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ABSTRACT

In terms of the economics and public health, chronic wounds exert a significant detrimental impact on the health
care system. Bacterial infections, which cause the formation of highly resistant biofilms that elude standard
antibiotics, are the main cause of chronic, non-healing wounds. Numerous studies have shown that phyto-
chemicals are effective in treating a variety of diseases, and traditional medicinal plants often include important
chemical groups such alkaloids, phenolics, tannins, terpenes, steroids, flavonoids, glycosides, and fatty acids.
These substances are essential for scavenging free radicals which helps in reducing inflammation, fending off
infections, and hastening the healing of wounds. Bacterial species can survive in chronic wound conditions
because biofilms employ quorum sensing as a communication technique which regulates the expression of
virulence components. Fortunately, several phytochemicals have anti-QS characteristics that efficiently block QS
pathways, prevent drug-resistant strains, and reduce biofilm development in chronic wounds. This review em-
phasizes the potential of phytocompounds as crucial agents for alleviating bacterial infections and promo-
ting wound healing by reducing the inflammation in chronic wounds, exhibiting potential avenues for future

therapeutic approaches to mitigate the healthcare burden provided by these challenging conditions.

1. Introduction

The skin is a multi-layered organ that functions as an enclosure for
the body’s internal systems, protecting them from external stimuli as
well as preventing external microorganisms from entering the body
(Pereira et al., 2013). The skin is very susceptible to developing various
lesions, which include burns, ulcers, as well as wounds because it re-
mains constantly exposed to the external environment. The human
epidermis is damaged by trauma in the form of a wound, which includes
a variety of cellular immunological responses as well as several intrinsic
metabolic processes (Wang and Windbergs, 2017). Several in-
termediaries, including extracellular matrix (ECM) molecules, platelets,
inflammatory cells, cytokines, growth stimulants, along with chemical
messengers, interact with one another during various phases of hae-
mostasis, inflammation, migration, growth, and tissue development to
carry out these events (Zahedi et al., 2010; Pereira et al., 2013). The
phase of inflammatory response, proliferation, and maturation are
various phases in the complicated but normal process of wound healing
(Ezzati et al., 2009). Burn injuries affect over one million individuals
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each year (Suguna et al., 1993). There is always a demand for efficient
healing medications as wound healing is often addressed in scientific
and medical literature.

Normal healing of wounds entails a set of synchronized events
typically starts with the occurrence of an injury and the healing process
starts when the platelets gets exposed to the collagen. This results in the
accumulation of platelets along with a discharge of coagulating sub-
stances, ultimately triggers the fibrin clot formation at the site of dam-
age. According to Clark (2001), the clot made up of fibrin acts as a
temporary matrix to set the stage for the processes of healing. Platelets
and inflammatory cells migrate to the site of the damage and deliver
vital messengers called cytokines or growth stimulants or factors
(Lawrence and Diegelmann, 1994). The connective tissue, the fibroblast,
is in charge of depositing the collagen required to repair tissue injury. In
properly functioning healthy tissues, collagen contributes to sturdiness,
integrity, as well as structure.

When tissues have been traumatized and damaged, collagen is
necessary to heal the damage, restore architectural framework, along
with its function (Ross, 1969; Prockop and Kivirikko, 1995). If healing
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fails to progress normally and step by step, it may result in the persistent
expansion of wounds. Furthermore, a persistently high bacterial load in
wounds causes an inflow of pro-inflammatory cells and elevated
inflammation, which further delays recovery (Pastar et al., 2013; Frank
et al., 2009; Roche et al., 2021). Every wound has some level of colo-
nization, and the inflammatory phase of wound healing plays a signifi-
cant role in reducing the amount of microorganisms to a level that is
stable enough for healthy tissues to tolerate and eliminate. This is made
possible by the skin, and specifically the epidermis, which upregulates
and secretes antimicrobial peptides early in reaction to microbial con-
tact and barrier degradation (Schroder et al., 2010; Nizet et al., 2001).
Additionally, individual species within these polymicrobial wound
communities may modify their virulence and amount, as well as the
production of a biofilm. This further obstructs the effectiveness of the
“host response” and hence delays healing. Traditional and modern
wound-healing treatments can be categorized into two groups based on
their efficacy, clinical acceptability, and side effects. Rural people in
underdeveloped nations have primarily employed traditional medicines
for many years. The aforementioned therapies typically include bio-
logical organisms, silver, herbal as well as animal-derived compounds,
along with traditional dressings (Bodeker et al., 1999; Vijanovic and
Vujanovic, 2013). On the contrary, current remedies include the
implementation of grafts, sophisticated dressings, bioengineered skin
replacements, as well as growth factor therapy (Boateng et al., 2008;
Gurtner et al., 2008; Groeber et al., 2011; Rustad and Gurtner, 2012).

For many years, several herbal medications and herbal mixtures have
been utilized to heal wounds. The qualities of the conventional forms of
wound care, particularly the herbal and various other medicines used all
over the world, are still being studied scientifically. The understanding
of the healing mechanism has significantly expanded over the last 35
years. New and intriguing technologies that speed up the typical healing
process of wounds are now being developed. Alkaloids, tannins, flavo-
noids, and terpenes are just a few examples of natural products that aid
in the healing process (Kumar et al., 2007). The purpose of this review is
to discuss the development in basic research of electrospun nanofibers
and nanogels with botanical applications, with an emphasis on the so-
phisticated methodology used and medical difficulties resolved
throughout the wound healing process.

Classification of wounds based on cleanliness and condition of
wounds

The CDC (Centers for Disease Control and Prevention) has developed
classification criteria with four different categories of wound statuses in
order to properly represent the cleanliness and state of wounds:

e Class 1 wounds have been regarded as clean. They are typically
closed, aseptic, and non-irritable. In order to drain these wounds, an
enclosed draining method is necessary. Furthermore, these wounds
have no impact on the respiratory, gastrointestinal, and urinary
systems.

e Class 2 wounds has low levels of contamination. Wounds in the

gastrointestinal, reproductive and urinary tracts are classified as

class 2 wounds. These wounds, on the other hand, travel into these
tracts in a controlled environment.

Class 3 wounds are deemed polluted wounds. Those are relatively

freshly formed exposed wounds which could appear as a conse-

quence of sterilized procedure exploitation and digestive system
leaching. In addition, class 3 injuries result in either acute inflam-
mation or the lack of infectious inflammation.

e Class 4 wounds are considered to have an unsanitary infection. These
wounds are usually the consequence of serious injuries which were
not dealt effectively. Class 4 wounds have weakened connective
tissue and are often triggered by germs within the surgical region or
burst viscera. (Onvekwelu et al., 2017).
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The primary problem regarding the wound classification approach is
the fact that it exhibits low reliability among healthcare professionals
(Levy et al., 2013; Onvekwelu et al., 2017). Furthermore, it has been
demonstrated that this wound classification technique is inadequate in
neonatal surgical wounds (Herman and Bordoni, 2023).

1.1. Classification of wounds based on the cause of development

Acute or chronic wounds can be categorized in a variety of ways,
including according to their etiology (such as pressure, trauma, venous
leg ulcers, or diabetic foot ulcers), their depth of tissue involvement, or
other features including closure (primary or secondary purpose).

I. Acute wounds

A newly developed wound that has not yet advanced through the
various stages of wound repair is referred to as acute (Attinger et al.,
2006). Acute wounds are developed as a consequence of trauma or in-
cisions, and they heal promptly and effectively. Minor cuts and skin
tears are some examples of acute wounds. An acute wound infection
occurs when metabolically active planktonic microorganisms invade
viable wound tissue. This leads to the induction of an inflammatory
response in the host, which is a direct reaction to the pathogens’ viru-
lence expression (such as enzymes and toxins) and tissue invasion.
Clinically, acute infections usually present as a distinct, visible illness.
HCPs often base their diagnosis on the basic indicators of inflammation,
such as tumor (swelling), rubor (redness), calor (warmth), and dolor
(pain) (Castanheira and Kubes, 2019). Planktonic invaders are phago-
cytosed by neutrophils during acute infections, and both oxidative and
non-oxidative intracellular processes destroy the invaders. NETosis is
the process by which neutrophils release neutrophil extracellular traps
(NETs) in addition to destroying intracellular targets. Planktonic bac-
teria that disperse from a mature biofilm are thought to be the main
causes of recurrent acute infections, not microorganisms in biofilm form
primarily accountable for acute wound infections (Bjarnsholt, 2013).

II. Chronic wounds

A condition of pathological inflammation develops in chronic
wounds because they have barely proceeded through the normal healing
phases. These types of wounds require an additional healing period
(Attinger et al., 2006). Surgical or traumatized wounds that are non-
healing or infected, venous ulcers, pressure ulcers, diabetic foot ulcers,
and ischemic ulcers are a few examples of chronic wounds. Obligate
bacterial colonization is a crucial pathogenic component in chronic
wounds. Prolonged healing is primarily caused by common wound
bacteria such Pseudomonas aeruginosa, f-haemolytic streptococci, and
Staphylococcus aureus (Mudge, 2015). In addition to causing direct harm
to the host, bacteria draw in leukocytes, which amplifies pro-
inflammatory cytokines, ROS (Reactive Oxygen Species), and pro-
teases, therefore triggering and maintaining inflammatory cascades
(Schreml et al., 2010). ROS and proteases generated by hosts and bac-
teria break down growth factors and extracellular matrix, preventing
wound closure and interfering with cell migration (Demidova-Rice et al.,
2012). In fact, it has even been proposed that the established biofilm
precisely manipulates the inflammatory response of the host, prolonging
it to acquire an enduring supply of nutrients in the form of inflammatory
exudate (Wolcott et al., 2008; Banerjee et al., 2021).

1.2. Healing phases for wounds
The four stages of wound healing are depicted in Fig. 1: haemostasis,
inflammation, cell proliferation, as well as reorganization or

remodelling.

a Haemostasis
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Fig. 1. Four phases in the wound healing process.

