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Abstract: Chronic wounds pose a significant healthcare
challenge, necessitating innovative approaches for
improved healing. Traditional medicinal plants have long
been used for wound care, and recent advancements in
nanotechnology offer new possibilities for enhancing their
therapeutic effects. Electrospun nanofibers provide an effi-
cient drug delivery system, improving the bioavailability
and stability of bioactive compounds. This review explores
the integration of phytochemical-loaded nanofibers for
wound healing, highlighting their potential in treating
various wounds, including burns, diabetic ulcers, and sur-
gical wounds. Additionally, it discusses the medicinal value
of traditional plants, their role in wound care, and the future
prospects of combining nanotechnology with artificial in-
telligence for personalized treatment.
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Abbreviation

TCM Traditional Chinese Medicine
CAM Complementary and alternative medicine

ROS Reactive oxygen species
ECM Extracellular matrix
MMPs Matrix metalloproteinases
DFUs Diabetic foot ulcers
PAN Polyacrylonitrile
PCL Polycaprolactone
PEG Polyethylene glycol
PV Polyurethane
PS Polystyrene
CS Chitoson
PEO Polyethylene oxide
HA Hyaluronic acid
PVA Polyvinyl alcohol
DMF Dimethyformamide

1 Introduction

The skin is the humanbody’s largest andmost functional organ,
which plays essential functions vital to an organism’s proper
functioning [1]. Their primary role is to protect the organism
against physical and microbiological aggression from bodily
injuries,microbe invasion, chemicals, and radiation. In addition
to serving as a barrier, the skin regulates body temperature,
fluid balance, touch, pressure, and pain feedback [2]. The skin
also has a healing system that is inherent within it, supplied by
the immune cells fixed within skin layers; these cells help the
bodyfight skin pathogens that are hazardous to skinhealth. The
body repairs the skin’s defensive coat when a cut injures the
skin layer, a burn, or abrasion. According to the skin injury, a
wound is any break in the skin’s surface or the underlying
tissues, and it can be categorized as acute or chronic [3].

Acutewounds, such asminor cuts and surgical incisions,
generally follow a well-organized healing sequence
involving four overlapping phases: coagulation, inflamma-
tion, proliferation, and remodelling of tissues. Thesewounds
usually take a limited time to heal with little or no compli-
cations [4]. In contrast, chronic wounds are defined as those
that fail to progress through the stages of healing and can
take months or unexpectedly long periods to close. As with
acute wounds, chronic wounds are generally linked with
specific diseases such as diabetes, vascular diseases, and
long-term bed confinement, which impairs the usual healing

*Corresponding authors: Haya Khader Ahmad Yasin, Department of
Pharmaceutical Sciences, College of Pharmacy and Health Sciences, Ajman
University, Ajman, 346, United Arab Emirates,
E-mail: haya.yasin@gmail.com; and Munaza Ijaz, Department of
Microbiology, University of Central Punjab, Lahore, Pakistan,
E-mail: munazza3murtaza@gmail.com
Badriyah Shadid Alotaibi, Department of Pharmaceutical Sciences,
College of Pharmacy, Princess Nourah bint Abdulrahman University, P.O.
Box 84428, Riyadh 11671, Saudi Arabia
Abida Kalsoom Khan, Department of Chemistry, COMSATS University
Islamabad, Abbottabad Campus, Abbottabad, Pakistan
Mizna Javed, Institute of Microbiology, Government College University,
Faisalabad, Pakistan

Green Processing and Synthesis 2025; 14(1): 20240233

Open Access. © 2025 the author(s), published by De Gruyter. This work is licensed under the Creative Commons Attribution 4.0 International License.

https://doi.org/10.1515/gps-2024-0233
mailto:haya.yasin@gmail.com
mailto:munazza3murtaza@gmail.com


mechanisms of the tissues [5]. Modern chronic wounds can
result from enduring inflammation, bacterial colonization,
and impaired blood supply. It is defined as wounds that do
not heal in 6–8 weeks and may take months or even years to
heal fully; patientswith chronicwounds remain predisposed
to complications like infection, amputation, or widespread
loss of conduit quality of life [6].

The National Center for Health Statistics reports that the
number of people affected by chronic wounds is significant
and growing, impacting between 30 and 45 million people
annually globally [7]. In the USA, approximately 41 million
people suffer from chronic wounds (e.g., trauma injuries and
pressure ulcers) each year, with 3million hospitalizations and
240,000 deaths. Moreover, the medical expenses associated
with treating pressure ulcers and diabetic ulcers worsen the
situation in developing nations [8, 9]. In terms of both public
health and the economy, chronic skinwounds are a significant
andquickly expandingconcern, according to theWorldHealth
Organization. In order to create more potent treatments that
can promotewoundhealing and enhance afflicted areaswhile
posing fewer side effects, it is imperative that research be
conducted continuously and that creativity be applied [10].

Traditional medicine and cultural heritage have always
included medicinal plant extracts to treat wound infections
[11]. Traditional Chinese Medicine (TCM) has been a main-
stay of healthcare in Eastern Asia for over 4,000 years.
Topical treatments are commonly used for various wound
infections [12]. Moreover, their bioactive phytochemical
content exhibits significant potential in managing inflam-
matory diseases [13]. These natural compounds, such as
flavonoids, alkaloids, terpenoids and polyphenols, possess
potent antimicrobial and antioxidant effects and are crucial
in promoting skin tissue generation. Furthermore, TCM
(Traditional Chinese Medicine) and their remedies recom-
mend that a significant proportion of wounds be treated to
eliminate the wound disease burden in China [14].

