OP) was crosslinked with
gelatin to prepare OP-gelatin matrices. To this, aloe powder,
curcumin and a combination of both aloe and curcumin were
added in different matrices and non-woven cotton fabric was

Aloe vera Curcumin
s
L{fﬁ Monwoven
cotton fabric
I -.\"I Il'f’- )
\ [
T g
i . ,
OP-Gel OP-Gel-Drug

OP-Gal biocomposite
wiound dressing

Fig. 10 OP-gel wound dressings preparation.**®
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dipped in solutions to form three different bio composite
dressings (as depicted in Fig. 10). An incision in the NIH3T3
mouse fibroblast cells was used to test the efficiency of the OP-
gel-drug dressings and it was found that OP-gel-aloe-curcu-
min and OP-gel-curcumin dressings induced apoptosis,
whereas the OP-gel-aloe dressing exhibited good healing and
was a good substrate for cell attachment and proliferation.**®
The DES-SH-CS/DA/AV hydrogel was prepared using SH
(sodium hyaluronate), CS (chitosan), and DA (dopamine) which
were first mixed in the natural DES (deep eutectic solvent) with
stirring, followed by the addition of aloe vera gel and the
hydrogel was formed via hydrogen bonding and molecular
crosslinking. Mouse NIH-3T3 fibroblast cells were used as
model cells and they showed good cell viability on using the
hydrogel, and the cell viability of S. aureus and E. coli colonies
decreased. It also promoted good wound healing and wound
closure rates.*® The force-spinning process was used to produce
nanofibers using aloe vera extract, distilled water, chitosan,
citric acid and pullulan, which showed antibacterial activity
against E. coli. NIH 3T3 mouse embryonic fibroblast cells were
taken as a model and it was observed that the NFs were non-
toxic to the cells and their porous and thermal stability made
them a potential candidate for wound dressings.* The electro-
spinning process was used to fabricate nanofibrous membranes
using rhEGF (recombinant human epidermal growth factor),
aloe vera, and PLGA (polylactic-co-glycolic acid) to form the
PLGA-AV-EGF nanofibrous membrane. In db/db mice, the
wound healing and closure were tested via the in vivo full-
thickness wound healing assay and PLGA-AV-EGF nanofibers
with a high concentration of aloe vera are a suitable dressing for
the treatment of chronic wounds.'” Chitosan-based hydrogels

were prepared using chitosan, acetic acid, crosslinker
B CHy 0O
| a Il
O0—cH—C
o =n
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a
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Graphene Oxide
(GO)

Fig. 11 Fabrication of PLA/GO/Q by electrospinning.®?
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(diacrylate (poly(ethylene glycol))), photoinitiator (2-hydroxy-2-
methylpropiophenone) and additive aloe vera. The neutral red
uptake (NRU) assay and MTT reduction assay on L929 murine
fibroblasts showed that the composites did not induce cyto-
toxicity and increased the viability of the cells, and can find
application in wound healing due to the biomedical properties
of aloe vera.**® The time taken for partial thickness burns to heal
was shortened and this was more effective with aloe gel in
comparison to silver sulfadiazine cream; the better healing of
burn injuries is due to aloe vera's anti-inflammatory proper-
ties.'® Aloe vera is already familiar as a folk remedy for the
treatment of minor wounds and burns due to its stimulatory
and anti-inflammatory effects in comparison to over-the-
counter drugs as it can retain moisture content and the pres-
ence of glucomannan assists in the regeneration of cells.**