Haemostasis is the initial step in wound healing. Blood drains from
the body during this phase to flush away microbes and antigens
(Strodtbeck, 2001). The lymphatic vessels suffer damage as well during
this stage. Different clotting cascades will be activated by the body, and
exposed collagen will cause thrombocytes to aggregate. In addition to
minimising blood loss and aggregating blood with cytokines and growth
factors to bridge tissue gaps in damaged arteries, platelets also trigger
vasoconstriction at the same time (Martin, 1997). It begins shortly after
damage and typically concludes within the initial few hours or so. The
clot is an accumulation of growth regulators or factors that stabilise
blood clots and prevent bleeding. It contains proteins including fibrin,
the fibronectin vitronectin, along with thrombospondin, that combine to
construct a matrix that is temporary that acts as a scaffolding frame-
work, sometimes known as a ’plug’ (Kerstein, 1997).

Thromboxane A-2 and serotonin, two crucial mediators of inflam-
mation that also promote vasoconstriction, are released by the activated
platelet together with other cytokines as well as growth factors. The
generated cytokines and growth factors, such as PDGF (platelet-derived
growth factor) and TGF f1 (transforming growth factor), are accumu-
lated in the clot as well (Singer and Clark, 1999). Coagulation results in
haemostasis, which commences the healing process by releasing mes-
sengers that cause an inflammatory response. Clotting factor de-
ficiencies (Factor VII, IX, XII) hinder wound healing (Beck et al., 1961).

b Inflammation

Inflammation, the second stage of wound healing, aims to sterilise
the wound’s surface and get it ready for the growth of new tissue. After
haemostasis, the initial phase of inflammation begins (immediately up
to 2-5 days later) and lasts for the first 48-72 h, however it can last up to
5-7 days (Haas, 1995). Elastase, cathepsin G, and proteinase 3 are ex-
amples of proteases that neutrophils may phagocytize and produce, both
of which assist eliminate debris and kill germs from wounds.

In addition to serving many other purposes, macrophages are
essential for wound healing (Kumawat et al., 2022). By phagocytosis,
they eliminate debris and deceased cells in addition to functioning as
antigen-presenting cells. The production of numerous effective growth
factors, including PDGF, VEGF (Vascular endothelial growth factor),

basic fibroblast growth factor (bFGF), and TGF- o and B, which
encourage the proliferation of cells and ECM component production via
localized cell populations in the skin might serve an additional sub-
stantial part in the recovery process of wounds (DiPietro and Polverini,
1993). The aforementioned factors also aid in vascular development,
migration, and fibroblast activation, establishing the environment for
proliferation (Witte and Barbul, 2002).

¢ Proliferation

The proliferation phase, which lasts between six to twenty-one days,
is perhaps the most crucial stage of wound healing. The growth of new
extracellular matrix tissue and collagen occurs during the proliferation
stage of wound healing.

(I). Formation of granulation tissues

The third to fourth day after the injury, fibroblasts begin to show up,
and during the 7-14 days, they reach their peak in quantity. Using the
temporary matrix made of fibrin that was produced during the inflam-
matory stage of recovery, they migrate from the edges of the wound.
Under the influence of bFGF, TGF- f, and PDGF secreted by macro-
phages, they multiply as well as synthesize glycosaminoglycans along
with proteoglycans, elastins and additionally fibronectin, which func-
tion as the building blocks of the freshly formed granulation tissue’s
extracellular matrix, including collagen. Fibroblasts start secreting
bFGF, TGF- B, and PDGF as the number of macrophages declines. In
conjunction with insulin-like growth factor I, they begin to produce
keratinocyte growth factor. Following secretion, collagen molecules are
organized into the fibers made of, that are subsequently linked together
into bundles. Furthermore, the collagen matrix laid down by fibroblasts
allows cells that contribute to inflammation, blood vessel growth, and
the formation of connective tissue to adhere to it, proliferate on it, and
differentiate on it, providing the injured region the strength to tolerate
stress (Ruszczak, 2003). Collagen deposition increases the wound’s
tensile strength. Initial increase in collagen levels within the wound are
promptly followed by a period of equilibrium because collagenases also
starts degrading collagen.
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(II). Angiogenesis

Angiogenesis occurs together with fibroplasia and is required for scar
development. Endothelial cells in intact venules are activated by VEGF,
which is released mostly by keratinocytes along the margin of the wound
but also by macrophages, fibroblasts, and platelets in reaction to hyp-
oxia and lactic acid. The extracellular matrix, or ECM, is traversed by
endothelial cells from regions of normally functioning blood vessels to
the site of injury. In order to infiltrate the wound and break up the fibrin
clot, agents responsible for degradation, such plasminogen activator
along with the enzyme collagenase are produced after the new granu-
lation tissue, which is composed of collagen, capillaries, as well as the
extracellular matrix, has been laid (Greenhalgh, 1998).

They create new blood vessels through this process, which subse-
quently unite and create capillaries and initiate the flow of blood at the
site of injury. When cells are sufficiently perfused, they stop generating
angiogenic factors, which inhibit endothelial cell migration and prolif-
eration. Apoptosis causes non-essential blood vessels to die, which
causes the colour changes observed in tissue that is scarred as it
develops.

(I1). Epithelialisation

Epithelial cells that have not been completely annihilated from the
wound margins migrate as the first stage of epithelialization. Within 12
to 24 h of damage, keratinocytes near the margins of the wound are
stimulated by EGF (Epidermal growth factor) and TGF- p produced by
stimulated platelets as well as macrophages (Lawrence and Diegelmann,
1994). The keratinocytes multiply and proceed to spread all through the
injured area. The keratinocytes must be dissociated from one another
and from their attachments with the cell membrane at the bottom in
order to begin migrating. Migration continues as long as migratory cells
from both directions of the wound comes into contact with other
migrating cells, at which time it stops, a phenomenon known as contact
inhibition (Garrett, 1998). Once the migration process completes, ker-
atinocytes strengthen them by creating strong attachments between the
newly formed basement membrane and each other (Clark, 1996).

All of the aforementioned modifications in the injury result in the
development of granulation tissue, which is made up of inflamed cells,
fibroblasts, along with new capillaries surrounded by a network of
glycoproteins, Type-III collagen, as well as glycosaminoglycans, all of
which are elements of a fresh, temporary ECM. The composition of the
temporary ECM differs from that of normal tissue’s ECM and consists of
fibronectin, collagen, glycosaminoglycans, as well as proteoglycans
(Ruszczak, 2003).

(IV). Contraction

After a week of healing since the injury occurred, the fibroblast
transforms into myofibroblasts, which gather the borders of the wound
closer and cause it to constrict (Eichler and Carlson, 2006). After the
initial injury, contraction peaks 5 to 15 days later and lasts far after the
wound has entirely re-epithelialized (Stadelmann et al., 1998). The
contraction promotes re-epithelialization by shortening the extent that
migratory keratinocytes need to travel, thereby reducing the amount of
ECM necessary for covering the wound (Eriksson et al., 2022). It also
shrinks the wound, reducing the quantity of ECM necessary to
completely fill the incision. As the granulation phase concludes, fibro-
blasts begin to die, converting the tissue that has undergone granulation
from a cell-rich state to a structure mostly composed of collagen (Sta-
delmann et al., 1998).

d Remodelling

In most medical situations, the ultimate objective of wound reha-
bilitation is to cure both persistent and acute wounds; nonetheless,
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wounds may continue to undergo remodelling or tissue development for
extended periods of time (Zou et al., 2021; Eriksson et al., 2022). This
final stage of wound healing decides the extent to which scarring and
recurrence of the existing wound occur. The remodelling phase is
characterized by a decrease in the formation of new blood vessels, pe-
riodic accumulation within the ECM, and eventually reconstruction of
the granulation tissue into tissue with scarring (Xue and Jackson, 2015).
Granulation tissue is mostly composed of collagen III, which is gradually
replaced by the more robust collagen type I when the region of damage
heals. This happens as a result of synchronous collagen I synthesis as
well as lysis of collagen III, subsequently followed by ECM remodelling
(Czubryt, 2012).

According to the extent and site of the wound, as well as the treat-
ment techniques utilised, scar tissues are produced during the remod-
elling phase, which may take a number of years or months to fully
develop. The freshly formed tissue gradually grows more durable and
malleable throughout this period. Because of increased collagen pro-
duction, the skin’s elasticity and tear resistance are both improved.
Macrophages recover their phagocytic nature after re-epithelialization.
Mreg (regulatory macrophages) or M2c-like macrophages phagocytose
extracellular matrix and cells which are not anymore needed to facilitate
wound healing (Rodrigues et al., 2019).