Furthermore, scientists possess extensive knowledge
records of efficacy and describe more than 1,100 species of
plants that can create healing effects beyond the herbs’
physical and chemical composition [15]. In addition, the
WHO describes “traditional medicine” as a holistic approach
that encompasses several advantages over synthetic medi-
cines and beliefs aimed at well-being [16]. This covers the
application of mineral-based medications, plant cell cul-
tures, and herbal plant extracts to treat different ailments. In
many Asian and African nations, traditional medicine has
grown in appeal and popularity in the technological age, and
it now plays a significant role in primary healthcare [17].
When traditional medicine is adopted outside its traditional
cultural context, it is often called complementary and
alternative medicine (CAM) [18].

Even with the vast array of wound care treatments at
hand – which include medication and surgical excision of
necrotic tissue – the outcomes are frequently subpar. Inno-
vative, cost-effective, and efficient wound care therapies are
desperately needed [19, 20]. The researchers are now
focusing on nanofiber membranes in response to this chal-
lenge. However, natural plants are an abundant source of
bioactive components with anti-inflammatory and antioxi-
dant qualities that can aid in the healing of wounds [21].
Reactive oxygen species (ROS), which can induce oxidative
stress and impede the healing process, can also be harmful to
the body and be prevented by these bioactive components
[22]. Furthermore, the existence of ROS destroys other
normal tissue functions and slows down the process of
wound healing. Stress can cause the damaged tissue to
distort and negatively impact the extracellular matrix pro-
tein layer, which can be fatal to the patient [23, 24].

One of the more promising prospects regarding wound
healing management is the utilization of nanotechnology,
namely electrospinning for wound dressings [25]. Electro-
spinning is a convenient method of fabricating ultra-fine
fibres with fibre diameters in submicron order. These
nanofibers possess features like a large surface area to vol-
ume ratio, porosity and the ability to entrap bioactive com-
pounds [26]. Nanofibers can regulate drug release, maintain
moisture, and allow gas exchange at the wound site while
alsomimicking the extracellularmatrix (ECM) to support the
attachment, proliferation, migration, and differentiation of
cells for tissue engineering and repair applications [27].

Furthermore, combining traditional medicinal plants
with electrospun nanofibers presents a novel approach to
wound healing. Incorporating these bioactive compounds
into electrospun nanofibers was intended to result in
improved wound healing dressings besides the physical
barrier characteristics [28]. For instance, curcumin is an
isolated compound from Curcuma longa (turmeric), showing
a potent anti-inflammatory and antioxidant profile. How-
ever, curcumin has low soluble and stability issues that
hinder its usage in clinical practice [29]. Curcumin has been
encapsulated in electrospun nanofibers to overcome these
challenges, preventing degradation and facilitating the
wound site’s release. Research evidence also indicates that
curcumin nanofibers enhance the four phases of wound
healing by limiting inflammation, stimulating collagen
deposition, and encouraging tissue remodelling [30, 31].

Medicinal plant-loaded electrospun nanofiber effi-
ciently protects against lethal wound infections [32]. The
slow, controlled release of antimicrobial agents allows for
continued safety and minimizes the potential of bacterial
colonization and subsequent biofilm generation on the
catheter’s surface [33]. For instance, silver-doped nanofibers
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from Morning Oleifera and Aloe vera were demonstrated to
prevent bacterial colonization of Staphylococcus Aureus and
Escherichia coli, which are prevalent in wound-infected
areas [34]. This physiological function is essential to inhibit
infection, which is crucial mainly in chronic wound care
because wounds that get infected delay healing, and the in-
fections become fatal [35].

This review centres on the use of herbal-based nano-
formulations created by electrospun nanotechnology, a
novel approach to drug delivery for wound healing that has
attracted much interest lately. Additionally, it discusses the
properties of various medicinal plants, the specific plant
components utilized, and the comprehensive development
process of creating electrospun nanofibrous wound dress-
ings from these plants.

2 Wound healing phases and their
challenges

2.1 Wound healing phases

Wound healing is a multifaceted and progressive biological
process by which the body repairs itself through several
coordinated processes [36]. These phases can be categorized
into four overlapping but distinct phases: hemostasis,
inflammation, proliferation, and remodeling [37]. It is
essential to comprehend these phases to establish specific
approaches and treatments regarding wound healing and
implement new innovative resources that include
nanofibers.

2.1.1 Hemostasis

The hemostasis process starts when an injury occurs and usu-
ally takes several hours. It consists of three stages to cease blood
loss and facilitate healing (Table 1). It begins with

vasoconstriction by activating endothelin, catecholamines,
prostaglandins, and platelet-derived growth factor (PDGF) due
to blood vessel constriction and decreased blood flow [38].
However, this initial constriction is insufficient to stop bleeding
over the longer term, although it can help reduce it. The second
coagulation phase is the primary hemostasis, during which the
coagulation cascade is activated, and platelet participation is
intense [39]. When the endothelial layer is disrupted, platelets
rapidly move to the thrombogenic layers, altering their shape
and binding to various receptors, including fibrinogen, fibro-
nectin, andcollagen. Theseactions formaplatelet plug, essential
for growth factors such as PDGF, TGF, EGF, and IGF, which are
essential in hemostasis and the following healing process [40].

In the last stage of the coagulation process, secondary
hemostasis involves coagulant factors that convert fibrin-
ogen into fibrin, strengthening the platelet plug and forming
a thrombus. This thrombus is not only a barrier for forming
a stable hemostatic plug but also forms a supportive matrix
for tissue repair and subsequent tissue remodeling [41].
However, when the initial clot is too tight or too much fibrin
is deposited, the clot can hinder the blood flow. The clot may
also act as a barrier to oxygen supply to the wound site and
might pose problems in the further healingmechanism, such
as scar tissue formation. Moreover, the amount of fibrin
increases in the early stages of healing, and the excessive
amount can suppress collagen formation in the later healing
stages and thus lead to scarring [42] (Figure 1).