Quercetin

A chitosan—fibrin (CF) composite scaffold was prepared by
mixing an acidic solution of chitosan with an alkaline solution
of fibrin, which was then dialyzed, followed by the addition of
quercetin and lyophilized then dialyzed to obtain the quercetin—
CF scaffold. It showed good activity as a wound dressing on
open excision wounds on male albino rats and also showed
good antibacterial activity against E. coli and S. aureus. The Q-
CF scaffold showed excellent biocompatibility, which was eval-
uated by the MTT cell proliferation assay.”* Quercetin was
incorporated into collagen and it showed a shrinkage temper-
ature of 50 °C, which was greater than the shrinkage tempera-
ture of collagen itself (i.e. 40 °C), and QIC had a greater thermal
stability. QIC also healed wounds on male albino Wistar rats
and scavenged free radicals as compared to a normal collagen
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matrix.””* Electrospinning (as depicted in Fig. 11) was used to
prepare micro-scaffold matrices using polylactic acid, and gra-
phene oxide. Quercetin was loaded onto the fibres to form PLA/
GO/Q scaffolds. An electric field was applied and it showed that
the rate of quercetin release was much better in comparison to
normal drug release. It also showed good antibacterial activity
against S. aureus, E. coli and Candida albicans. The scaffold was
biocompatible with the L929 fibroblast cell line. On increasing
GO, the swelling ability increased for water uptake and the
incorporation of GO induced the electric triggering capacity and
personalized release.”

Sodium tripolyphosphate was added dropwise to a solution
of chitosan and quercetin for the adsorption of quercetin on
chitosan nanoparticles. The drug-loaded chitosan nano-
suspension was coated on alginate for the crosslinking of algi-
nate. A gel formulation of quercetin-loaded chitosan/alginate
nanoparticles was prepared using Carbopol 934. An excisional
wound developed on Wistar rats received doses of a gel
formulation of Q-ALG/CSNPs, and hydroxyproline and hexos-
amine markers for healing were estimated from the granulation
tissue. There was the sustained release of quercetin, which can
be correlated with the therapeutic mechanism responsible for
enhanced wound healing and so the Q-ALG/CSNPs system is
a good polymer system for wound healing applications.'**
Quercetin was loaded onto graphene oxide (GO) nanoparticles.
Polycaprolactone nanofibers were fabricated with varying
concentrations of GO/Q nanocomposites using the electro-
spinning procedure. The fabricated scaffolds showed good
antibacterial activity against S. aureus as quercetin decreased
growth by up to 56%. High cell viability, proliferation, and
adhesion of NIH/3 T3 fibroblast cells proved that the scaffold
has excellent biocompatibility and can be used for wound
healing.”® To improve the hydrophilicity and the skin penetra-
tion of quercetin, it was added to chitosan, to which sodium
tripolyphosphate was added to form chitosan-based quercetin
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nanoparticles by the ionic gelation method. The application of
the prepared nanoparticles (0.03%) to cutaneous wounds on
male Wistar rats showed lower cytokine TNF-o. (tumor necrosis
factor-alpha) levels but IL-10 (interleukin 10) levels were high in
comparison to Pluronic F127 (20% w/v) gel. Increased VEGF
(vascular endothelial growth factor) and TGF-B1 levels were
observed, which were responsible for faster wound healing. A
0.03% quercetin nanoformulation was considered to be novel
for wound healing.*® The solvent exchange method was used to
make water-soluble quercetin borate nanoparticles by the
borate esterification reaction.*®* Borate ions of QuB were used as
crosslinking agents for the gelation of polyvinyl alcohol to
obtain QuB-PVA microgels and a transverse electrospray
deposition device was used to fabricate QuB-PVA dressings. The
QuB-PVA microgel had a remarkable zone of inhibition for E.
coli and S. aureus. A whole cortex injury was induced in male
Kunming mice and the QuB-PVA film placed on the injury
showed a significant reduction in the wound area on the 7th day
and, therefore, could dramatically facilitate the wound healing
speed.”™ The evaluation of wounded adult male Wistar rats
showed that 0.3% quercetin showed enhanced wound healing
and the fastest wound closure and increased oxidative stress.
Tumor necrosis factor alpha (TNF-a) expression was decreased,
and interleukin 10 (IL 10), interleukin-1B (IL-1p), vascular
endothelial growth factor (VEGF), and transforming growth
factor-beta 1 (TGF-B1) levels were also significantly higher,
which were involved in collagen synthesis and angiogenesis.
There was enhanced fibroblast proliferation with collagen
deposition and increased myofibroblast formation, which
played a pivotal role in wound contraction.”* A
poly(caprolactone)-based nanofiber membrane functionalized
with a combination of an antimicrobial, ciprofloxacin hydro-
chloride (CHL), and an antioxidant, quercetin, for accelerated
wound healing, was prepared by electrospinning (as depicted in
Fig. 12). The antimicrobial efficacy of the nanofiber films

