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ABSTRACT

Polymeric nanofibrous membranes have emerged as a transformative material in wound care, providing enhanced
biocompatibility along with faster healing. However, pristine polymeric nanofibers (NFs) and single-drug-impregnated NFs
are insufficient to address the needs of chronic wounds. Thus, multi-component NFs are being extensively investigated for
improved wound care. This review introduces one such feasible hybridization of materials, namely ZnO nanoparticles, Tridax
procumbens, and Azadirachta indica, towards the realization of a nanofibrous wound-healing membrane. The review begins
with details on the bioactivity exhibited by these materials in their pristine form and then describes the benefits obtained by
their integration into the NF matrix. Next, the various electrospinning variants that enable the realization of different forms
of NFs from multiple constituents, the effects of process parameters, and drug incorporation methods are detailed. Further,
the characterization techniques and assays to be conducted for understanding the physicochemical characteristics and
bioactivity of the fabricated wound-healing membrane are described, along with the steps required for clinical translation.
Finally, a possible extension of the work towards the realization of a smart wound-healing system is presented. Notable NF
property enhancements achieved with multi-component NFs include a 2.9 = 0.5 MPa increase in tensile strength, a two-stage
drug release profile, and a 2- to 8-fold decrease in the viscosity of the spinnable solution, resulting in thinner NFs. Given its
depth of content, this review could act as a valuable resource for promoting the research and development of facile wound
dressings.
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1. INTRODUCTION

Electrospun nanofibers (NFs) have an ultrafine,
porous, lightweight fibrous structure, a large surface-
area-to-volume ratio, and high permeability. These
features enable their reliable use in biomedical
applications such as biosensors, wound care, tissue
regeneration, and drug delivery systems (Ghajarieh et al.
2021). NFs are produced using various electrospinning
methods tailored to specific applications. The concept of
electrospinning dates back to 1600, when William Gilbert
described the electrostatic attraction of a liquid (Hiwrale
et al. 2023). However, the first true electrospun nanofiber
was created in 1934, when Anton Formhals developed an
experimental process for producing nanoscale fibers
from cellulose acetate using electrostatic forces. In this
process, a spinnable polymer solution is ejected from a
rotating wheel into an electric field, which draws the
solution into a thin thread. A movable electrode plate
collects these threads. In the initial experiments,
Formbhals used a voltage of 57 kV and a polymer solution
of acetone and monomethyl ether (Islam et al. 2019).
Traditionally, nanofibers were spun from single

materials, resulting in homogeneous fibrous membranes.
While such structures are strong, they often fall short for
biomedical needs. Natural polymers provide
biocompatibility but lack sufficient mechanical strength
and tissue regeneration capabilities. Synthetic polymers
offer the necessary mechanical properties, and natural
extracts (as drugs) add bioactivity, such as antimicrobial
effects and tissue regeneration. Consequently, there has
been a shift towards combining different polymers and
natural extracts to create multi-material NFs (Xing et al.
2023). These multifunctional NFs can incorporate
nanoparticles to impart conductivity that mimics the
extracellular matrix (ECM), along with hybrid polymers
for enhanced mechanical stability, as well as drugs and
natural extracts to promote cell growth, thereby enabling
multiple functions (Hanumantharao and Rao, 2019).

1.1 Advantages of Integrating Nanoparticles and
Herbal Drugs in Polymeric Nanofibers

Multi-component NFs used as wound dressings
have demonstrated better wound healing and contraction
than single-material NFs. For instance, four wound
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dressings fabricated using green-synthesized copper
NPs, cellulose acetate, gelatin, marine chitosan, carbon
dots, acetone, and isopropanol were tested for their
wound healing efficacy. Results revealed that multi-
component NFs could achieve faster wound contraction,
epithelial tissue regrowth, and control of inflammation,
resulting in wounds returning to normal in 34 days in the
porcine model (Kota et al. 2025). The significant benefits
of using multiple components include: (i) enhanced
mechanical strength of the NF (Yadav et al. 2024), (ii)
better exudate absorption, moisture retention (Zhou et al.
2025), (iii) increased bioavailability of the natural extract
and drugs (Ajith et al. 2023), (iv) controlled drug release
kinetics (Li et al. 2021), (v) improved biocompatibility,
(vi) reduced inflammations (Ejiohuo et al. 2024) (vii)
reduced scarring (Ejiohuo et al. 2024), and (viii)
accelerated wound healing (Xie et al. 2013).