2.1.2 Inflammation

The second phase in wound healing is the inflammatory
phase, that starts immediately after hemostasis and lasts up to
a week. In this phase, control and eradication of the infection
and debris removal are essential, which is instrumental in
tissue regeneration in subsequent phases [43]. Several factors,
like PDGF, TGF, IL, and TNF, are released, signaling immune
cell chemotaxis, which includes neutrophils, macrophages,

Table : Phases of wound healing: duration, significant events in healing, important biological factor, and potential complications.

Phases Duration Significant events in healing Important biological factor Potential complications Reference

Haemostasis Immediate Vasoconstriction, platelet plug
formation, fibrin clot formation

Endothelin, catecholamines, prostaglan-
dins, PDGF, clotting factors

Excessive bleeding, inadequate
clotting

[, ]

Inflammation Up to a week Immune cell recruitment, debris
removal, infection control

PDGF, TGF-β, IL, TNF, neutrophils, mac-
rophages, mast cells, dendritic cells,
T cells

Chronic inflammation, delayed
healing, excessive scarring

[, ]

Proliferation Days –
 weeks

Granulation tissue formation, re-
epithelialization, angiogenesis

PDGF, TGF-β, VEGF, fibroblasts, kerati-
nocytes, endothelial cells

Inadequate blood supply,
infection, poor wound closure

[, ]

Remodeling Months to
years

Collagen fiber rearrangement,
tissue maturation

MMPs, collagen, hyaluronic acid,
fibronectin

Excessive scarring, contrac-
tures, delayed healing

[]
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mast cells, and dendritic and T cells. They first respond by
engulfing and killing bacteria and also play a role in tissue
remodeling by releasing proteases [44]. These proteases
degrade theECM,promoteneutrophil chemotaxis, and induce
MMPs required for skin remodeling. Nevertheless, dysregu-
lated MMP activity appears to play a part in the pathogenesis
of excessive scarring [45] (Table 1).

During the later ends of the inflammation phase, the
macrophage succeeds the neutrophils, which also have a
dual role as they work in inflammation resolution and tissue
repair. M1 macrophages persist in the antimicrobial pro-
cesses and contribute to removing neutrophils from the
injury site [46]. They then transform into the anti-
inflammatory M2 macrophages that promote angiogenesis,
synthesis of collagen, and tissue remodeling. Irrupted
phenotypical characteristics lead to the overproduction of
ECM and increase the chances of scar tissue formation. On

the one hand, mast cells contribute to early wound
contraction and re-epithelialization but, in the wrong case,
cause hypertrophic scarring. The new findings show that
dendritic cells and T-cells regulate the immune response.
T-cells actively regulate the proliferation of keratinocytes
andwound closure [47] (Figure 1). Specifically,macrophages,
when activated over time, can contribute significantly to
increased stores of collagen and blood vessels responsible
for forming scar tissue. This shortens their survival period
and increases ROS, which causes tissue damage and fibrosis,
underlining the necessity of early inflammation
resolution [48].

2.1.3 Proliferation

The proliferation phase of wound healing starts at about day
four and can take up to three weeks. It serves several

Figure 1: The major cellular components involved in the four stages of wound repair are: These are: (1) hemostasis, (2) inflammation, (3) proliferation,
and (4) remodeling [53].
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essential functions critical to tissue renewal and repair, such
as forming granulation tissue, re-epithelialization, angio-
genesis, and modulation of the immune response [49].
Granulation tissue refers to the tissues formed during the
stages of inflammation and is characterized by a temporary
structure primarily made up of fibroblasts that extracellular
matrix (ECM). These fibroblasts are also involved in the
synthesis of the ECM, secretion of cytokines, and immuno-
modulation abilities. Out of the fibroblasts, myofibroblasts
that stain positive for α-SMA are most actively involved in
collagen synthesis andwound contraction [50]. However, the
activity of these cells exceeds its proper level if they stay
active because of insufficient apoptosis or a low level of
matrix metalloproteinase (MMP) (Table 1).

Concerning re-epithelialization, another characteristic
of this phase is that the keratinocytes are responsible for
restoring the epidermal covering over the wound [51]. These
cells also get a phenotypic shift and are regulated by factors
such as TGF-β, VEGF, and cytokines, IL-1, TNF-α. Keratino-
cytes also interact with fibroblasts, immune cells, and
endothelial cells for effective healing process orchestration
[52]. Interferencewith this intricate signaling process results
in the formation of a scar. Endothelial cells respond to
growth factors like vascular endothelial growth factor
(VEGF), initiating neovasculation to supply oxygen and nu-
trients for tissue repair and regeneration. This phase is
essential for remodeling the wound site, and anything that
can upset the ratio between fibroblastic and keratinocyte
activity may lead to scarring [53] (Figure 1).

2.1.4 Remodeling

The last or fourth band of the wound repair process, known
as the remodeling stage, characterizes the rearrangement of
the fibers of the healed tissue. Although it is widely associ-
atedwith the final stage of the healing process, it may last for
several months up to several years [53]. In this stage, the
remaining dead cells become necrotized and immune, and
the parenchymal cells become dormant. Furthermore, the
regenerated or Scarborough skin also adapts the trans-
formation of type III collagen fibers to address the me-
chanical engineering and amplify the skin shard’s tensile
force [4] (Table 1). Concerning the collagen fibers, the pre-
vailing and pre-existing collagen type III network is
degraded by MMPs and rebuilt by type I collagen, which is
aligned in parallel to the stress linea. In addition, this stage is
marked by a decrease in hyaluronic acid and fibronectin,
similar to stage 3. Still, if any of these fundamental processes
is compromised, the remainder of this stage will be out of
alignment, and the probability of scar formation will rise
[54] (Figure 1).