CHL + Que
Solution

PCL Solution l

PCL + Drugs
Solution

* 4

‘N

Taylor Cone

Fig. 12 Fabrication of a poly(caprolactone)-based nanofiber membrane functionalized with CHL and quercetin.**
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against S. aureus showed that electrospinning did not alter the
loaded CHL activity. PCL/CHL/Que-nanofiber-treated Wistar
rats showed superior healing and inhibited excess free radicals
in the wound due to the release of the drug in a biphasic
manner, with an initial burst and then prolonged release. The
low initial burst might be due to the low solubility of quercetin
at pH 7.4. A nano hydrogel embedded with quercetin and
oleic acid showed exceptional wound healing in diabetes mel-
litus patients with lower limb skin wounds without any adverse
drug reactions. To make the treatment much more effective Qu
and OA molecules in a nano hydrogel containing hyaluronic
acid were used and it was observed that post-treatment pain was
reduced and tissue viscoelasticity was also improved.™® Silver
nanoparticles were prepared from sodium borohydride and
silver nitrate, to which PVP was added for long-term stability
and to prevent AgNPs aggregation; quercetin was then added.
The prepared quercetin-loaded silver nanoparticles hydrogel
matrix was used for an in vivo wound healing study in diabetic-
induced Swiss albino mice. It had antimicrobial activity against
S. aureus and E. coli.”” The antioxidant quercetin possesses
anti-inflammatory, immunomodulatory and antiviral activity.
Consequently, it is incorporated into matrices to promote
accelerated wound healing without any adverse reactions as it
maintains hydration at the wound site and assists in restoring
the skin barrier.

There is growing evidence of the sustainable multifunctional
efficacy of the mentioned dressings fabricated with active
components for protection against scarring and infection
during wound healing. Considerable applications reviewed here
exhibit self-healing ability for extending the lifespan of the
material as observed in TASK, where the lyophilized powder was
condensed when exposed to water.'** Moreover, shape memory
and self-healing properties were exhibited in the case of
hydrogels prepared from TA and PVA due to the presence of
intramolecular and intermolecular hydrogen bonds formed
between the TA and PVA molecules.* The reversibility of boron
ester bonds also assists in the self-healing ability of the fabri-
cated QuB-PVA films."**

CS-DABC hydrogels also exhibit self-healing properties due
to the presence of dynamic Schiff base networks and hydrogen
bonding.’*® The durability of the antimicrobial activity was
exhibited by the retention of 50% of the activity on laundering
the polyphenolic material-coated dyed cellulose once. Similarly,
the durability of the antibacterial activity of MWCNT and tannic
acid-treated fabric was exhibited after several washing cycles
since tannic acid plays the dual roles of maintaining the func-
tionality of the treated fabric and stabilisation.®® These
sustainable approaches are crucial for waste minimization and
the preservation of natural resources (Fig. 13).

The reaction of one or more monomers produces a water-
swollen, yet water-insoluble crosslinked polymeric network.
The potential of hydrogels to absorb water arises due to the
functional groups that are attached to the polymeric network.
They have a great degree of flexibility, similar to natural tissue
because of their water content.” They can provide a moist
environment for wound healing and have control over wound
exudates.’”

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 Application of hydrogels.

Hydrogels can be stabilized by physical or chemical cross-
linking. Physical crosslinking is preferred over the chemical
method because it does not involve the use of crosslinking
agents or organic solvents, and toxicity issues can be avoided.**®
They also provide the flexibility and elasticity required for
adapting to wounds in different parts of the body.

They serve as a 3D scaffold that provides temporary support
for cell growth and healing.'** It can also modulate wound bed
environments to allow keratinocyte migration, which is crucial
for wound healing.*** They also provide a source for entrapped
molecules such as antibiotics or antiviral or antibacterial
compounds to enter the wound (Table 3).