1.3. Factors affecting wound healing

The key elements influencing wound healing includes physiological
and biochemical processes, are depicted in Fig. 2:

i. Oxygenation

The metabolic functions of cells, particularly the generation of en-
ergy by means of ATP (Adenosine Tri Phosphate), require oxygen to
function for the bulk of wound healing mechanisms. It prevents wounds
from becoming infected, promotes vascular development, stimulates the
differentiation, migration, and re-epithelialization of keratinocyte, in
addition it also enhances fibroblast proliferation and collagen produc-
tion, and makes wounds easier to heal (Bishop, 2008; Rodriguez et al.,
2008). Due to cellular absorption by active metabolic cells, the earliest
stage of wound’s microenvironment is severely oxygen-depleted and
hypoxic. Ageing and diabetes are two systemic disorders that can cause
decreased blood flow, which will lead to lack of oxygenation to the
tissue. The combination of these factors of insufficient oxygenation re-
sults in a hypoxic wound that takes time to heal. Chronic injuries are
particularly hypoxic; tissue oxygenation levels ranging from 5 to 20 mm
Hg were determined transcutaneously in chronic wounds, compared
with normal tissue concentrations ranging from 30 to 50 mm Hg (Tan-
dara and Mustoe, 2004).

ii. Age and chronic diseases

According to the World Health Organization, age is the main
contributory factor for delayed wound rehabilitation, since the senior
population (those over 60) is growing faster than any other age group.
Diabetes mellitus, peripheral vascular disease, stroke, and cardiovas-
cular disease are a few chronic conditions that may slow the healing of
wounds (Gosain and DiPietro, 2004). Individuals with persistent con-
ditions must be followed continuously throughout their therapies in
order to obtain the optimal care. It is commonly known that the effects
of age produce a short delay in the healing process, but not a significant
decline in their ability to recover (Keylock et al., 2008).

iii. Stress
Numerous illnesses, including diabetes, malignancies, cardiovascu-

lar illness, impaired wound healing, are linked to stress. The malfunction
of the neuroendocrine immune system brought on by stress is crucial for
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Fig. 2. Factors affecting the process of wound healing.

health, according to an abundance of studies. In addition to the imme-
diate impact of depression and anxiousness upon the endocrine as well
as immune systems, stressors might lead to detrimental psychological
disorders like anxiety and depressive disorder, that may change the
body’s mechanisms as well as behavioural conduct affecting the health
of individuals (Boyapati and Wang, 2007).

iv. Type of body and lack of blood supply

Body shape can also have an effect on wound healing. Because of the
limited blood supply from fat tissue, an obese patient, for example, may
have delayed the healing of the wound. Another obstacle to rehabilita-
tion is protein deficiency, that is present in certain obese people (Wilson
and Clark, 2004). According to Wilson and Clark (2004) obese people
are more likely to experience pressure ulcers, venous ulcers, hematoma
and seroma development, dehiscence, and skin wound infection.
Research has indicated that obese patients undergoing bariatric and
non-bariatric procedures experience a higher rate of wound complica-
tions (Anaya and Dellinger, 2006; Greco et al., 2008; Momeni et al.,
2009). Patients who are obese specifically have a greater likelihood of
surgical site infections. Subcutaneous adipose tissue experiences relative
hypoperfusion and ischemia, which might be the cause of many of these
problems. Antibiotic delivery may have diminished, which might also be
the cause of this situation. Increased stress on the wound margins, which
is common in obese people, also plays a role in the dehiscence of surgical
wounds. Tension from the wound raises tissue pressure, which lowers
microperfusion and the amount of oxygen available to the wound
(Wilson and Clark, 2004; Anaya and Dellinger, 2006). On the contrary, if
a patient is malnourished, the lack of nutrients as well as oxygen storage
might hinder the wound healing process. Numerous lesions or ulcera-
tions, including venous, arterial, diabetic, and pressure ulcers, can afflict
the lower limbs. The absence of blood flow often causes these ulcers to
form.

v. Nutrition

The influence of food on wound healing has been acknowledged over
a century. The most obvious factor is that wound healing can be
significantly impacted by lack of nutrition or other dietary deficiencies
after trauma or surgery. Patients who have chronic wounds or wounds
that are not healing, as well as those who have nutritional deficits,
require special supplements. The process of healing will be influenced by
how energy, carbs, fats, and proteins, as well as vitamins, and minerals
are metabolised (Arnold and Barbul, 2006).

vi. Infections

Until the skin is injured, microorganisms which are normally trapped
on the outermost layer of the skin get access to the tissue underneath.
The condition associated with infection and stage associated with the
microorganisms’ development depends on whether the wound is clas-
sified to have inflammation, localised invasion, and/or spreading
infection that is invasive Localised invasion is a transitional stage that
includes microbial proliferation and the onset of immediate tissue
response. Invasive infection in the presence of microbes that reproduce
inside a wound and cause harm to the host as a result (Edwards and
Harding, 2004).

Inflammation is a typical part of the recuperation process for wounds
in order to get rid of contaminated disease-causing organisms. However,
due to insufficient microbial elimination, inflammation might persist
regardless of the absence of adequate decontamination. Interleukin-1
(IL-1) and TNF-a (Tumor necrosis factor alpha) are two cytokines
associated with inflammation that are elevated over time and prolong
the course of inflammatory reactions by promoting the growth of bac-
teria and endotoxins. If this pattern persists, the injury may become
persistent and difficult to healing. This extended inflammation also
causes an increase in matrix metalloproteases (MMPs), a kind of
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protease that can damage the ECM. In conjunction with the elevated
levels of protease content, there is a drop in the level of naturally pro-
duced inhibitors of protease.

2. The transition from acute wounds to chronic wounds: The
role of macrophages

Healing requires and depends on inflammation since it is the immune
system’s reaction to external factors like bacteria or injured tissues of the
host (MacLeod and Mansbridge, 2016). Early and late inflammation are
the two phases of inflammation (Uluer et al., 2018; Gabriel et al., 2020).
Neutrophils are drawn towards the injured site to clear it of pathogens,
debris from cells and functionally inactive tissue as early inflammation
is initiated (Edwards and Harding, 2004; MacLeod and Mansbridge,
2016; Uluer et al., 2018). Following neutrophils, invading monocytes
undergo a process of differentiation into M1’ pro-inflammatory mac-
rophages in response to PAMPs (Pathogen-associated molecular pat-
terns), DAMPs (damage-associated molecular patterns), IL-2, IFN-p
(Interferon beta), and TNF -a, associated molecular patterns. The main
function of “M1” macrophages, which have a strong phagocytic capacity,
is to eliminate any potentially hazardous substances. IL-1, TNF- «, IL-6,
IL-12, ROS, and MMP (Matrix metalloproteases) are among the cyto-
kines that are released which contribute to inflammation (Edwards and
Harding, 2004; Hesketh et al., 2017; Krzyszczyk et al., 2018). The pro-
duction of ROS is a method for eliminating microbes, but when
inflammation becomes unmanageable, it may also damage the ECM
directly and hasten the senescence of cells (Dunnill et al., 2017). The
process of infiltration of pro-healing cells and factors is made possible by
the degradation of the damaged ECM by MMPs. In chronic wounds, it is
believed that high levels of MMPs contribute to the hindering and
delaying of the wound healing procedure. This is due to the intricate
equilibrium that exists between tissue inhibitors of metalloproteinases
(TIMPS), which act as MMPs’ inhibitors (Edwards and Harding, 2004;
Krzyszczyk et al., 2018).
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Once the inflammation has subsided and the wound has been cleaned
of contamination, healing advances onto the proliferative stage, when
granulation tissue is developed. To re-epithelialize the wound, kerati-
nocytes begin to multiply and move over the wound bed. Subsequently,
they undergo a transformation into an anti-inflammatory phenotype
(M2), which is required for normal wound healing to transition from
proliferation to inflammation (Sharma et al., 2022). Since M1’ macro-
phages continue to exist without transitioning to the M2 phenotype,
pro-inflammatory cytokines generated by ‘M1’ macrophages are
released at a high rate, and the clearance of exhausted neutrophils slows
down, and a chronic injury tends to stall at this stage (Fig. 3).

3. Pathophysiology of chronic wounds

The projected risks of diabetes and age-related nonhealing chronic
wounds keep increasing substantially. It’s significant to note that almost
all chronic wounds start as small traumatic injuries. In individuals with
underlying medical conditions, such as diabetes-induced neuropathy
and nondiabetic neuropathies, deep wounds, bites by insects, or even
just small cuts of skin that is dry which would typically recover within a
matter of days or weeks, might result in the establishment of a non-
healing lesion (Shai and Halevy, 2005). Chronic wounds frequently
cease healing during the inflammation stage. Even though their aetiol-
ogies differ at the molecular level, chronic wounds have some charac-
teristics in common. These characteristics include an abundance of
cytokines that promote inflammation, proteases, reactive oxygen spe-
cies, the presence of chronic infection, an insufficient number of stem
cells that are frequently dysfunctional, as well as a substantial number of
cells that are senescent (FrykbergRobert, 2015).

The three main kinds of chronic wounds are pressure ulcers, vascular
ulcers, and diabetic foot ulcers (DFU) (Piipponen et al., 2020). All four
phases of skin damage recovery are impacted by diabetes (Bagheri et al.,
2020). Due to the overexpression of inflammatory cytokines like TNF- o
and the diminished synthesis of pro-healing mediators like IL-10 and
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Fig. 3. Role of immune system in chronic wound healing. Recurrent bacterial infections, poor angiogenesis, deteriorating epithelialization, and an excess of ROS are
all characteristics of chronic wounds. The extended distribution of neutrophils as well as M1 macrophages in the wound results in a highly inflammatory phenotype.
Mast cell activation and CD8 + T cell activity both facilitate the process. Thl, Th17, and Th22 inflammatory T cell subtype levels are also elevated. Keratinocytes
release a number of MMPs, which lead to improper re-epithelialization. Collectively, such pathological events induce tissue fibrosis, inflammation, as well as

inadequate vascularization.
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TGF- P, diabetic ulcers have a vehemently pro-inflammatory character
which is maintained by T cells. As a result, CD8" T lymphocytes are
activated and degranulate, which causes subsequent tissue necrosis as
well as macrophage polarisation concerning the M1 phenotype (Sera-
phim et al., 2020). Myeloid cellular populations including macrophages,
neutrophils, and also monocytes that are in the late stages of inflam-
mation remain around for an extended period of time during chronic
wound healing. On the other hand, as the process continues, the pro-
portion of Langerhans cells, dermal dendritic cells, and eosinophils de-
creases (Joshi et al., 2020). Chronic wound formation also involves mast
cells. In diabetic ulcers, epidermal mast cell populations degranulate,
and the activity of these cells is downregulated, which speeds up wound
healing (Dong et al., 2020). Chronic inflammation has an elevated level
of expression of the CXCR3 ligand (Chemokine receptor), particularly
present in Th1 (T helper) cells. Aside from that, individuals with diabetic
ulcers have higher levels of inflammatory T cell subtypes such Thl,
Th17, and Th22 (Strang et al., 2020).