1.2 Significance of ZnO NP, Tridax Procumbens,
Azadirachta indica

ZnO nanoparticles are given GRAS status
(Generally recognized as safe) by the US Food and Drug
Administration (FDA) (Kumar et al. 2023). ZnO NPs
possess numerous pharmaceutical applications, including
antimicrobial and anticancer activities, UV protection (as
used in cosmetics), and wound-healing properties.
However, ZnO exhibits size-dependent cytotoxicity.
Specifically, ZnO NPs below 100 nm in size are prone to
releasing more Zn*" ions, which may increase oxidative
stress and lead to cell death (Yin ez al. 2015). Thus, ZnO
NPs larger than 100 nm are considered biocompatible
(Saadony et al. 2024). The inclusion of ZnO NPs in
nanofibers was demonstrated to increase their
mechanical strength (Rezaei et al. 2023; Nageh et al.
2022). Tridax procumbens L. is traditionally known and
experimentally proven to accelerate wound closure
(Verma et al. 2023). In addition, they possess
antimicrobial, antioxidant, and wound-healing efficacies,
which contribute to enhanced wound healing.
Azadirachta indica (commonly known as neem) is
known for its medicinal benefits and is predominantly
used in traditional medicine to treat numerous ailments.
Further, it is used for treating skin diseases, wounds,
ulcers, diabetic wounds, cancer, intestinal worms, urinary
disorders, tumors, cough, fever, and many more.
Primarily, A. indica leaf pastes were used for absorbing
exudate from wounds and are well-known to treat skin
wounds (Maan et al. 2017). It promotes tissue
regeneration by collagen production and fibroblast
support (Ashiq et al. 2025). Traditionally, 4. indica oil
and its leaf pastes have been used as topical applications
for wound healing (Sahni and Dubey, 2017). However,
with recent nanotechnology integration, its extracts and
oils have been incorporated into hydrogels, composites,
polymers, and nanofibers to realize improved wound-
dressing materials (Wylie and Merrell, 2022). In
summary, ZnO NPs are safe nanoparticles to use with
biomedical applications and could provide the required
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mechanical strength to the NF matrix. 7. procumbens
could accelerate wound contraction, and A. indica could
provide the required medicine for promoting healing.
These potentials inherent in ZnO, T. procumbens, and A.
indica have motivated the investigation of their efficacy
as a multi-component NF membrane for wound-healing
applications. Thus, this review aims to explore literature
findings that support the wound-healing efficacy of these
three constituents, along with the feasible methods of
integrating them into a multi-component NF. The
component combination, as well as the idea of realizing
them as an NF membrane for wound healing
applications, is novel to the best of our knowledge.

With this brief introduction, the rest of this
article is organized as follows: Section 2 details the
wound-healing efficacy of ZnO NPs, their potential in
NFs, and the challenges associated with integrating ZnO
NPs into NFs. Section 3 describes the phytochemicals in
T. procumbens and their potential when integrated with
NFs, while phytochemicals and NF integration of A.
indica are detailed in Section 4. Section 5 presents
various types of NF fabrication techniques and the effects
of process parameters on NF properties.

2.Zn0 NANOPARTICLES AND THEIR WOUND
HEALING POTENTIAL

2.1 ZnO NPs Antibacterial Mechanism

ZnO NPs inhibit bacterial growth in three
different ways: (i) by directly interacting with and
disrupting bacterial cells; (ii)) by generating reactive
oxygen species (ROS), which induce oxidative stress,
disrupt cell membranes, and damage DNA, ultimately
leading to bacterial death; and (iii) by releasing Zn?" ions,
which disrupt bacterial cell membranes (Qu ef al. 2025).
However, when integrating with polymeric, organic, and
inorganic materials, the properties of the resulting
material depend on the size and morphology of ZnO NPs
included. For instance, pyramidal ZnO NPs increase the
mechanical strength of the resulting NFs, while the star-
shaped ZnO NPs decrease it. Similarly, smaller diameter
ZnO NPs result in thick fibers, and larger particles result
in finer NFs (Rezaei et al 2023). However, major
challenges associated with the use of ZnO in biomedical
applications include: (i) concerns regarding its long-term
toxicity, (ii) the scalability of green synthesis methods,
and (iii) the need for optimized synthesis methods (Dey
et al. 2025).