2.2 Wound healing: current challenges

Over the last decades, wound healing has been a complex
and dynamic process characterized by delayed natural
healing [55]. Wound healing requires precise coordination
between various tissues and cells, allowing for target
intervention in cases of persistent inflammation. At the
molecular and cellular level, novel interventions are
needed to address the challenges of wound healing [56].
These interventions promote cell migration, proliferation,
matrix deposition, and tissue remodeling. Moreover, trau-
matic wounds (e.g., lacerations, fractures), surgical wounds
(amputations, debridement), burns, and diabetic foot ulcer
(DFUs) complications pose significant healthcare chal-
lenges worldwide [57].

In developing countries, approximately 20–30 million
people often experience worse wound conditions due to
trauma, pressure sores or major surgeries [58]. Meanwhile,
in the United States, one million people develop an ulcer
(vascular pressure) each year. Recent studies estimated that
4.5 individuals per 1,000 are affected by chronic wound
complications driven by social and economic factors. Despite
this, untreated or poorly managed chronic wounds
contribute to a high global mortality rate [59, 60].

The chronic wound environment also hinders the pro-
cess of epithelization, which is the process by which new
skin cells cover the wound, and angiogenesis, the formation
of new blood vessels [61]. Moreover, research on chronic
wounds suggests that high MMP levels cause the extracel-
lular matrix (ECM) to break down excessively, which pre-
vents cells from migrating. Defective granulation tissue
formation results from an inadequate fibroblast response to
growth factors linked to ECM degradation [62, 63] (Figure 2).
Biofilms, whether single- or multi-microbial, further
complicate wound healing by producing proteases that
inhibit keratinocyte migration and skin re-epithelialization.
These combined factors create a challenging environment
that hinders wound healing and perpetuates the chronic
state [64]. The following section will delineate several types
of ulcers, each with distinct characteristics and clinical
implications.

2.2.1 Vascular ulcer

Vascular ulcers, a common type of chronic wound, can be
categorized as either venous or arterial. Venous, most
prevalent ulcers stem from chronic venous insufficiency or
venous hypertension, often appearing on the lower ex-
tremities [65]. These ulcers typically present as shallow
wounds and develop due to venous reflex or obstruction.
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Risk factors for venous ulcers include venous disease,
advanced age, obesity, heart disease, arterial disease,
insufficiency of leg veins (superficial, perforating, or deep),
and deep vein thrombosis [66].

On the other hand, arterial ulcers arise from impaired
tissue perfusion, particularly the reduced blood supply to the
lower limbs. This reduced perfusion leads to ischemia, hin-
dering nutrient delivery and causing tissue death [67]. The
resulting lack of blood flow and subsequent tissue death
ultimately lead to the formation of ulcers (Figure 2). Arterial
ulcers, often found on the distal extremities, manifest as
deep wounds exposing tendons or bones [68]. Atheroscle-
rosis is a significant contributor to arterial ulcers, along with
other risk factors such as diabetes, vasculitis, thromboan-
giitis, hypertension, smoking, advanced age, obesity, and
hyperlipidemia [69].

2.2.2 Diabetic ulcer

Diabetic foot ulcers predominantly affect individuals with
type 2 diabetes and mainly occur when diabetes is poorly
controlled. In the United States, diabetic foot ulcers impact
an average of 1.6 million people annually [70]. Various fac-
tors increase the risk of developing these ulcers, including
peripheral neuropathy, arterial insufficiency, poor glycemic
control, foot deformities, calluses, lack of proper foot care,
and poor circulation. Peripheral neuropathy and macro-
vascular disease significantly heighten the risk of prolonged
vascular reconstruction and failure of diabetic foot ulcer
[71]. Diabetic foot ulcers (DFUs) are considered serious
complications due to the development of extremity ulcers
and gangrene, which can result in death [72] (Figure 2).

2.2.3 Pressure ulcer

Chronic pressure ulcers are a serious and recurring prob-
lem, particularly among immobile or weakened patients,
such as those with spinal cord injuries [73]. There are four
primary mechanisms that contribute to the formation of
pressure ulcers: sustained high interphase pressure, loss of
elasticity in aged skin, friction causing superficial erosions
and blisters, and excess skin moisture due to prolonged
exposure tofluids such as urine, sweat, wound drainage, and
fecal matter [74]. Several risk factors contribute to the
development of pressure ulcers, with limited mobility being
a key factor. Limitedmobility or impaired sensationmakes it
difficult for tissues to receive adequate blood flow,
increasing the risk of pressure ulcer formation [75].

3 Electrospinning technique for
phytochemical-loaded
nanofibers

Electrospinning is a fascinating technology that transforms
liquid into incredibly thin fibers. It functions by putting a
polymer solution under high voltage, which overcomes its
inherent stickiness and causes the solution to form a jet [76].
A metal needle to create the jet, a collector to collect the
fibers, a syringe containing the polymer solution, an injec-
tion pump to regulate the flow, and a high-voltage power
source make up the straightforward setup.

A strong electric field is applied between the grounded
collector and the needle by the high-voltage power supply to

Figure 2: Challenging in chronic wound
healing: pressure ulcer, diabetic ulcer, and
vascular ulcer.
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start the process. The needle is connected to the positive
electrode, while the negative electrode is connected to the
collector. As a result, the polymer solution is pulled out
through the needle at a controlled rate [77]. Under the in-
fluence of the electrostatic force, various charges act on the
solution, causing it to form a stable flow. The solution
droplets form a “Taylor cone”when the electrostatic force is
greater than the fluid’s surface tension. Long, thin fibers are
left behind as the solvent in the solution evaporates as the jet
moves through the air. Thesefibers solidify and are collected
on a grounded surface, forming a uniform layer of nano-
fibers [78, 79] (Figure 2).

In order to achieve a controlled and sustained release of
active compounds, the compositionof electrospunfibers canbe
changed, for example, by blending different polymers (natural
or synthetic) to alter their hydrophilicity, fiber diameter, and
density [80]. Because they encourage cell migration, adhesion,
proliferation, and differentiation, these electrospun fibers are
perfect for creating tissue scaffolds and dressings for wound
healing. In addition to enabling drug molecules to disperse
efficiently throughout thematrix to aid in wound healing, they
also aid in the diffusion of nutrients into the cellular structure
and the elimination of waste products [81].