Through the production of numerous signalling molecules, cells of
the immune system constantly interact with non-hematopoietic cells, for
example, keratinocytes (Piipponen et al., 2020). Keratinocytes plays a
vital role in the development of chronic wounds, albeit the specific
process is not entirely known. It is well established that keratinocytes’
defective regulation of certain miRNAs, including miR-34a/c, miR-203,
miR-19a/b, and miR-20a, affects immunological processes and delays
the healing of cutaneous wounds (Yuan et al., 2019; Wu et al., 2020; Li
etal., 2021). Accordingly, the activation of the NF- kB pathway caused a
delay in wound healing and an elevated level of inflammation in mice,
which led to an upregulation of chemokines and cytokines that promote
inflammation in keratinocytes (Li et al., 2021). The development of
chronic wounds is also controlled epigenetically by miRNAs that govern
inflammatory responses by modulating signalling pathways such as
Wnt/-catenin, NFx-B, PI3K/Akt/mTOR, TGF-/Smad, and VEGF (Nie
et al., 2020). Due to increased IL-36, TGF- f, as well as CXCL1 (che-
mokine (C-X-C motif) ligand 1) production, excessive neutrophil
including macrophage rate of infiltration and abnormal tissue granula-
tion growth and development, mice lacking the IL-36 receptor antago-
nist exhibited delayed wound healing (Saito et al., 2020). Furthermore,
diabetes mellitus-related chronic wounds are adversely impacted by the
chemokine receptor CCR4. IL-6, IL-12, IL-1, TNF- a, and IL-10 expression
were decreased in CCR4-depleted diabetic mice, and these cytokines all
aid in wound healing (Barros et al., 2019). In a different investigation, it
was shown that DFU (diabetic foot ulcer) patients had poor control over
the transcription factors FOXM1 (forkhead box protein M1) and STAT3
(Signal transducer and activator of transcription). The growth of neu-
trophils and macrophages as well as their migration to the microenvi-
ronments of diabetic wounds are mediated by FOXM1 and STAT3. MMP
is yet another aspect that promotes a prolongation of wound healing
(Dissemond et al., 2020). MMPs are secreted by cells in the wounded
region throughout the course of normal wound healing, including fi-
broblasts, keratinocytes, and immune cells. TGF- p, VEGF, EGF, in-
terleukins, and interferons are a few of the growth factors as well as
cytokines that play a role in wound healing among these mediators
(Goldberg and Diegelmann, 2020). MMPs are essential for appropriate
epithelization and cell proliferation and are often only needed in mini-
mal amounts. Their abnormal functioning, impairs epithelialization and
is significantly linked to wounds that are difficult to heal (Kaur et al.,
2020). As a result, delayed ulcer healing in diabetic patients has been
associated with elevated MMP-9 production by activated neutrophils
(Nguyen et al., 2018).

Microbes and platelet-derived substances, including transforming
growth factor (TGF) or Extra Cellular Matrix fragment molecules, pro-
mote the continuous inflow of cells from the immune system as a result
of constant tissue damage; as a consequence, the chain of cytokines that
promote inflammation, intensifies and lasts for a long time, resulting in
increased amounts of proteases. Protease levels in chronic injuries are
higher than those of their corresponding inhibitors, which causes ECM
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degradation and the breakdown of growth mediators including its re-
ceptors. In addition to preventing the wound from progressing towards
the phase of proliferation, the breakdown of proteins in ECM also draws
additional inflammatory cells into the area, hence accelerating the
inflammation cycle (McCarty and Percival, 2013). However, the in-
flammatory factors and insufficient supply of oxygen in chronic wounds
promotes the production of ROS, endangering proteins in the ECM
therefore results in cell damage. Proteases and cytokines that cause
inflammation are subsequently activated by this series of events
(Schreml et al., 2010). Mesenchymal stem cells (MSCs) have been
demonstrated to be crucial for wound healing (Ennis et al., 2013). When
there has been a wound, these stem cells may be drawn towards the
bloodstream, then integrate onto the remodelling microvasculature. The
deficiency and dysfunction of stem cells have been demonstrated in
human beings as well as animals with diabetes and chronic wounds. For
these individuals to get around this limitation and accomplish the
healing of their wounds, the immediate transfer of functional MSCs from
donors who are healthy might be recommended (Rodriguez-Menocal
etal., 2012; Cianfarani et al., 2013; Shil and Peterson, 2013). In general,
chronic wound healing happens when the body’s immune system is
unable to undergo the regular healing process, leading to an extended
accumulation of neutrophils as well as pro-inflammatory macrophages
within the wounded area, that encourages inflammation, tissue fibrosis,
and inadequate blood flow.

4. Biofilms in chronic wound

Chronic wound treatment is still a challenge since it is extremely
complicated to reduce the persistent inflammation in chronic wounds.
After a skin injury, microorganisms that are typically only present on the
skin’s surface may enter the deeper tissues. Infection within the incision
is the root of persistent inflammation. Invasive infection is the presence
of organisms that may proliferate inside a wound and cause harm to the
host, and this infection has a significant role in the leisure recovery of
chronic wounds (Schilrreff and Alexiev, 2022). A condition that is moist
and nutrient-rich for bacterial colonisation and growth is provided by
the high levels of discharge that are present in chronic wounds. Addi-
tionally, the presence of germs and endotoxins worsens the inflamma-
tory response (Versey et al.,, 2021). Gram-positive bacteria, like
Staphylococcus aureus, prevail in the initial stages of chronic wounds,
while Gram-negative bacteria, such as Pseudomonas aeruginosa, domi-
nate in the later stages (Cardona and Wilson, 2015). Additionally, the
bacteria that are present in the site of the injury and the captivated in-
flammatory cells both create a variety of proteases, especially MMPs,
which break down the growth factors and ECM that are present (James
et al., 2008). Despite the fact that chronic skin wounds receive a lot of
oxygen, anaerobic bacteria are nonetheless prevalent in the wound area.
Curiously, the conventional commensal bacteria Corynebacterium is
found in high concentrations in chronic injuries.

A biofilm may develop in the event that the bacterial infection fails to
be promptly managed. Exopolysaccharide matrix is secreted during
biofilm development and has the ability to safeguard bacteria against
antibiotics as well as the body’s immune system. The number of in-
flammatory mediators disproportionately rises in the existence of bac-
teria as well as endotoxins, leading the wound into an endless cycle of
inflammation (Malone-Povolny et al., 2019; Xu et al., 2021). Inflam-
matory cytokines including TNF- « and IL-6, as well as MMPs, are
accumulated as a result of biofilms’ activation of pro-inflammatory
macrophages and neutrophils and their interaction with the immune
system of the host (Fig. 4). This promotes persistent inflammation (Wu
et al., 2019).

The fact that there are numerous species of microbes (polymicrobial
biofilm) present, limited permeability of antimicrobial agent, especially
the quick emergence of resistance to antibiotics within biofilm bacteria,
among other difficulties, make it exceedingly difficult to effectively
eradicate biofilms (Omar et al., 2017). Antibiotic resistance, which
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Fig. 4. The formation and growth of biofilms.

becomes a significant public health concern, is particularly facilitated by
the presence of a variety of microorganisms in biofilms, particularly in
chronic wounds. A variety of techniques utilizing bioactive substances
have been proposed to accelerate the recovery process for persistent
wounds, and preclinical experiments have shown encouraging results
(Raziveva et al., 2021).

4.1. Quorum sensing

A crucial step in the development of biofilms and the display of their
unique characteristics is quorum sensing (QS). Numerous bacterial
species have been shown to possess quorum sensing molecules known as
autoinducers (Als), having different molecules acting as quorum sensors
according to the individual species. Als may be categorised into a wide
variety of groups. N-acylhomoserine lactones (AHLs) released from
Gram-negative bacteria have received the greatest attention (Diggle
et al., 2002). Additionally, it appears that most Gram-positive bacteria
develop short peptides and a group of compounds known as AI-2, the
structures of which have remained unknown (Antunes and Ferreira,
2009; Kleerebezem et al., 1997). These Als are tiny compounds that are
generated at a constant rate in bacterial cells, irrespective of their kind.
Several of the aforementioned Als may effortlessly pass through the
membranes of bacteria, in which instance their internal concentration is
similar to the ambient level. The effective concentration of Al rises as the
population of bacteria in a region (microcolony) increases. A multitude
of alterations in gene expression are induced by Als once their intra-
cellular concentration reaches a threshold level. Along with other
modifications, this causes the characteristics of a biofilm.

Staphylococcus aureus and Pseudomonas aeruginosa are two of the
bacterial species that have been the subject of the most extensive
research into quorum sensing; they are also frequently found in chronic
wounds. The quorum sensing method used by S. aureus and other Gram-
positive bacteria has been used as a paradigm for peptide-based quorum
sensing (Novick and Geisinger, 2008). Autoinducing peptides (AIPs),
which are encoded by the agr locus, are responsible for this species’
quorum sensing. Several other virulence factors, like as biofilm devel-
opment, are also regulated by the same locus (Kong et al., 2006; Vuong
et al., 2000). Similar to this, P. aeruginosa’s quorum sensing systems

have also received an enormous amount of attention. It has also been
shown that several of the virulence components associated with this
chronic wound coloniser, which includes released virulence factors
like proteases, factors that are attached to the cellslike lipopolysac-
charide, as well as biofilm development, are regulated by quorum
sensing pathways (Fig. 5) (Lyczak et al., 2000). In this organism, quorum
sensing affects the formation of biofilms very early on, since quorum
sensing mutants are unable to produce biofilms with the expected
structural characteristics. Investigators have examined the QS system in
vivo and discovered that cystic fibrosis patients who had P. aeruginosa
colonisation had significantly increased amount of autoinducer mole-
cules (Keays et al., 2009).