2.2 ZnO Integration into Polymer Matrices and
Nanofiber Formation

Integrating ZnO NPs with different materials or
introducing morphological changes enables tailoring
their characteristics (Dejene, 2024). A summary of the
different ZnO variants and their properties and
bioactivities is presented in Table 1. It is found that
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including ZnO NPs with PVA and electrospinning them
resulted in NFs with improved wound-healing efficacy
(Dey et al. 2025). Similarly, a polycaprolactone—chitosan
solution containing curcumin and ZnO NPs (PCL-CS—
Cur-Zn0O), when electrospun, resulted in NFs with
diameters ranging from 100 to 212 nm. These NFs
demonstrated higher tensile strength and anti-bacterial
activity than native PCL—CS, resulting from ZnO and
curcumin, respectively (Mosallanezhad et al. 2022). In
addition, core-sheath structures of
polyacrylonitrile/hyper-branched polyester (PAN/HBPE)
loaded with ZnO NPs are electrospun to NFs. This
combination resulted in improving the air permeability of
the NF membrane as well as improving its antibacterial
activity and biocompatibility in comparison to native
PAN/HBPE NFs (Sun et al. 2023). Further, ZnO NPs in
cellulose acetate solution were electrospun to NFs, and it
was found that ZnO NP incorporation reduced solution
viscosity, which resulted in finer, thinner fibers with
stable ZnO dispersion (Voorhis et al. 2024).
Incorporation of ZnO NPs in PVDF matrix resulted in
adsorption and antiviral mechanisms (Nageh et al. 2022).
Further, ZnO NP-incorporated polyvinyl alcohol/sodium
alginate (PVA/SA) nanofibers demonstrated excellent
antibacterial and antifungal activities (Kenawy et al.
2025). Similarly, electrospinning polylactic acid—
gelatin—ZnO NP-loaded solution resulted in NF
membranes with excellent mechanical properties and
drug release kinetics (Ali and Habeeb, 2025). In addition
to electrospinning, ZnO NPs were surface-coated on
polymeric NFs to improve their bioactivity (Kayaci et al.
2013). The literature reveals that the incorporation of
ZnO NPs in NF membranes resulted in improving the
mechanical strength as well as improving their wound
healing efficacy. However, the size and shape of ZnO
NPs could impact the properties of the NF membrane.
Specifically, star-shaped ZnO NPs decreased the
mechanical strength of NFs compared to rod-shaped NPs
(Rezaei et al. 2023). Similarly, smaller ZnO NPs resulted
in thick NFs compared to larger ZnO NPs (Voorhis et al.
2024), and core-shell NFs enabled good adsorption (Sun
et al. 2023).

2.3 Challenges in Loading ZnO NPs to NFs

A potential challenge in the use of ZnO NPs
includes its toxicity (NP size-dependent toxicity),
potential introduction of oxidative stress and
inflammation, and photodegradation (Gulab et al. 2024).
Oxidative stress and inflammation can be reduced by
using ZnO NPs of the proper size. Literature reveals that
ZnO NPs below 100 nm diameter are prone to release
more Zn?" ions, which result in increased oxidative stress
and inflammation, resulting in cell death (Rezaei et al.
2023). Further, photodegradation effects can be reduced
by proper functionalization. Surface functionalization
could improve the biocompatibility of ZnO NPs, the
addition of stabilizing agents reduces particle
agglomeration when spun, and doping with other
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materials reduces their photodegradation and improves
their antimicrobial activity (Lebaka et al. 2025). In
addition to the properties of ZnO NPs, concerns arise
regarding the uniformity and efficacy of NF fabrication,
which depend entirely on the nature of the solution being
spun and the process parameters. Thus, this requires: (i)
careful optimization of electrospinning process
parameters, (ii) appropriate selection of the polymer
matrix, and (iii) choosing a biocompatible ZnO NP
morphology (Rezaei et al. 2023; Voorhis et al. 2024, and
Maduna and Patnaik, 2024). These studies highlight that
although the incorporation of ZnO into NF matrices can
improve mechanical properties, selecting an appropriate
ZnO NP morphology is critical to minimizing toxicity
and therefore requires careful consideration.