3.1 Applications of electrospun nanofibers

Electrospun nanofibers are used in many different fields,
such as wound dressing, drug delivery, tissue engineering,
absorbent membranes, biosensors, packaging, filters, and
cosmetics, because of their special qualities [82]. Electrospun
fibers are essential in the field of bio-medicine because they
can be used as wound dressing materials, scaffolds for cell
and tissue culture, and carriers for local, dermal, and
transdermal drug delivery [83] (Figure 2. Due to their high
encapsulation capacity, they are especially useful for tar-
geted therapy in medical applications, safeguarding loaded
drugs like growth factors, proteins, small molecules, bioac-
tive compounds (extracts), DNA, anti-inflammatory, antiox-
idant, antibacterial, or anticancer agents (both in traditional
Chinese and Western medicine) [84, 85] (Figures 3 and 4).

4 Electrospun nanofiber wound
dressings – phytoextract-based

4.1 Drumstick tree

The healing process of wounds has been demonstrated to be
aided by the medicinal plant Drumstick tree (moringa

oleifera), which is native to India and is also found in South
America, Asia, and Africa. Moreover, researchers have
developed electrospun polyacrylonitrile (PAN) nanofibers
loaded and infused withMoringa oleifera extract and tested
them for their antimicrobial and wound-healing properties
[86] (Table 1). Excellent antibacterial activity against E. coli
has been demonstrated by the PAN nanofiber scaffolds
containing M. Oleifera extract. S. aureus and E. Coli. Addi-
tionally, studies on animals revealed that greater concen-
trations of M. oleifera extract improved healing results;
antibacterial activity was demonstrated by nanofibers
loaded with 0.5 g of extract [87].

4.2 Aloe vera

Despite not having suitable mechanical properties or elec-
trospinnability, Aloe vera can be incorporated into polyvinyl
alcohol nanofibrous mats. Scientists created a novel scaffold
by combining aloe verawith gelatin and PCL nanofibers using
a specialized double-nozzle co-electrospinning [88]. The
resulting structure exhibited uniform fibre size, small diam-
eter, and excellent biological and mechanical properties.
Notably, adding aloe vera to the PCL scaffold significantly
boosted fibroblast growth and proliferation, enhancing the
wound healing process and skin elasticity [89].

4.3 Turmeric

Tumeric (Curcumin), a polyphenolic compound, possesses a
range of therapeutic properties, including reducing inflam-
mation, neutralizing free radicals, and combating bacterial
diseases. It exhibits high biocompatibility and biodegrad-
ability, making it an attractive therapeutic agent. However,
its limited bioavailability, low water solubility and insta-
bility under various conditions, such as pH, temperature and
light exposure, hinders its medical applications [90, 91]. To
overcome these limitations, alternative carriers like cyclo-
dextrins are used. As an amorphous nano-solid dispersion,
curcumin has increased crosslinking, resulting in higher
hydrophobicity and lower release rates [92, 93].

However, developed nanofibers loaded with 0.5 wt %
curcumin solution into polycaprolactone (PCL) and poly-
caprolactone/polyethene glycol blends. Incorporating Cur-
cumin (Turmeric), solution reduced the nanofiber diameter
and enhanced their antibacterial activity. The PCL/PEG
nanofibers exhibited the highest wound closure rate, 98–
99 %. This change in the morphology of the nanofibers after
adding PEG to PCL could enhance the wound dressing and
some advanced therapies for patients [94]. Another study by
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Shababdoust et al. utilized electrospun nanofibers of poly-
urethane (PU) loaded with curcumin solution. From their
study, they managed to show that the incorporation of PEG
led to an increase in the size and hydrophilicity of the
curcumin-loaded nanofibers. This modification facilitated a
faster release of curcumin solution from the scaffold, and it
underlines the feasibility of this system for controlled drug
delivery and better wound healing (Table 1) [95].

Fabricated PHBV nanofibers containing the encapsu-
lated suspension of different weight percentages (0. 1, 0. 3,
and 0. 5 % w/w) of C. longa for treating ulcers. According to

the studies, PHBV nanofibers favourably affected wound
healing and skin regeneration. The concentration of
Turmeric decreased the mechanical properties, increased
the swelling characteristics, and decreased the nanofiber
diameter [74].

4.4 Chamomile

The Asteraceae family plant chamomile includes flavonoids,
phenolics, and other substances that promote the healing of

Figure 3: Electrospinning nanofiber technology enhances wound healing through high surface area, and porous drug delivery [82].
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wounds [84]. Motealleh and associates. Developed PCL/PS
(35/65 %) electrospun nanofibers with 15 % chamomile
extract, lowering the diameter of the nanofibers from 268 to
175 nm. Nearly 70 % of the extract was released, according to
drug release studies, and this helped promote healing. The
zone of inhibition for S. aureuswas 7.6 mm. In a study using
rat wound models, wounds treated with nanofibers loaded
with extract closed and healed in 14 days [96, 97].

4.5 Henna tree

Bioactive substances with antimicrobial, immunostimula-
tory, anticancer, and wound-healing qualities are found in
Lawsonia inermis, better known as henna. However, its
medicinal potential is limited by Lawsone; its active ingre-
dient is not soluble inwater. The prolonged release, stability,
solubility, and bioavailability of Lawsone can all be
enhanced by encapsulation [98]. PCL nanofibrous mats and
lawsone-encapsulated gelatin via coaxial electrospinning. A
1 % lawsone-loaded mat demonstrated notable re-
epithelialization after 14 days, and the scaffolds released
Lawsone over 20 days [99]. Excellent qualities made this mat
ideal for dressing wounds. L. inermis was mixed with PLLA
and gelatin. Using an inermis solution, hybrid nanofibrous
scaffolds demonstrate antibacterial properties against E. coli
and S. aureus.