There are several factors that contribute to biofilms’ resistance to
antimicrobial treatment. The penetration of antibiotics in biofilms has
decreased, and certain negatively charged antimicrobial chemicals are
repelled by the negatively charged exopolymer. The treatment of
chronic wounds with biofilm is challenging because certain bacteria also
emit antibiotic sequestering compounds. Due to their extremely organ-
ised and condensely packed structure, biofilms enhance the likelihood
that bacteria of the same species or other species would horizontally
transfer genes associated with antibiotic resistance to one another.
Acquiring these genes causes the bacteria to undergo permanent geno-
typic alterations, which raises the risk of severe and chronic infections.
Once the antibiotic medication is stopped, the biofilm might start
growing again and can even renew itself, as was shown by the cell
population which survived in extreme conditions (James et al., 2008;
Clinton and Carter, 2015).

4.2. Pseudomonas aeruginosa and Staphylococcus aureus in chronic
wounds

Staphylococcus aureus, Pseudomonas aeruginosa, E. coli, Acinetobacter
spp., coagulase-negative Staphylococcus epidermidis, and Staphylococcus
lugdunensis are typically the organisms that are causing skin infections.
In addition to hemolysins, metalloproteases, and hyaluronidase, these
bacteria also generate several other virulence-related factors. Patients
with chronic wounds that tested positive for Staphylococcus aureus and
Pseudomonas aeruginosa have respective infection rates of 93.5 % and
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Fig. 5. Quorum sensing system/mechanism of Gram positive bacteria and Gram negative bacteria.

52.2 % (Gui et al., 2014; Serra et al., 2015; Jeyanthi and Velusamy,
2016). Pseudomonas aeruginosa is discovered to be connected with
deeper parts of the wound, whereas Staphylococcus aureus is mainly seen
invading the top layer (Serra et al., 2015). The release of inflammatory
cytokines results in tissue damage when the bacterial threshold of 10°
bacteria per gram of tissue is reached (Arya et al., 2014; Haji Zaine et al.,
2014). In this approach, bacterial infections lead to the chronic condi-
tion of the wound. Staphylococcus aureus cannot produce robust biofilms
on its own, but when it co-infects with Pseudomonas aeruginosa, a robust
infectious cluster is formed that worsens the lesion and slows the process
of healing (Das and Singh, 2018).

MMPs, or matrix metalloproteases, are thought to be crucial in the
process of healing wounds because they play a significant role in in-
flammatory reactions. The ECM is degraded by MMPs, which facilitates
the movement of cells from the immune system from the circulation to
the site of inflammation. MMPs are initially released as zymogen, an
inactive form that is eventually changed into an active form (Serra et al.,
2015). The activation of many MMPs that induce damage to tissues due
to haemorrhage and cell death in the area of the wound as a result of
Pseudomonas aeruginosa synthesising the enzyme elastase, however, in-
creases the degree of severity of the wound and delays healing. Never-
theless, Pseudomonas aeruginosa generates an enzyme called elastase,
that changes MMPs from their inactive form zymogen, to their active
form. The resulting activation of MMPs causes damage to the tissues due
to haemorrhage and cellular death in the area of injury, aggravating the
wound and hindering the healing process. Laminin and type IV collagen
are broken down by overactive MMPs, which damages tissue by altering
capillaries, destroying membranes, and laminin (Beaufort et al., 2013).
Additionally, Staphylococcus aureus exacerbates the stimulation of many
MMPs and results in swollen lesions that are brought on by infiltration of
neutrophil. In order to break the cell membrane connections of the host
and cause necrosis of both the epidermal and dermal layers of the skin,
Staphylococcus aureus secretes alpha-hemolysin, which communicates
with disintegrin along with the metalloproteinase region of protein-10
(Nishifuii et al., 2008; Wilke and Wardenburg, 2010; Kim et al., 2014).

4.3. Quorum sensing system impediment and drawbacks
Antibiotics are administered together with rigorous tissue debride-

ment to remove biofilms from chronic wounds. Anti-biofilm treatment is
being used more often to treat chronic wounds (Omar et al., 2017). To

undermine the integrity of the biofilm and speed up the healing process
of wounds, a number of targets were specifically targeted. The bacterial
QS system is crucial for the development of biofilms in chronic wounds
and hence offers a key target for anti-biofilm treatment (Kalia and
Kumar, 2014; Kumar et al., 2014). Since the QS system depends on
autoinducer chemicals for signalling, preventing them would prevent
synchronised virulence action. Both Gram-positive as well as Gram-
negative bacteria have different QS systems. Autoinducer-1 as well as
furanone-based signalling systems are found in Gram-negative bacteria,
whereas oligopeptide as well as furanone-based systems are found in
Gram-positive bacteria. In addition to these, bacteria also have the
Pseudomonas quinolone signal (PQS), diffusible signal factor (DSF), and
autoinducer-3 (AI-3) systems. Although the essential supply of signal
and response phases have been retained in all QS systems, there are two
primary kinds of QS inhibitors (QSI): those that block signal supply and
those that block signal response (Rutherford and Bassler, 2012; LaSarre
and Federle, 2013). Enzymatically cleaving QS signal molecules in order
to prevent them from functioning is a process known as quorum
quenching. AHL acylases as well as lactonases, which break the homo-
serine lactone rings and amide bonds of the AHL molecule, are two
examples of how AHL may be degraded. AHL oxidase and AHL reductase
are two more enzymes that alter the activity of the AHL molecule rather
than cleaving it. Bacterial species, such as P. aeruginosa, Acinetobacter
spp., as well as Klebsiella pneumonia, are mostly found in bacterial bio-
films around persistent wounds, produce and release AHL-degrading
enzymes (Koul et al., 2016; Koul and Kalia, 2017). Antibiotic-resistant
bacteria can be found in biofilms, hence QS inhibition can be used as
a replacement for antibiotics. QSIs prevent the generation of virulence
factors that are controlled by sensing without impeding the growth of
bacteria. Therefore, microorganisms that do not exhibit resistance to
antibiotics can be eliminated by the immune system (Brackman and
Coenye, 2015).

According to Abbas and Shaldam (2016), Glyceryl trinitrate (GTN),
an FDA-approved drug, was tested for its capacity to prevent the
development of QS-based biofilms in P. aeruginosa burn infections.
Pyocyanin and protease synthesis were decreased in conjunction with
the formation of the QS molecule violacein. Inhibiting the development
and functioning of biofilms is made possible by the fact that it prevents
autoinducers from attaching to their receptors. When QS is inhibited, it
can sometimes enhance the colonisation of more virulent wild type
bacteria while eliminating the less virulent mutant strains, leading to an
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increase in the predominance of pathogenic genotypes in infections that
occur in hospitals. Therefore, QS inhibitors need to be utilised with
caution, since their inappropriate usage might result in the generation of
QS inhibitor resistance bacteria, worsening biofilm induced pathoge-
nicity (Kalia, 2013; Garcia-Contreras, 2016).

5. Utilization of natural therapeutics for mending wounds

The healing process for wounds requires an intricate hierarchy of
structured biochemical and cellular processes in order to repair the
structural integrity of the epidermis as well as the tissue beneath.
Despite the fact that numerous synthetic compounds are being explored
and assessed for their ability to speed up the recovery process, they have
inevitable downsides, such as increased toxicity to cells and greater
likelihood of bacterial tolerance. Plant extracts and plant-based in-
gredients have been recognized as potential substitutes for commercial
wound rehabilitation treatments because they include a wide range of
active components that are easily accessible and have fewer negative
effects. Natural substances with antioxidant, anti-inflammatory, anti-
microbial, and pro-collagen production activities have been shown in
various investigations to have a potential to promote healing of wounds
(Thakur et al., 2011) (Fig. 6). The impact of each biologically active
substance on wound healing may vary. The following part emphasizes
the use of a number of meticulously selected natural compounds that
have been effectively managed wound care for many years in the wound
healing process.

5.1. Honey

Honey is a carbohydrate-oversaturated fluid formed immediately
following the digestion of nectar that was gathered from flowers and
then retained in the hive’s cells. It is a naturally occurring antibiotic
effective against biofilms of bacteria as well as resistant pathogens
(Minden and Bowlin, 2018). Honey’s high osmolality, acid content,
along with glucose oxidase concentration account for its antibacterial
properties (Hixon et al., 2019). Furthermore, it was recently discovered
that honey works well against the bacterial biofilm, which is charac-
terized as an accumulation of colonies of bacteria at the site of injury
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that jeopardize the normal process of healing since the bacteria evolve
into 1000 times harder to eradicate (Majtan et al., 2020). Due to its
ability to reduce inflammation and function as an antioxidant, honey is a
potential therapy for wounds (lacopetti et al., 2020). As a result of
scavenging free radicals and acting as a vasoconstrictor, it suppresses the
production of prostaglandin and minimizes inflammation, and fluid
exudate in wounds (Cushine and Lamb, 2005). Honey improves
epithelial development, which speeds up the process of healing as well
as regeneration of tissue (Jull et al., 2013).

5.2. Aloe vera

The ancient Egyptians, Romans, and native peoples of Africa, Asia,
along with the Americans have all utilized aloe vera as a primary
treatment for burns, ulcers, and surgical injuries for more than 5000
years (Garcia-Orue et al., 2017). The various natural bioactive com-
pounds included in this plant include phytol, pyrocatechol, saponins,
acemannan, anthraquinones, glycosides, oleic acid, along with simple
and complex water-soluble polysaccharides (Salehi et al., 2018). In
accordance with (Nejatzadeh-Barandozi, 2013), acetone extracts of aloe
vera leaves have more antibacterial activity than alcohol and aqueous
extracts. According to (Lawrence et al., 2009), Gram-positive bacteria
seem to be more susceptible than Gram-negative bacteria. The chemicals
that give the extract its antibacterial actions include saponins, ace-
mannan, dihydroxy-anthraquinones, and anthraquinone derivatives
(Martinez-Romero et al., 2006).