Table 1. ZnO variants: properties and bioactivity

. Biological
Reference Material Property Activity
Pyramidal Increased Better wound
Rezaei et al. rod ZnO mechanical .
healing than
2023 strength of star-like ZnO
(80-90 nm) PVA/CS NFs
Rezaei et al. Star-like ZnO Decreased Least wound
2023 (800-900 nm) mechanical strength healing
Improved
Rezaei et al. ZnO Enhances heat wound healing
2023 PVA/CS NFs resistance compared to
native ZnO
Mosallanezha PCL-CS—Cur— Improved tensile arllrt?g;cot\;i?al
detal 2022 ZnO NFs strength ..
activity
Exhibited the
Sun et al. PAN/HBPE/Zn Enhanced air required
2023 O NP NFs permeability biocompatibili
ty
Voorhis eral.  CA-PEO/zn0  Reduced solution
2024 NP viscosity, thin
fibers, stable ZnO
Exhibited
Nageh et al. adsorption and
2022 PVDF/ZnO NP antiviral
mechanism
Improved
Kenawy et al. SA/PVA/ZnO antibacterial
2025 composite NFs and antiviral
actions
. PLA/GA/ZnO Improved degree of  Potential drug
Ali and - A .
with naproxen crystallization and delivery
Habeeb, 2025 . . .
and meloxicam tensile strength. mechanism

3. TRIDAX PROCUMBENS
3.1 Phytochemicals and Healing Mechanism

T. procumbens (TP) is a rich source of
phytochemicals, which include alkaloids (N-containing
organic compounds), flavonoids (polyphenols), and
terpenoids. Flavonoids ensure antioxidant,
hepatoprotective, anti-cancer, antibacterial, and wound
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healing properties. Terpenoids are responsible for
reducing cholesterol, boosting immunity, and providing
antiparasitic, anti-inflammatory, anti-cancer, antifungal,
antiviral, antimutagenic, antioxidant, and anti-HBV
properties (Ingole et al. 2022).

Experimental studies revealed that ethanoic
extracts from 7. procumbens could inhibit Escherichia
coli, Proteus mirabilis, Staphylococcus aureus, and
Bacillus subtilis bacterial strains and could scavenge free
radicals in the DPPH assay. These results support their
antibacterial and antioxidant activity (Andriana et al.
2019). T. procumbens leaf pastes and extracts were
demonstrated to expedite wound contraction and the
epithelization period. Further, it was noted that
hydroxyproline content, protein, and DNA concentration
were higher in TP-treated animal groups, and there was
minimal to no difference in healing diabetic and non-
diabetic groups (Shrivastav et al. 2020). Another study
reported that the wound-healing mechanism of TP
primarily involves stimulating collagen synthesis and
modulating inflammation during healing. Wound
histopathology indicated fibroblast proliferation and
neovascularization. These results reveal that TP works in
the proliferation and remodelling stages of wound
healing (Yaduvanshi ef al. 2011). Fresh TP leaf juice is
traditionally used to stop bleeding and bring about wound
closure in cut wounds (Devi et al. 2014). These results
favour the use of TP along with anti-inflammatory drugs
for faster wound healing in post-surgical wounds.
Cellulose films synthesized from
carboxymethylcellulose (CMC) loaded with TP were
demonstrated to enhance wound healing. Specifically,
histopathology results revealed maximum fibroblast and
collagen fibers in the TP-treated mouse model
(Chinnappan et al. 2023). However, triterpenoid
derivatives from TP have demonstrated potential
cytotoxicity against cancer cell lines; no toxicity was
registered for oral administration of TP extract (25, 50,
100 mg/kg for 28 days) in animal models. These results
reveal the necessity of understanding the cytotoxicity of
TP (Ingole et al. 2022). The phytochemical constituents
and bioactivity of T. procumbens are presented in Fig. 1.