Consequently, hydrogels are crucial to providing a moist
environment and in vivo therapeutic effects and the additional
underlying antimicrobial activity inhibits infection and
prevents the chronic phase of wound healing.'*® Multifunc-
tional hydrogels are designed based on the chemical composi-
tion of the constituent elements and their modifications,
followed by the incorporation of nanocomponents or naturally
occurring active agents to provide an underlying molecular
mechanism that assists in accelerated wound healing. The
contributing factors that influence wound healing and antimi-
crobial activity are the polymers and active agents incorporated.
Acute and chronic wounds are at risk of microbial infections,
and hydrogel-based dressings with antimicrobial activity are an
approach that provides exceptional outcomes.

7. Discussion

Wound healing is a complex process that requires the
synchronization of multiple cell types for distinct purposes such
as homeostasis, re-epithelialization, growth, etc. Chronic
wounds require attention and improper care can be treach-
erous.'® Faster and more efficient wound healing has been the
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Table 3 Composition of the wound dressings and hydrogels developed for efficient wound healing

Phytochemical Material and composition References

Curcumin Curcumin was added to bio based PU electrospun to form fibrous scaffolds 160
Nano-curcumin/CCS-OA hydrogel 115
Curcumin nanoparticles-hydrogel (Cur-NP/HG) 116
Curcumin encapsulated PEG-PLA (poly(lactide)-block-poly(ethylene glycol) nanomicelles 117
incorporated into dextran hydrogel

EGCG HG-Ag-EGCG 79

Bare hydrogel (using aminated guar gum) + Ag nanoparticles + EGCG
CMCS (carboxymethyl chitosan)-PBA (4-formylphenylboronic acid) + EGCG + PEG-glu 80
(gluconate-terminated polyethylene glycol) to form hydrogels

Hyaluronic acid (HA)/poly(lactic-co-glycolic acid (PLGA)/EGCG fiber matrices 121
EGCG-NapFFY supramolecular hydrogel 120
3-Acrylamido phenylboronic acid (APBA) with EGCG to prepare EACPA E-A complex-based 122
polyacrylamide hydrogel
EGCG-chitosan hydrogel 124

Tannic acid Chitosan and TA-Fe(u) complex 125
TASK was composed of tannic acid and silk fibroin 126
CA60/TA/Zn (CTZ) hydrogel 82
TATA supramolecular hydrogel 126
TA-reinforced CSMA/SFMA hydrogels 83
QT hydrogels 84
TA@bilayer hydrogel 85

Cellulose AgNPs impregnated in cellulose 127
DCF containing cellulose film 69
Wood based nanofibrillar cellulose 129
PHMB hydrochloride incorporated into BC/alginate 130
Modified MMTs and bacterial cellulose 131
Lysostaphin (Lst), a cell Iytic enzyme functionalized cellulose 87
Minocyclin loaded onto cellulose nanowhiskers 133
BC-SSDs (supernatant of silver sulfadiazine) 161
Cellulose based superabsorbent polymer formed by combining cellulose + sodium 134
monochloroacetate (MCA) and ECH (epichlorohydrin)

Ascorbic acid Nonwoven greige cotton saturated with Cu/Asc. 135
Chitosan, agarose and vit C 107
(P(AAmM)/LAA) hydrogel-acrylamide + r-ascorbic acid 136
DABC (dialdehyde bacterial cellulose) + ascorbic acid + chitosan hydrogel 162
N,0-Carboxymethyl chitosan (CMCS),virgin chitosan, polyethylene oxide (PEO) vitamin C/PHT- 140
Na (phenytoin sodium)
PCL (polycaprolactone)/CA (chitosan ascorbate) composites 141
Cellulose based film PVA (poly(vinyl alcohol)), vit C and propolis 142