CS-PEO nanofibers loaded with 1 % (w/w) inermis leaf
extract were used to treat second-degree burn wounds in
mice. With an average diameter of 80 nm, the homogenous
fibres showed a strong healing effect [100]. Avci and com-
panions. Produced L. inermis PVA and PEO nanofibers
loaded with inermis leaf extract. Higher L concentrations

increased the average diameter. Extract from inermis. The
nanofibers demonstrated superior antibacterial activity at a
concentration of 2.793 % (w/w), according to the results of
antibacterial tests [101].

A significant part of Z is thymol. The antibacterial
properties of multiflora essential oil are found in nature.
However, However, some biological applications cannot use
it because of its low water solubility, high volatility, and
limited bioavailability [102]. Miguel, together with others.
Fabricated two-layer nanofibrous scaffolds loaded with
thymol: a bottom layer of HA, SF, and thymol to speed up
healing and stop infection, and a top layer of PCL and SF to
serve as a physical barrier. Ardekani and colleagues.
Developed Z. Multiflora essential oil (10 %) created nontoxic,
highly swelling, biocompatible, and antibacterial electro-
spun nanofibers loaded with gelatin, PVA, and CS [103].
Pourhakak and associates. Made Z. multiflora extract-loaded
CS and PVA electrospun nanofibers, showing that decreased
CS increased the antibacterial qualities while reducing the
fibre diameter.

4.6 Woad

Woad (Isatis) Root’s strong antibacterial and anti-
inflammatory qualities make it useful for treating infec-
tious diseases, particularly skin conditions. Handspun Isatis
root fibres and PVP were used to create electrospun scaf-
folds. Surface ability, air permeability, antibacterial activity,
and wound healing were all enhanced by the addition of
10 % (w/w) Isatis [104]. Moreover, researchers used woad
herb to treat diabetic foot ulcers and created electrospun
nanofibers by blended CS and PEO extract. These fibres
demonstrated the ability to accelerate wound healing and
deliver drugs effectively [105, 106].

4.7 Fenugreek

Methi or Trigonella Foenum Graecum belongs to the Legu-
minosae family, which is well-known for its antioxidant
properties and helps the wound healing process to a
remarkable extent [107]. Fenugreek has been incorporated
into silk fibroin, a protein biomaterial derived from silk-
worms, and has been utilised as nanofibers via electro-
spinning in the latest analysis. Ethanol vapour treatment
significantly influenced the molecular conformation of
fibroin from silk I (random coil) to silk II structure [108].

The findings obtained in the present in vivo analyses
were that the scaffold prepared with the 3D silk nanofiber
incorporating fenugreek exhibited elevated thermal

Figure 4: Medicinal plants for wound healing: Integration with
nanofibers.
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stability, mechanical properties, and the appropriate pore
size to be helpful in wound healing. This scaffold also
maintained high biocompatibility, eliciting negligible bio-
logical responses from tissues. Also, there was increased
collagen deposition in the wounds that received the nano-
fiber scaffold compared to those without due to this extra-
cellular matrix’s critical role in the skin repair process. The
scaffold enhances faster healing, supports the biocompati-
bility of the fabricated construct, and assists in general
wound healing and tissue regeneration (Table 1) [109].

4.8 Clove

Eugenol, an essential oil of clove blossom buds, is widely
acknowledged for its multiple health benefits – antibacte-
rial, analgesic, antioxidant, and anti-inflammatory proper-
ties, to name but a few [110]. Nonetheless, eugenol has
certain drawbacks, such as the decrease of its activity if used
inmedical applications due to instability in the environment
and relatively low aqueous solubility. With these limitations
in mind, the researchers have devised the following bench-
mark solution: electrospun mats containing eugenol but
made from biocompatible polymers [111]. They used acetic
acid for chitosan, water for polyvinyl alcohol (PVA), chloro-
form, and DMF for polycaprolactone (PCL) to form a stable
matrix for the encapsulation of eugenol. This method also
increased the stability of eugenol and made the release rate
more suitable for wound healing.

The numerous electrospun mats described provided
excellent biocompatibility; they posed no threat to biological
systems. Furthermore, the developed mats of the present
invention displayed excellent antibacterial efficiency, which
can be used as antiseptics for infectedwounds [112]. The slow
and steady release of eugenol from the mats can also have
other added benefits for wound treatment and improve the
healing process besides continuously giving an antibacterial
advantage for a longer period of time. This approach pre-
sents a potential route for effectively implementing eugenol
in biomedical applications, especially for managing wound
healing challenges occasioned by the substance’s poor sol-
ubility and stability [113].

4.9 Gurmar

Gurmar (Gymnema sylvestre), a common anti-diabetic
treatment, has wound-healing properties. CS nanofiber
mats were formulated with Gymnema extract, showing
antibacterial activity, anti-inflammatory, biocompatibility,
stability, and extract release, making them suitable for

woundhealing. , which improves cell viability, compatibility,
and tensile strength and speeds up the healing of wounds
[114].

4.10 Tea tree

Green tea, high in polyphenols, especially catechins, has
potent antioxidant, anti-inflammatory, and antibacterial
properties. Green tea polyphenol-loaded CS-PVA nano-
fibrous mats were developed, showing improved cell pro-
liferation, antioxidant activity, and antibacterial action,
suitable for wound healing [90, 115].

Researchers developed nanofibers incorporating
Camellia sinensis extract into CS and PEO matrices. The C’s
catechins. Sinensis, well-known for its antibacterial, anti-
inflammatory, and antioxidant qualities, helped the nano-
fibers’ advantageous effects on wound healing. These
nanofibers maintained wound moisture, reduced inflam-
mation, and accelerated healing, showcasing excellent
biocompatibility, biodegradability, and antibacterial activity
[116].