Wound healing mechanism

Accelerated wound closre

Proliferation and remodelling
stages

Phytochemicals
Flavonoids
Terpenoids
Alkaloids

Bio-activity
Anti-bacterial
Anti-oxidant
Anti-cancer

Challenges
Induced Inflammations
Less Adequate testing in NF matrix

)

Tridax Procumbens

Fig. 1: Phytochemicals and bioactivity of 7. procumbens
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3.2 Integration into Nanofibers

Immobilization of TP extract on
polycaprolactone  (PCL)  electrospun  nanofibers
exhibited good antibacterial efficacy. This enables their
use for wound healing with good infection control
(Suryamathi et al. 2019). Similarly, a bi-layered
nanofibrous membrane was spun from
polycaprolactone/polyvinyl alcohol-chitosan, and TP
(800 pg/mL) was infused into it by spraying. This
nanofibrous mat exhibited good bacterial inhibition
against E. coli and S. aureus. Further, it demonstrated
accelerated wound closure in the 1.929 cell line (Cheriyan
et al. 2025). In another experiment, biodegradable
polymer PVA is blended with methanolic TP extract in an
80:20 ratio, and the solution is electrospun to obtain a
nanofibrous mat for wound healing. This PVA/TP blend
was demonstrated to inhibit E. coli and S. aureus bacteria
effectively (Ganesan and Pradeepa, 2017). A summary of
various nanofibers fabricated with TP inclusion is
presented in Table 2. Comparing these studies reveals
that there is literature proof for the traditional use of TP
juice to stop bleeding and bring about rapid wound
closure (Devi et al. 2014). The use of TP-sprayed NF was
demonstrated to accelerate wound closure in 1929
fibroblast (Cheriyan et al. 2025). However, in most
experiments, extracts from TP have demonstrated
antioxidant and antibacterial activities. These studies
highlight that, in spite of being used for fast wound
closure, the potential of TP as a wound-healing drug still
remains underexplored and holds numerous research
opportunities.

Table 2. T procumbens in a nanofiber matrix for wound

healing
TP 3 q ‘Wound
Reference CN::"O(E?;;“ Inclusion B/l‘oclgg;:al Healing
omp Method vity Action
Suryamathi Immobilizat In_lprovefi
PCL-TP . antibacterial
etal 2019 ion N
action
ch U s Inhibition of Accelereged
eriyan et PCL/PVA- praying s woun
al. 2025 CS/TP and heating & catfiend closure in the
S. aureus L929 cell line
Ganesan and bl;?;ed Inhibition of
Pradeepa, PVA-TP blend Lo E. coli and
2017 solution is
S. aureus

spun

4. Azadirachta indica

Phytochemicals and wound healing: The
primary bioactive compounds in A. indica are triterpene
(Nimbin) and flavonoids. Nimbin exhibits anti-
inflammatory, antioxidant, antipyretic, antihistamine,
antifungal, and antiseptic properties (Islas ez al. 2020). A.
indica inhibits bacterial growth by disrupting the
bacterial cell wall and causing bacterial cell death.
Further, extracts from A. indica were found to: (i)
supplement natural antioxidant agents, (ii) exhibit
anticancer activity by modulating antitumour agents like
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p53, VEGEF, and bel2, and (iii) promote wound healing by
neovascularization (Alzohairy, 2016).

Specifically, neem possesses good antioxidant
activity and could scavenge free radicals in the wound
site, enabling enhanced proliferation of fibroblasts and
keratinocytes. This directly improves collagen synthesis
and re-epithelialization, which are important for wound
healing (Nasrine et al. 2023 and Acharya, 2025). It
clearly reveals that these extracts were supplementing the
naturally existing system and thus, are offering safe
bioactivity. However, increased concentrations of A.
indica extract were found to bring in vomiting, hepatic
toxicity, and metabolic acidosis (Alzohairy, 2016).
Further, extracts from A. indica fruit were demonstrated
to be a rich source of Vitamin E, and their hexane extracts
exhibited no acute toxicity (Baby et al. 2022). Owing to
its safe and potential antimicrobial activity, A. indica
extracts were widely investigated for use with cosmetics
and skin wound relief (Boukeloua et al. 2023). Further,
Nimbin and deacetyl-nimbin were demonstrated to
exhibit anti-inflammatory potential with antimicrobial
action (Sudhakaran et al. 2022). The phytochemicals and
bioactivity of 4. indica are shown in Fig. 2.