Aloe vera Sodium alginate, polyvinyl alcohol, aloe vera hydrogel 143 and 144
(Periodate oxidized pectin) OP-gel-aloe-curcumin dressing 145
SH (sodium hyaluronate), CS (chitosan), and DA (dopamine) in natural DES (deep eutectic 146
solvent) + aloe vera gel to form hydrogel
Chitosan, acetic acid, crosslinker (diacrylate (poly(ethylene glycol))), photo initiator (2-hydroxy-2- 147
methylpropiophenone) and additive aloe vera to form chitosan based hydrogel

Quercetin Quercetin-CF (chitosan-fibrin) scaffold 91
Quercetin was incorporated into collagen 151
PLA/GO/Q (poly lactic acid, graphene oxide, quercetin) 92
Q-ALG (alginate)/CSNPs (chitosan nanosuspension) 152
PCL (polycaprolactone)/GO (graphene oxide)/quercetin 93
Chitosan based quercetin nanoparticles 40
QuB (quercetin borate nanoparticles)-PVA (polyvinyl alcohol) xerogel film 153
Qu and OA molecules in a nano hydrogel 156
Quercetin loaded silver nanoparticles hydrogel matrix 157

objective and modulation is done with various natural devel-
opments that focus on the prevention of the dehydration of
wounds and prevent further complications due to diseases that
arise as a result of the interactions of viruses and bacteria.

An ideal wound dressing should do the following. (1)
Maintain or provide moisture. (2) Allow collective epidermal cell

782 | RSC Sustainability, 2023, 1, 763-787

migration. (3) Assist in angiogenesis as it is critical for tissue
formation. (4). Be capable of providing oxygen and nutrition to
the growing tissues during healing. (5) Allow gaseous exchange
with the environment as it is vital for wound tissue hypoxia.'*
(6) Prevent bacterial infection during healing. (7) Be non-
adherent so that it can be removed without causing pain and
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prevent the removal of the stratum corneum from the newly
formed epithelium. (8) Be capable of absorbing excess wound
exudates to avoid leakage into surrounding healthy tissues. (9)
Be non-toxic, non-allergic and non-septic.**®

Presently, there are innumerable naturally occurring and
synthetic materials utilized in the biomedical field but the
concern of biodegradability needs to be addressed. Developing
a dressing that can alter the duration and efficiency of healing will
greatly benefit the patients. Hydrogels are a great alternative to
synthetic wound dressings due to their high water content, porous
nature, biodegradability, and adaptive nature, and the prepara-
tion method is inexpensive and eco-friendly. Hydrogels can be
incorporated with naturally occurring phytocompounds that can
act against infection-causing viruses or bacteria, which is
a coupled approach, and these developments have been reviewed
herein. Multifunctional wound dressings possess antimicrobial,
anti-inflammatory, cell synthesis, modulating properties and
wound healing agents that are of natural origin provide minimal
side effects, accelerate epithelialization and prevent infection.
This coupled approach provides tremendous progress in pre-
venting broad-spectrum microbial infections in addition to
stimulating wound healing. The self-healing ability and durability
are also beneficial for elongating the lifetime of the dressings for
continued wound healing. The natural agents incorporated may
be the core constituents or can also be supporting constituents in
the development of these dressings. Being environmentally
friendly is a huge upside to the use of these substances. The
procurement of materials is much easier because they are natu-
rally available and can be regenerated within the human lifetime.
This direction of research and development to incorporate natural
products in wound dressings is overall beneficial to all involved,
including the developers, consumers and the environment.

8. Conclusions

Despite being a potentially coupled approach, multifunctional
wound dressings and hydrogels pose several challenges during
wound healing. Though several approaches are being developed
by incorporating natural active agents as mentioned in the
review, the fabrication of smarter dressings utilising corn
protein zein, shellac, keratin, etc. will be an interesting
sustainable approach to developing dressings with improved
mechanical properties, assisting in accelerated cell prolifera-
tion and superior tissue adhesiveness. More studies need to be
carried out for the fabrication of multi-functional wound
dressings that have durable antimicrobial activity coupled with
drug release at the wound site. Moreover, carrying out more
trials in clinical environments would be well appreciated along
with the marketing of the developed approaches for advanced
wound healing. In the next few years, mathematical models
describing wound healing should also be developed.
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