4.11 Spadeleaf

Centella asiatica extract was incorporated into electrospun
polycaprolactone (PCL) nanofibers at concentrations of 0.5,
2.5, 5, and 10 % (w/w). They discovered that adding the
extract produced consistent, bead-free nanofibers and low-
ered the average fiber diameter. For example, pure PCL
nanofibers decreased in diameter from415 nm to 344 nmat a
weight percentage of 10 % C. asiatica extract addition,
probably as a result of the polymer’s viscosity decreasing.
Furthermore, the extract considerably raised the nano-
fibers’ maximum tensile stress from 3.36 MPa to 8.70 MPa,
which may have something to do with the smaller fiber
diameter. With inhibition zones of 8 mm for Micrococcus
luteus and 11 mm for Bacillus cereus, the nanofibers also
demonstrated antibacterial activity [117].

4.12 St. John’s wort

PCL nanofiberswere loadedwith an extract fromHypericum
perforatum for use as wound dressings. Perforatum has long
been used as a burn and wound remedy [118]. The electro-
spun nanofibers demonstrated Strong antioxidant activity,
with diameters ranging from 100 to 400 nm. PCL/PLA
nanofibers loaded with thymol showed more effective anti-
bacterial properties than against S. aureus and E. coli.
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Investigations on animals demonstrated their substantial
influence on wound closure and healing [119].

4.13 Catnip

Nepeta dschuparensis (Catnip), rich in bioactive compounds
such as flavonoids and essential oils, has been traditionally
used for its antibacterial, antioxidant, and anti-
inflammatory properties. PVA, CS, and honey nanofibrous
multi-layered scaffolds loaded with N. dschuparensis nectar
for burn therapy to cover the clinical need. These scaffolds
promoted wound healing, leveraging the plant’s medicinal
properties and fulfill the challenging requirements [120].

4.14 Guanabana

Composite nanofibers thatwere electrospun and infusedwith
leaf extract from soursop (Annona muricata) recognized for
its antimicrobial qualities, anti-inflammatory, anti-
proliferation properties. Skin conditions are treated with
muricata nanoparticle-coated which have antibacterial and
skin regeneration property [121]. The antibacterial activity of
the nanofiber mats against S. aureus was significant, and the
inhibition zones increasedwith higher extract concentrations
[122]. The mats’ mean diameters ranged from 121 to 137 nm.

4.15 Sorghum

Sorghum contains polyphenols andflavonoids, and sorghum
bicolour extract-loaded electrospun zein nanofibers exhibit
notable antibacterial and antioxidant qualities due to their
tannin content. When tested against K. pneumoniae, the
nanofibers with higher concentrations of sorghum extract
demonstrated enhanced antibacterial effectiveness against
S. aureus and K. pneumonia by significantly reducing the
number of bacteria [123].

4.16 Lavender

The essential oil of Lavender (Lavandula angustifolia) pos-
sesses antibacterial, analgesic, and anti-inflammatory qual-
ities that make it worthwhile for treating burns and
wounds – moreover, lavender essential oil-imbedded so-
dium alginate nanofiber dressings to treat skin burns caused
by UV light. On animals the treated animals recovered fast
and had no skin inflammation. The treated animals also had
significantly lower levels of anti-inflammatory cytotoxins,

up to 10 times lower than untreated animals, 24 h after
treatment [124, 125].

4.17 Aleppo oak

Querqus infectoria (Aleppo oak) is high in tannins,whichmake
up 50–70% of its composition and have strong antimicrobial
properties. Q-infused PVA nanofibers. extract from infectoria
methanol.With an average diameter of 500 nm, the nanofibers
outperformed PVA films in terms of antimicrobial activity. The
electrospun nanofibers showed enhanced absorption of
moisture, enhanced antimicrobial activity, and regulated
release, rendering them useful for wound healing purposes.
The zones of inhibition for the nanofibers were 20mm against
P. aeruginosa and 18mm against S. Aureus [126].

4.18 European wine grape

Extracted from Vitis vinifera, which has potent antioxidant
qualities, with efficacy that is 20–50 times higher than that of
vitamins C or E. V-loaded silk fibroin nanofibers were pro-
duced using thewine extract. Silkfibroin is recognized for its
biocompatibility and biodegradability, enhancing collagen
production and promoting wound healing [127]. The study
found that adding PEO to the fibroin solution improved the
nanofibers’ mechanical properties. V. vinifera nanofiber
extract (3 %) showed remarkable potential for skin protec-
tion, tissue regeneration, and wound healing due to its su-
perior biocompatibility and increased cell attachment [128].

4.19 Chinese juniper

Chinese juniperus L., also called Juniperus chinensis, is a
native of East Asia and is frequently grown for aesthetic
purposes. Flavones, lignans, and terpenes are the threemain
chemical constituents that give it strong antibacterial, anti-
fungal, and anticancer effects [129]. PVA (polyvinyl alcohol)
mixed with chinensis extract for electrospinning. The
resultant nanofibers showed significant antibacterial activ-
ity against K. pneumoniae and S. aureus [130].

4.20 Beet

Nylon 66 skin scaffolds loaded with Beta vulgaris (beetroot)
extract. Beetroot is rich in polysaccharides, particularly
pectin, which has been traditionally used in Iranian medi-
cine for healing skin wounds. The resulting nanofiber
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scaffold had a tiny pore size and high porosity, ideal for skin
tissue engineering. Cell proliferation tests confirmed the
scaffold’s effectiveness in promoting skin tissue growth and
healing [131].

4.21 Little tree plant or mukkooti

Biophytum sensitivum is recognized for its anti-
inflammatory, antiseptic, and anti-diabetic properties.
Antimicrobial wound dressings were developed using PCL
nanofibers loaded with 10 % (w/w) B. sensitivum extract.
These nanofibers showed good water absorption, cell
compatibility, and water vapour transmission. The hybrid

membrane effectively inhibited the growth of S. aureus and
E. coli, with inhibition zones measuring 47 mm and 27 mm,
respectively [132] (Table 2).