Phytochemicals Wound healing mechanism
Titerpene(Nimbin) ~~ —> | Distupting bacterial cellwall &
Flavonoids infibits cell rowth
Bioactivity \ Challenges
Anti-microbial — ) Negds adequate research and
Anti-inflammatory, Antioxidant testing

Azadirachta indica
(Negm)

Fig. 2: Phytochemicals and bioactivity of A. indica
4.1 A. indicaIntegration into Nanofiber

Inherent to its potential antimicrobial action and
minimal to nil toxicity, the incorporation of A. indica into
electrospun NF has been adequately investigated. For
instance, aqueous extract of A. indica was blended with
chitosan, alginate, and polyethylene oxide polymer
mixture, and the solution was electrospun to a
nanofibrous mat (CS—A—PEO-A. indica). This blend was
spun into nanofibers with a 120 nm diameter and was
demonstrated to possess antifungal and antioxidant
activity. In addition, the NF mat exhibited a biphasic drug
release kinetics (Hameed et al. 2022). Similarly, 4. indica
gum polysaccharides (NGP) incorporated into polyvinyl
alcohol crosslinked with glutaraldehyde vapors were
spun into nanofibrous mats. These NF membranes were
demonstrated to accelerate wound healing in a mouse

model (Rajora and Bal, 2023). In addition, SiC-TiO.—
graphene and A. indica extract in a PVA matrix were
electrospun to fabricate a nanofibrous mat. This SiC—
TiO>—graphene-A4. indica—PVA inhibited bacterial
growth with no cytotoxicity (Chowdhury et al. 2022). In
another experiment, PVA—A. indica—chitosan blend is
electrospun to form NFs with a maximum diameter of
298 nm and demonstrated to exhibit enhanced bacterial
inhibition. The fibers spun had 18.78 N tensile strength
and 4.98 mm elongation (Ali et al. 2019). Considering
the glutaraldehyde cross-linked, PVA/CS/tannic acid-
based nanofibrous membrane, they exhibited a tensile
strength in the range of 3 — 18 MPa (He et al. 2024).
Comparing the above two results reveals a reduction in
tensile strength in the case of PVA-A. indica—chitosan
nanofibers. This is because of the incorporation of natural
extracts in the polymeric blend (Ajith et al. 2023). In
another experiment, PVA, graphene, and 4. indica extract
were electrospun into nanofibers of diameter 276.9 nm.
These NF mats could inhibit both Gram-positive and
Gram-negative bacteria (Haque et al. 2023). Similarly, 4.
indica oil, polyesteramide (PEA), and polycaprolactone
(PCL) were electrospun to an NF mat of a diameter
ranging between 200 and 450 nm. These mats were
immobilized with transfluthrin (Tf) and demonstrated to
have sustained drug-release kinetics (Konchada et al.
2020). A summary of various wound-healing materials
incorporating A. indica into polymer matrices is
presented in Table 3. These studies highlight the
antibacterial and anti-inflammatory efficacy of A. indica
extracts and their reliable use for wound care applications
in the form of NF mats. A. indica was considered a safe
natural agent for healing wounds.

Table 3. A. indica integration with nanofibers

Nanofiber TP P Ao Significant
Refcrency Composition Inclusion il Ay Characteristic
Hameed ez CS-A-PEO- A. indica Antifungal, Biphasic drug
al. 2022 A. indica blend antioxidant activity release
Accelerated wound Improved
Rfrm@ NGP_PVA— Blend and healing rl?sultcd “:1 tensile sgcngth
1. 2023 glutaraldehyde spun Seme callligamen an
a fibroblast morphology of
formation NF
SiC-TiO>—
Choev;'i];ur graphene, 4. Blend and Antibacterial
y2()22. indica extract, spun activity
and PVA
Tensile
q q q strength =
Ali et al. PVA-4. Blend and Antibacterial
2019 indica—CS spun activit; L3I
naica pu ity Elongation =
4.98 mm
Haque et Graphve/:; A Blend and Antibacterial Fiber diameter
al. 2023 phel . spun activity 0f 276.9 nm
indica
A. indica oil-
Konchada PEA-PCL Blend and M it llent Fiber diameter
et al. 2020 with spun 0squito repetien 200 — 450 nm

transfluthrin
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5. FABRICATION OF NANOFIBERS