Furthermore, the bioactive ingredients like aloe and aloe-emodin
present in the gel are in charge of the beneficial anti-inflammatory
properties, they also have an impact on FGF by promoting the growth
and development of different kinds of cells, improve wound shrinkage
and production of collagen, favours transport of oxygen, and improve
the blood flow of the skin, and subsequently promote healing of wounds
through numerous along with epithelial cell remodelling (Lordani et al.,
2018).

5.3. Curcuma longa

Curcumin, a conventional alternative medicine with anti-
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Fig. 6. Diagrammatic representation of the phytocompounds, that may result in enhanced wound healing and inhibits the formation of biofilm.
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inflammatory and free-radical scavenging properties, has been shown to
be an unique approach to promote quicker healing of wounds (Sidhu
et al., 1998&1999). It is a naturally occurring polyphenolic antioxidant
substance that was isolated from the rhizome of Curcuma longa, a plant
in the ginger family that may have the ability to aid in the healing of
wounds (Mohanty et al., 2012). Mohanty et al. (2012) formulated a
polymeric bandage loaded with curcumin and oleic acid to increase the
effectiveness of curcumin. Due to the effective free radical scavenging
characteristics of curcumin and oleic acid bandages, biochemical met-
rics and histological analyses showed greater wound reduction and
enhanced proliferation of cells by inhibiting inflammation via down-
regulation of NF- kB pathway.

According to research by Joe et al. (2004) administration of poly-
meric bandages containing curcumin to rats drastically decreased the
expression of antioxidant enzymes. This was due to a finding that cur-
cumin decreased lipid peroxidation and hence decreased the need for
antioxidant enzymes. Collagen with a high aldehyde content increased
significantly. In addition to a rise in collagen levels, Panchatcharam
et al. (2006) also noted an earlier maturity of collagen fibres. The two o-
methoxyphenolic groups along with the B-diketone moiety in the cur-
cumin molecule facilitate the potent antioxidant action to diminish ROS
throughout the inflammatory phase (Priyadharshini, 2014). Curcumin is
the antioxidant that has been most extensively explored for use in
wound healing because of its potent antioxidant activity. It was previ-
ously demonstrated that curcumin increases growth factor expression,
particularly TGF-f1 expression, which encourages VEGF expression by
activating the TGF- § pathway (Rujirachotiwal and Suttamanatwong,
2021). Additionally, curcumin can reduce inflammation by altering the
levels of cytokines, specifically by stimulating IL-10 or suppressing IL-1
B, TNF- o, as well as MMP-9 (Shah and Amini-Nik, 2017; Makuch et al.,
2021). A new curcumin-loaded hydrogel was recently described by (Liu
et al., 2018) which was found to lessen oxidative damage and speed up
the wound healing process.

5.4. Naringenin

A polyphenol known as naringenin, which is mostly present in citrus
fruits, has remarkable biological effects including anti-inflammatory,
antioxidant, cholesterol-lowering, and anticancer (Gattuso et al.,
2007; Patel et al., 2018). Naringenin’s impact on inflammatory reactions
and the oxidative stress brought on by thermal burn-induced in rats was
examined by (Al-Roujayee, 2017). The findings demonstrated that the
activities of antioxidant enzymes are increased followed by the appli-
cation of naringenin to the burn. In order to enhance the potential for
wound healing, naringenin was also combined with other substances
(such as chitosan).

After 14 days of therapy, Akrawi and colleagues demonstrated that
Wistar rats’ wound contraction was greatly accelerated by a nano
emulsion, which is a combination of both naringenin and chitosan, and
that naringenin also induced anti-inflammatory along with antioxidant
benefits (Akrawi et al., 2020). These findings point to the possibility of
using naringenin for the treatment of burn injuries considering its
antioxidant properties.

5.5. Propolis

The bees’ salivation of natural resins, particularly gathered from leaf
shoots and fissures in the bark, results in propolis, a strong sticky
resinous material (Martinotti and Ranzato, 2015). Propolis’s composi-
tion varies substantially depending on the time of year and the type of
flower it comes from, but it mostly consists of resins (about 50 %), wax
(30 %), essential aromatic compounds (10 %), pollen (5 %), and
miscellaneous materials (5 %) (Nina et al., 2015). The flavonoid
composition of propolis—including, but not limited to, pinocembrin,
galangin, and pinobanksin—gives it antimicrobial effects against Gram
(+) and Gram(-) bacteria, protozoa, fungi, and viruses (Majtan et al.,
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2020). Quercetin and naringenin, two of the most common propolis
components, increase the permeability of the membrane while
decreasing the membrane’s potential, making bacteria less susceptible
to antibacterial treatments (Ibrahim and Alqurashi, 2022). Additionally,
flavonoids in propolis decrease bacterial motility by inhibiting RNA
polymerase (Cushnie et al., 2005).

One way that propolis uses its antioxidant potential is by trapping
free radicals (Eriksson et al., 2022). Additionally, propolis demonstrated
anti-inflammatory properties in both chronic and acute inflammation
models. According to (Rossi et al., 2002), the abundance of carvacrol in
propolis causes it to inhibit cyclooxygenase activity by acting in a
concentration-dependent way. Through the modulation of ECM com-
ponents, the production of collagen, and the regulation of transforming
growth factor (TGF), propolis enhances skin cell proliferation, remod-
elling capacity, and induces re-epithelialization (Toreti et al., 2013).

5.6. Epigallocatechin gallate

In vitro studies have shown that catechins, which naturally occur as
polyphenolic chemicals, have antioxidant, anti-inflammatory, and free
radical scavenging activities. Epigallocatechin gallate (EGCG), among
the main catechin isoforms, has been demonstrated to suppress infil-
tration of leukocyte, activity of myeloperoxidase, and also to minimise
UV-B triggered erythema (Kapoor et al., 2004).

In order to better understand how the catechin epicatechin gallate
(ECQG) influences the development of scars, Kapoor and his colleagues
used a wound healing rat model. The degree of scar formation, as
measured by the collagen fibres’ maturity and orientation, significantly
improved, according to the ECG. The group that had ECG treatment
showed increased iNOS and COX-2 levels, which also resulted in the rise
of formation of new blood vessels. This corresponded with VEGF protein
levels, the most influential protein responsible for angiogenesis.

5.7. Berberine

In a study carried out by Zhou et al. (2021), it was determined how
berberine, affected diabetic wounds in streptozotocin induced diabetic
rat models and a hyperglycaemia promoted cell model. It was also
determined how berberine affected TrxR1 (thioredoxin reductase 1).
Berberine therapy significantly decreased hyperglycaemia induced Ha-
CaT cell damage, improved extracellular matrix formation, and
considerably expedited the healing process. Additional research
revealed that berberine stimulated TrxR1, inhibited subsequent JNK
signalling, which prevented the development of oxidative stress and
cell death, supported proliferation of cells, suppressed matrix metal-
loproteinase 9, elevated the transforming growth factor-p1, and tissue-
associated inhibitors of MMP 1, which expedited up the healing process.

5.8. Gallic acid

Gallic acid (GA) is a phenolic acid which is found in most of the
plants. In human keratinocytes and fibroblasts, (Yang et al., 2016)
investigated the effects of gallic acid on the healing of wounds in healthy
and hyperglucidic circumstances to imitate diabetes. As a result of
their investigation, it is possible that GA functions as an antioxidant by
enhancing the level of expression of genes related to antioxidant. In both
healthy and hyperglucidic situations, GA accelerated the spread of ker-
atinocytes and fibroblasts. The positive effects of GA on wound repair
are further supported by the activation of molecules known to be
essential for wound healing, including focal adhesion kinases (FAK), c-
Jun N-terminal kinases (JNK), as well as extracellular signal-regulated
kinases (Erk).

5.9. Resveratrol

The dietary polyphenol resveratrol, which is abundant in red wine
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and grapes, is renowned for exhibiting anti-oxidant properties. In a
research conducted by Zhou et al. (2021), they showed that oxidative
stress had an impact on HUVEC proliferation as well as migration and
that resveratrol pre-treatment assisted inreversing this effect. The
expression of Nrf2 (nuclear factor erythroid 2-related factor 2) and Mn-
SOD (Manganese Superoxide Dismutase) was increased in in vivo wound
healing experiment, which further demonstrated improved wound
healing by reducing oxidative stress damage.

Liu et al. (2021) revealed that Resveratrol reduced the decreased
viability and increased apoptosis caused by LPS (Lipopolysaccharides),
while simultaneously increasing the expression of miR-212, which is
important for cell proliferation. The miR-212/CASP8 axis was controlled
by resveratrol in a mouse model to accelerate wound healing.

6. Difficulties in the delivery of traditional herbal remedies for
wound healing

The herbal medicines, as described in conventional or complemen-
tary therapies aimed at promoting the healing, primarily consists of
plant components or unprocessed extracts of plant-based substances, in
which the chemical compounds that are present in the plant might
function effectively together or may have unclaimed effects on con-
sumers. The availability of treatments for many ailments, cheap
expenditure, as well as lack of harmful side effects of these products are
all factors contributing to the current rise of herbal-based research.
Additionally, the profitable marketing techniques draw consumers of all
ages to utilize herbal medications as alternatives to prescription drugs
(Ekor, 2014).

The widespread belief that herbal products are generally safe and
won’t have any negative side effects isn’t always accurate. Several
herbal ingredients have been demonstrated to induce significant adverse
effects that might result in fatal illnesses, according to a considerable
amount of literature (Cosyns et al., 1999; Ernst, 2002; Phua et al., 2009;
Oyedepo and Palai, 2021). Tachypnoea, vomiting, tinnitus, and the
characteristic acid/base imbalance were the symptoms of salicylism in
cases caused by transcutaneous penetration and absorption of methyl
salicylate from the herbal product following topical treatment at atyp-
ical patches of skin (Bell and Duggin, 2002). Additionally, it has been
documented that topical use of ancient Chinese medicines can lead to
toxic exposure to heavy metals (Wu et al., 2013). Unreported medica-
tions in the herbal supplement may potentially be to blame for toxic
symptoms in alongside hazardous heavy metals (Ernst, 2002). As a
result, research on polyherbal compounds is carried out over the globe
and emphasizes the safety issues (Ishtiaq et al., 2017; Chen et al., 2018;
Kumar et al., 2018b; Liyanagamage et al., 2020). In this regard, it is
crucial to isolate the medicinal plant extract’s pure constituent that is
contributing to its curative potential and assess its effectiveness.