5 Future perspectives

In recent times, nanotechnology in chronic wound care has
been on the cusp of revolutionary innovations and trans-
formative advancements. This field still has a lot of potential
with the development of nanotechnologies in this branch
and future progress waiting to revolutionize wound healing.
For example, the construction of Nanoengineered scaffolds

Table : Traditional medicinal plants and polymers used in electrospinning for skin wound healing, each offering unique properties and benefits.

Traditional medic-
inal plant

Polymer used Properties Wound healing effects References

Drumstick tree Polyacrylonitrile (PAN) Antimicrobial Enhance wound healing process []
Aloe vera Polyvinyl alcohol Antibacterial, anti-

inflammation
Enhance wound healing, improve skin elasticity []

Turmeric Polycaprolactone (PCL), poly-
ethylene glycol (PEG)

Anti-bacterial, anti-
inflammation, anti-oxidant

Reduce inflammation, enhance wound contrac-
tion skin regeneration

[]

Chamomile Polycaprolactone (PCL) Antibacterial Promote wound healing []
Henna tree Polycaprolactone (PCL), polyvi-

nyl alcohol (PVA)
Antimicrobial, anti-
inflammation, anticancer

Accelerate re-epithelization, enhance wound
healing by modulation immune response

[]

Woad Chitosan, polyethylene oxide
(PEO)

Anti-bacterial, anti-
inflammation,

Inhibit bacterial growth, tissue regeneration []

Fenugreek Polyethylene oxide (PEO) Antioxidant, anti-inflammation Enhance wound healing, accelerates re-
epithelization and collagen deposition

[]

Clove Polycaprolactone (PCL), polyvi-
nyl alcohol (PVA)

Antimicrobial, antioxidant, anti-
inflammatory

Reduce inflammation, reduce infection, accel-
erate wound healing

[, ]

Gurmar Chitosan Anti-bacterial, anti-
inflammation, anti-diabetic

Improve cell viability, compatibility, accelerate
wound healing

[]

Tea tree Polyvinyl alcohol (PVA) Anti-bacterial, anti-
inflammation,

Reduce bacterial infection and promote skin
repair

[, ]

Spade leaf Polycaprolactone (PCL) Anti-bacterial Improve cell proliferation []
St. John work Polycaprolactone (PCL) Anti-bacterial, antioxidant Reduce pain, and promote wound healing []
Catnip Chitosan, Polyvinyl alcohol (PVA) Antimicrobial, antioxidant, anti-

inflammatory
Reduce inflammation, enhance blood vessel and
improve skin repair

[]

Guanabana Muricata Antimicrobial, anti-
proliferation, anti-
inflammatory

Inhibit bacterial infection, skin regeneration []

Sorghum Polyphenols, flavonoids Antibacterial, antioxidant Promote skin repair []
Lavender Oil-imbedded sodium alginate Antibacterial, antioxidant, anti-

inflammatory
Support rapid wound closure []

Aleppo oak Polyvinyl alcohol (PVA) Antimicrobial Skin regeneration, accelerate healing process []
European wine
grape

Polyethylene oxide (PEO) Antibacterial, antioxidant, anti-
inflammatory

Tissue regeneration, reduce inflammation, pro-
mote wound healing, reduce oxidant stress

[]

Chinese juniper Flavones, lignans, and terpenes Antibacterial, antifungal, and
anticancer

Inhibit microbial growth, reduce pain and pro-
mote skin repair

[]

Beet Polysaccharides Antibacterial, Enhance wound healing []
Little tree plant or
mukkooti

Polycaprolactone (PCL) Anti-inflammatory, antiseptic,
and anti-diabetic

Inhibit bacterial growth, reduce inflammation and
promote healing

[]
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which form a three-dimensional structure resembling the
ECM to support cells involved in wound healing is in itself a
very archive [132]. Continuing developments in nanotech-
nology for wound healing involve new designs as well as
fabrication methods that promote new therapeutic ap-
proaches that are believed to change paradigms soon. The
increasing progression of nanomedicine as afield, it can only
open newer avenues of treatment against different diseases
and help in advancing the quality of patient care [133].

Currently, there are advancements in the use of nano-
technology along with artificial intelligence and personalized
medicine in the healthcare field. The use of big data can also
be used to transform nanoparticle-based therapies since AI
algorithms can determine how patients are likely to respond
to such treatments thus a customized approach to treatment.
This section offers an effective approach to chronic wound
management and paves theway for future directions thatwill
significantly improve the landscape of patient outcomes.

6 Conclusions

The complexity of wound healing is compounded by the
rapidly increasing number of different types ofwounds, posing
a significant global challenge. Traditional herbal medicines
have identifiednumerous plant extracts andphytoconstituents
known for their effective wound-healing properties. These
herbal plant phytochemical constituents have potential prop-
erties, including anti-inflammatory and antimicrobial agents.
To overcome current limitations of traditional herbal medi-
cine, emerging nanotechnologies and the development of
electrospinning nanofibers and potential breakthroughs.

To address patient’s needs, exploring nanotechnology in
chronic wound care reveals a vast domain of opportunities,
including the development of electrospinning nanofibers.
The introduction highlights the pressing need for advanced
therapeutic strategies in managing chronic wounds, setting
the stage for further investigation and discovery. Recently,
electrospinning nanofibers have demonstrated significant
promise in chronic wound healing and their treatments.
These nanofibers assess an ideal environment for cell
adhesion, reducing inflammation and re-epithelization,
thereby facilitating skin repair and promoting long-term
implications. In modern research, there is growing interest
in integrating AI and nanoengineered nanofibers, which
provides a glimpse of revolutionizing chronic wound man-
agement through innovative technologies.
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