Nanofibers can be fabricated using several
methods, including electrospinning, directed assembly,
induced phase separation, template-assisted synthesis,
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fiber drawing, and centrifugal spinning. Although self-
assembly techniques allow the direct synthesis of multi-
component NFs, they are less productive, highly
complex, and costly. Phase separation methods offer
defined-size NF fabrications with minimal equipment,
but can be used only with specific polymers and cannot
produce long fibers, whereas template synthesis offers a
wide range of NF sizes, though template removal is
difficult. Drawing methods could only produce NFs with
a diameter of less than 100 nm, while centrifugal force
spinning offers a low-cost, high-throughput production
method but is limited by the difficulty in collecting NFs.
However, electrospinning has the ability to produce NFs
from the few nm to pm range, with high aspect ratio,
mechanical strength, and economic benefits. But
electrospinning is often affected by the instability of the
jet and limitations in pore size. Among these methods,
electrospinning is the most widely used top-down
method of NF fabrication (Anusiya and Jaiganesh, 2022;
Alghoraibi and Alomari, 2018).

5.1. Electrospinning and Its Variants

Electrospinning employs an electrostatic
potential for stretching a viscous polymer solution into
fibers of nanoscale dimensions. This method can be used
with synthetic polymers, natural polymers, polymer
blends, NP-loaded polymers, metals, and ceramics
(Alghoraibi and Alomari, 2018). Electrospinning enables
tailoring fiber structure and surface properties by tuning
various process parameters. There are numerous variants
in electrospinning, each capable of producing a specific
pattern of NFs with unique process-dependent properties
(Bhattarai et al. 2018; Reddy et al. 2021). A schematic
representation of a basic electrospinning setup is given in
Fig. 3.

5.1.1 Coaxial Electrospinning

Coaxial electrospinning enables the fabrication
of hollow/core-shell type fibrous membranes as opposed
to the single-nozzle traditional electrospinning method.
Such a fabrication is facilitated by the use of coaxial
nozzles, with a change in the spinneret structure. This
method enables the realization of a core-shell type fiber,
where including even non-spinnable precursors to the
fiber is possible. This method enables the realization of
more uniformly distributed NF architectures (Khan ef al.
2024). This method is more reliable for the fabrication of
composite nanofibers (Rathore and Schiffman, 2021).

5.1.2 Bubble Electrospinning (Gas Foaming)

Bubble electrospinning employs air or nitrogen
to form bubble-induced (multiple) cones, as opposed to
the single Taylor cone in traditional electrospinning. This
facilitates increased fiber production with comparatively
smaller fiber diameters. These methods are adequately
used for fabricating composite scaffolds, which are
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beneficial in tissue engineering applications (Erben et al.
2020; Yang et al. 2009).

Fibres
Syringe Polymer Solution
LU
oo
Syringe Pump
High Voltage e
Power Supply
Collector Plate

Fig. 3: Basic electrospinning setup (reproduced from
Bhattarai ef al 2018)

5.1.3 Gas-assisted Electrospinning

Gas-assisted electrospinning employs high-
velocity gas for accelerated fabrication of thin fibers.
This method is normally used to force and elongate fibers
from a single polymer cone, which enables faster
fabrication with up to 20-fold fiber thinning (Xu et al.
2023; Zhmayev et al. 2010).

5.1.4 Multi-jet Electrospinning

This is a common umbrella term used to
represent an electrospinning technique that is capable of
producing nanofibers at a rapid rate by inducing multiple
polymer jets at the same time. This fabrication approach
is achieved by modifying the electrospinning system.
These modifications include using multiple spinnerets
with single jets, splitting a single jet into multiple jets
(e.g., via gas foaming), and employing multiple
spinnerets with multiple jets. These methods enable
faster fabrication; however, careful handling is required
to maximize their benefits (Zheng et al. 2020,
SalehHudin ef al. 2017).

5.2. Factors that Influence NF Properties

In addition to the type of electrospinning,
process parameters play a major role in determining the
nanofiber properties. These process-dependent factors
are generally of two categories: (i) related to the
electrospinning method and (ii) related to the solution
properties. The various process-related parameters that
influence NF properties are: (i) strength of applied
voltage, (ii) flow rate, (iii) capillary collector distance,
(iv) orifice diameter, and (v) gas temperature, velocity,
and pressure, when gas-assisted electrospinning is
considered (Refate et al. 2023). In addition, considering
the solution, parameters such as solution concentration,
viscosity, molecular  weight, surface tension,
conductivity, surface charge density, and solvent
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volatility have an impact on the spun NF (Barata et al.
2025). These parameters should be carefully adjusted for
spinning out a uniform and homogeneous NF membrane.