The effectiveness of herbal treatments, on the contrary, relies on
when they get to the area of action. Whereas lower doses may not be
beneficial and larger concentrations may result in hazardous symptoms,
the ideal medication concentration might offer the most therapeutic
benefit. When a medicinal substance is administered orally, many of its
ingredients either degrade within the gastrointestinal conditions or go
through a breaking down process while being absorbed via the portal
vein. Additionally, for the potential use of therapeutics, improved de-
livery tools are required due to the lack of solubility of medicinal
plant components, the requirement for a substantial dosage for effi-
ciency, generalized delivery, and failure to comply with patients due to
elevated dosage and inadequate effectiveness (Ansari et al., 2012).
There is an increasing need for a multidisciplinary strategy in distrib-
uting medicinal products from plant origin to the illness target for higher
efficacy in order to minimize these negative effects of herbal compo-
nents. Additionally, new technologies are being developed for herbal
therapeutics that regulate pharmacokinetic characteristics in order to
enhance bioavailability, target delivery to maximize therapeutic effect,
strengthen their stability as well as protection towards chemical and
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physical declination, have a extended or regulated release, and have
diminished immunogenicity and non-specific toxicity alongside
enhanced bio-recognition and potency (Devi et al., 2010). The re-
strictions could potentially be circumvented by adapting multidisci-
plinary delivery methods for the distribution of herbal compounds. The
unique methods for administering the above mentioned natural com-
pounds to improve wound healing as well as to eradicate the bacterial
biofilms are covered in the part of the article that follows.

6.1. Novel therapeutic delivery techniques for enhancing wound healing

To enhance therapeutic outcomes, patient adherence, and reduce
side effects, advanced medication delivery techniques are being used to
treat wounds. The plant-based compounds can be nanosized or included
in nanostructures to increase the effectiveness of plant-based therapies
for managing chronic wounds (Madhyastha et al., 2023). According to
(Mordorski and Prow, 2016), nanomaterials have the distinctive prop-
erties of being small at the nanoscale and having an elevated area of
surface to volume ratio.

While the controlled release properties of the nanocarriers would
deliver the therapies for an extended amount of time, the nanoscaled
size promotes intracellular absorption as well as the penetration of drugs
into the wounded site (Hamdan et al., 2017). For effective administra-
tion of phytochemicals, a variety of cutting-edge drug delivery tech-
nologies have been developed, including nanofibers, nanoparticles,
nanoemulsion, as well as nanogels.

6.2. Limitations of various methods in preparing nanofibers

Nanofibers are precisely developed fibers possessing a diameter of no
more than one micron. Nanofiber made up of biopolymer compositions
might be used as cell growth scaffolds. Furthermore, other biologically
active materials, including as growth stimulating factors (Sahoo et al.,
2010; Xie et al., 2013), can be included during the fabrication of
nanofiber scaffolds. Drawing, template synthesis, freeze drying, phase
separation, self-assembly, and electrospinning are all possible methods
for developing 3D permeable scaffolds that replicate the composition
and biological effects of natural ECM (Nune et al., 2017).

Drawing

It only works with materials that are viscoelastic and is dependent on
the ejection mould’s aperture size, making it challenging to develop fi-
bres with diameters less than 100 nm.

Template synthesis

It is incapable of synthesizing lengthy uninterrupted nanofibers.

Freeze drying

It is impossible to achieve homogeneous porosity in the material.

Self-assembly

Due to its limits, that are confined to a few polymers, long uninter-
rupted fibres are incapable of being generated. The expensive cost of
biomaterial manufacturing has limited their applicability; optimized
peptide nanofibers can be disintegrated making them susceptible to
endocytosis.

Phase separation

Extended uninterrupted fibres cannot be developed; only a few
polymers are obtainable.
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Electrospinning

It can be challenging to develop an enormous amount of scaffold.
6.3. Limitations in preparing nanogels

Hydrogels are innovative delivery systems for drugs that have been
under consideration since the beginning of the 1960 s. The first type of
hydrophobic gel proposed by Wichterle and Lim consisted of cross-
linked hydroxyethyl methacrylate (HEMA) hydrogels, which were
designed for biological purposes (Hoffman, 2002; Hamidi et al., 2008).
The potential for biological compatibility, hydrophilicity, controlled
release of drugs, sophisticated drug delivery, and other benefits of
hydrogels are only a few of their numerous benefits. Each type of
polymer that is used to make hydrogels may have advantages and dis-
advantages, thus it is important to choose the right one for the appli-
cation and intended location of drug administration. There are some
limitations of hydrogels as drug delivery systems and they are
mentioned below (Ghasemiyeh et al., 2019):

e When hydrogels expand, there is a sudden burst of drug release, and
large porous hydrogels release drugs rapidly.

e In diffusion-controlled release hydrogels, the drug releasing mech-
anism is non-specific.

e Injecting hydrogels that are both temperature and pH sensitive might
cause needle obstruction.

e Inadequacy and appropriateness as a carrier for small molecular
weight as well as hydrophobic active medications.

e Limited capacity for transgenic expression for the primary purpose of
delivering genes along with inadequate DNA or RNA loading ca-
pacity in hydrogel networks.

6.4. Administration and delivery of nanofibers for wound healing

Nanofibers have gained increased importance in today’s society as a
result of their widespread application in the medical sector, tissue en-
gineering, and other drug delivery systems (Kapahi et al., 2015). Ac-
cording to (Jeckson et al., 2021b; Kenry and Lim, 2017), the dimensions
of nanofibers range from a few 10 to 1000 nm. Biodegradable hydro-
phobic, hydrophilic, as well as amphiphilic polymers are among the
distinctive polymers employed in the manufacture of nanofibers.
Gelatin, dextran, nylon, polystyrene, polyacrylonitrile, poly(vinyl pyr-
rolidone), poly(-caprolactone), polycarbonate, polyimides, polyvinyl
alcohol (PVA), polybenzimidazole, and others are among the most
commonly utilized polymers for the production of nanofibers.

To achieve immediate drug release, a suitable polymer with a higher
surface-to-volume proportion and nanofiber network with larger
porosity is used (Jeckson et al., 2021a). To increase the amount of
drug release from the manufactured nanofibers, swollen or biodegrad-
able polymers are also used (Kajdic et al., 2019). Therefore, altering the
chemical composition of the polymer has a big impact on how quickly
drugs are delivered using a comparable delivery mechanism (Kajdic
et al., 2019). Molecular assembly, thermally induced phase separation,
as well as electrospinning technologies may all be utilized to generate
delivery systems for nanofiber formulations, with the latter way being
the most popular (Kapahi et al., 2015).

Isfandiary et al. (2017) investigated the application of aloe vera
nanofiber within chitosan-collagen scaffolding, where it has demon-
strated its efficacy and safety in the treatment of burn wounds. Elnaz
et al. (2022) synthesized a nanofiber of polycaprolactone and poly-
ethylene glycol 3:1 in ratio by incorporation naringenin using electro-
spinning, where the naringenin encapsulated nanofiber showed
enhanced wound healing when compared to the nanofiber control
group.

Due to their enhanced ability to heal wounds by combining the
structural advantages of nanofibers with honey, honey-incorporated
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nanofibers are becoming more and more popular. In a research con-
ducted by Arslan et al. (2014), different concentrations of polyethylene
terephthalate (PET), PET/chitosan, PET/honey, and PET/chitosan/
honey solutions were electrospun to produce fibrous mats. The findings
demonstrated that HTCs-capsaicin as well as HTCs (honey/tripoly-
phosphate/chitosan)-Au-NPs were efficient in suppressing growth of
bacteria when compared to HTCs, HTCs-capsaicin/Au-NP NFs, and an-
tibiotics. MTT assay revealed that the mats made from nanofibrous
increased cell growth above that of the untreated comparison group.
Animal experiments demonstrated that the synthesized mats encour-
aged wound closure more efficiently compared to those in the control
samples.

Electrospinning was used by Tang and colleagues to develop a
honey/alginate/PVA nanofibrous membrane (Tang et al., 2019). In
order to formulate an effective dressing for wounds, honey was added
into an nanofibrous network made of alginate and PVA. They found that
the honey content in the nanofibrous membranes’ has a potential to
control the excessive generation of reactive oxygen species and they
were also demonstrated to possess6 antibacterial effect towards Gram-
positive bacteria S. aureus and against Gram-negative E. coli bacteria
utilizing a disc diffusion experiment and a dynamic contact analysis.

In 2021, Ghorbani et al. (2021) came up with gum tragacanth (GT)
Nanofibers with honey incorporation for using it as a wound dressing
mat. Additionally, the potential of the NFs to degrade was enhanced by
increasing the honey content in the honey/ethylcellulose/gum traga-
canth (EGH) Nanofibers. Additionally, the EGH Nanofiber mat with an
increased honey concentration had improved mechanical properties,
optimal cell growth, attachment, as well as proliferation, enhanced
antioxidant capacity, and antibacterial activities. A series of cellulose
acetate-hyaluronic acid (CA/HA) electrospun fibers infused with
berberine (BBR) were developed using the electrospinning technique in
aresearch by Ghorbani et al., to test their antibacterial effectiveness and
potential for use as in vivo skin wound dressings. Rat in vivo tests
revealed that the CA/HA/BBR dressing reduced the size of the wound as
well as enhanced the healing capacity (>95 %) and collagen production
with extended therapy. According to these findings, adding BBR to the
dressing increased its bioactivity without impairing its physical attri-
butes. As a result, nanostructured dressing consisting of CA/HA/BBR
electrospun fibers is very effective at promoting tissue healing.

In a research conducted by Samadian et al. (2020), they developed a
Cellulose Acetate/Gelatin (CA/Gel) electrically spun mat filled with
berberine as a specifically designed dressing for diabetic foot ulcers. The
wound healing efficiency of prefabricated dressings was tested and
compared in diabetic rats treated with streptozotocin. In accordance
with the antibacterial research, the dressings have a high antibacterial
impact. In the animal studies, the thickness of collagen was 88.8 + 6.7 %
along with the angiogenic score of 19.8 + 3.8 clearly indicated normal
wound healing. These findings indicated that incorporating berberine
did not impact the dressing’s mechanical characteristics while
improving its biological effects. In a study conducted by Cheng et al.
(2020), they synthesized resveratrol-loaded hydroxypropyl-cyclodex-
trin (HPBCD) and polyvinylpyrrolidone (PVP) nanofibers using elec-
trospinning. Results revealed that resveratrol nanofibers had a
significantly higher (more than 20,000-fold) water solubility than the
pure substance. Additionally, resveratrol nanofibers demonstrated
strong antioxidant activity. Resveratrol found in nanofiber compositions
permeated the skin more effectively than pure resveratrol. Additionally,
in HaCaT keratinocytes, resveratrol nanofibers reduced the production
of inflammation-associated proteins (COX-2 and MMP-9). As a result,
resveratrol-loaded nanofibers can significantly increase both the solu-
bility as well as physicochemical characteristics of resveratrol and could
potentially be used as an anti-inflammatory and antioxidant product to
apply topically.
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6.5. Delivery of drug incorporated nanogels for healing of wounds

Nanogels are three-dimensional hydrogel substances in the nano-
scale range of sizes that have a great capacity to retain water while
actually releasing when exposed to the aqueous media. They are made of
crosslinked swellable polymer networks. Nanohydrogels are hydrogels
that release pharmaceuticals into organs, tissues, as well as cells via
meshes that range in size from 5 nm to 100 nm while offering treatments
that are between the sizes of 10 and 100 nm (Ozkan et al., 2019). A wide
range of naturally existing polymers, manufactured polymers, or a
combination of both can be encountered in nanogels. Researchers are
interested in nanogels as drug carriers, particularly to assist the site- or
time-dependent dispersion of pharmacological drugs. Nanogel prepa-
rations are accessible in a variety of useful forms due to the wide variety
of polymer system types as well as the simple modification of their
physical and chemical characteristics. Nanogels exhibit high degrees of
stability, pharmaceutical integration potential, physiological reliability,
permeability, and response to environmental signals (Soni et al., 2016).

The components of propolis have been effectively incorporated onto
AgNP’s surface by Patil et al. (2015). When evaluated against Staphy-
lococcus aureus, the addition of propolis and AgNP together dramati-
cally reduced the minimum inhibitory concentration of AgNP alone.
When PLSN gel was compared to commercial silver sulfadiazine gel,
burn wound repair in wistar rats exhibited similar findings. In an
investigation conducted by Eskandarinia et al. (2020), a thick mem-
brane made of polyurethane as well as an ethanol-based extract of
propolis (PU/EEP) was electrospun with a polycaprolactone/gelatin
(PCL/Gel) scaffolding. The PCL/Gel scaffold was employed as the sub-
layer to promote cell attachment as well as proliferation, while the PU/
EEP membrane was utilized as the topmost layer to shield the wound
region from contamination from outside and dryness. According to the
zone of inhibition conducted, Staphylococcus aureus (5.4 + 0.3 mm),
Escherichia coli (1.9 + 0.4 mm), and Staphylococcus epidermidis (1.0 +
0.2 mm) all showed substantial anti-bacterial effect. Exceptional levels
of biodegradable properties biological compatibility, as well as hydro-
philicity (51.1 &+ 4.9°) were displayed by the bilayer wound dressing.
The wound healing process and the accumulation of collagen in the
Wistar rat skin wound model may be greatly sped up by the PU/EEP-
PCL/Gel bilayer wound dressing. The freezing-thawing cyclic tech-
nique was used to develop bio-nanocomposite hydrogel dressings for
wounds made from egg white, poly (vinyl alcohol), along with clay
nanoparticles infused with honey, and the dressings was assessed in vitro
as well as in vivo. Overall in vivo results demonstrated honey-loaded
bio-nanocomposite hydrogel wound dressings’ exceptional capacity to
establish and sustain a moist zone on the outermost layer of both in-
fected and non-infected wounds, as well as their ability to speed up the
wound healing process (Rafati et al., 2020).

The work conducted by Fathollahipour et al. (2020) focuses on the
development and characterisation of thermally cross-linked PVA-based
hydrogels incorporating honey as well as sucrose for erythromycin dis-
tribution and the findings suggest that these hybrid hydrogels might be
used as therapeutic wound dressings to control the degree of antibiotic
delivery within the wound site and prevent infections caused by the
development of Pseudomonas aeruginosa and Staphylococcus aureus. Gong
et al. (2013) have developed curcumin-loaded micelles encapsulated in
a temperature-sensitive hydrogel polymer for epidermal wound repair.
Curcumin encapsulation and loading efficiency in micelles have been
proved to be extraordinarily high. With quick gel conversion, the sed-
entary hydrogel was tenacious and efficiently covered the wound. The
wound that had been treated with hydrogel had a thicker, stronger
dermis with more collagen. The study conducted by Chakraborty et al.
(2021) looked at the possibility of producing an Aloe vera topical gel
composition with insulin-loaded nanoemulsion and evaluating its effi-
cacy for wound repair in diabetes induced rats. The wound healing effect
indicated by more substantial contraction of the wound using the insulin
and Aloe vera gel composition. Histopathological study indicated that
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the histological morphology of the skin of the groups receiving treat-
ment had improved significantly. The skin irritation testing indicates
that the prepared gel is non-irritant and appropriate for application to
the skin.

In a work done by Park et al. (2021), hexanoyl glycol chitosan which
is thermosensitive (HGC) was conjugated with gallic acid (GA) to
develop a unique synthetic tissue adhesive material capable of closing
wounds. The self-repairing, high tensile strength, firmer tissue adhesion,
and biological degradation of the GA-HGC hydrogels were all tunable in
accordance with the GA content. Unlike to the control group, GA-HGC
hydrogels considerably enhanced the closure of wounds and the
regeneration of tissue, by upregulating collagen, EGF, VEGF and TGF-
and by activating fibroblasts. The construction of temperature-
controlled hydrogel using GA and lysozyme was described in a study
by (Gong et al., 2022). This hydrogel demonstrated excellent antibac-
terial activity and improved chronic wound healing properties against
an E. coli-infected wound model by suppressing the expression of pro-
inflammatory genes HIF-1a (Hypoxia inducible factor —1 alpha), TGF-
$ and MCP-1(Monocyte chemoattractant protein-1). A peptide-hydrogel
that is loaded with resveratrol (Pep/RES) was conceptualised and syn-
thesised by Zhao et al. (2020) to be utilised as a dressing for the skin
wound. Resveratrol that has been released in situ from the hydrogel has
an anti-inflammatory impact both in vitro as well as in vivo. The Pep/
RES dressing demonstrated increased wound healing rate, decreased
inflammation, structured accumulation of collagen, and ultimately
reduced incidence of scar formation.

7. Future directions and conclusion

Despite researchers’ efforts, there has been minimal progress to-
wards obtaining therapeutic approval for bionanomaterials based on
plant compounds. The intricate nature of the process of wound healing,
the undetermined equilibrium and durability of newly developed bio-
nanomaterials, constraints in study simulations, particularly persistent
wound models, a lack of knowledge regarding toxicity resulting from
prolonged exposition to novel therapies, as well as, the implications of
these newly developed therapies on the emergence of microbial resis-
tance, these are the factors that accounts for the challenges of using
bionanomaterials.

The latest advances in technology work in harmony to promote the
development, manufacture, characterisation, along with the in vitro and
in vivo assessment of bionanomaterials, with a strong preference for
plant-based compounds. These plant-based bionanomaterials seek op-
timum properties that function at every point of wound healing for both
acute and chronic wounds. A more effective treatment strategy is hin-
dered by the shortcomings of these invite models. For instance, a num-
ber of research have demonstrated encouraging results in animal
models, but failed in a clinical trials context. This failure is likely
attributable to the disparities between the wound-related microbial
environments of humans and animal models. Additional investigations
into more complicated models that represent human skin is needed in
this area. A polymicrobial biofilm is a good model for studying anti-
bacterial action. It is recommended to utilize primary cultures of fi-
broblasts from wounds or donor skin with chronic diseases to assess
cytotoxicity. We found that polyvinyl alcohol, chitosan, and glycerol are
among the most widely utilized polymeric scaffolds mainly because of
their outstanding biocompatibility, low level of toxicity, and chemical
properties.  Obtaining an appropriate equilibrium between
physicochemical-mechanical-biological characteristics, on the other
hand, remains to be one of the earliest and most challenging difficulties
in developing novel nanometric biomaterials.

In order to better comprehend the molecular processes associated
with novel multilayer, biodegradable, biocompatible, as well as bio-
logically replicated bionanomaterials loaded with natural compounds
that improve approaches with supplemental mechanisms as well as are
preferably effortless to utilize in a practical setting, thorough
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investigations are necessary. These attempts to use novel procedures and
evaluate beneficial models or methods are anticipated to facilitate the
path towards wound healing bionanomaterial therapy in the healthcare
setting. Furthermore, the formulations’ sustained-release features may
lead to a more prolonged period of effect and an improved safety profile.
Multiple formulations aid in the healing process by providing moist
conditions for the wound to heal. Furthermore, the simplicity of fabri-
cation and cheap maintenance expenses suggest that these improved
drug delivery systems, in conjunction with plant compounds, are
conceivably useful method for more effective chronic wound manage-
ment than traditional and conventional dressings for patients.
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