5.3. Drug Incorporation Methods

Drugs can be incorporated into nanofibers using
several methods: (i) blending, which involves dissolving
or dispersing the drug and other constituents in a
polymeric solvent, followed by electrospinning, resulting
in the drug being embedded within the nanofibers, (ii)
drug-loaded nanocarriers, where nanocarriers are added
to the polymeric solution and attach to the surface of the
nanofibers, (iii) core—shell nanofibers, in which the drug-
loaded polymer acts as the core and is spun with another
polymer forming the shell, enabling controlled drug
release, and (iv) post-treatment methods, in which drugs
are incorporated onto spun nanofibers using techniques
such as surface immobilization/adsorption, spraying, or
coating (Torres et al. 2018 and Gaydhane et al. 2023).
Electrospinning a drug-included polymeric blend enables
the entrapping of drugs and nanoparticles in the pores of
the nanofiber matrix. Post-treatment drug incorporation,
that is, adsorption of the drug onto the NF matrix through
dip-drying or solvent casting, enables the dispersion of
nanoparticles or natural drug molecules within the
nanofiber matrix through electrostatic interactions. Both
these methods enable sustained drug release and enable
bioavailability of natural drugs; however, they differ in
the force binding the NPs to the NF surface. However,
incorporation of drug/NPs in the core of coaxial NFs
enables the encapsulation of drugs, facilitating controlled
as well as sustained drug delivery. Encapsulated drugs
get released based on some condition/stimuli, which
imparts control to drug delivery (Shetty et al. 2022).
Based on the requirements of a wound dressing and
solvent compatibility, a specific method is chosen for
adding drugs to the NF matrix.

6. SYNERGISTIC EFFECTS OF MATERIALS:
MULTI-COMPONENT NANOFIBERS

Multi-component NFs are composed of two or
more distinct materials, such as polymers, drugs, NPs,
and metals, to harvest the synergistic benefits of their
ingredients. Such a multi-component NF showcases
multi-faceted properties, such as improved mechanical
strength,  wound-healing efficacy, antimicrobial
functions, and sustained drug release. For instance, a bi-
layered nanofibrous mat was spun out using polyvinyl
alcohol/chitosan/collagen/licorice in order to harvest the
synergistic effects of the biopolymers used in it. Such an
experiment examined the  functional  bonds,
morphological features, antibacterial activity, and
moisture retention behavior of the NF membrane to
verify its characteristics. FTIR revealed the presence of
peaks corresponding to its constituents, and SEM images
revealed NF diameter ranging between 188 and 219 nm.
Moisture management studies showed that the nanofibers
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exhibited slow adsorption and drying capabilities, while
disk diffusion assays confirmed their antibacterial
activity against both Gram-positive and Gram-negative
bacteria. These findings demonstrate the synergistic
effects arising from the NF constituents (Shahid et al.
2022). Similarly, a blend of grass pea protein isolate,
sumac extract, and polyvinyl alcohol was electrospun
into a nanofibrous membrane, exhibiting strong
antimicrobial action and antioxidant potential (Rezaei et
al. 2024). There are numerous studies on fabricating
drug-loaded nanofibrous mats in order to harvest the
synergistic effect of drugs as well as the polymers in them
(Sethuram and Thomas, 2023). Integrating multiple
components in a nanofibrous matrix enables multi-
faceted functions that facilitate their use as potential
tissue and bone regeneration scaffolds. However, these
scaffolds incorporate biodegradable materials, allowing
safe removal once their intended functions are fulfilled
(Serim et al. 2024). The integration of biopolymers,
biologically active agents, and nanoparticles imparts
synergistic properties to the fabricated nanofiber
(Prabhakaran et al. 2011; Hanumantharao and Rao,
2019). These hybrid blends of specific materials have
shown promising results in the development of scaffolds
for bone, ocular, liver, neural, cartilage, ligament, tendon,
skin, and vascular tissue regeneration (Owida et al.
2022). Advancements in electrospinning techniques
remain the cornerstone for these developments (Rahmati
et al. 2021). Although the examples cited in this section
differ from the components of interest (ZnO NPs, A.
indica, and T. procumbens), they demonstrate that multi-
component nanofibers can exhibit synergistic properties
derived from their constituents. Such nanofibers are in
demand for tissue regeneration  applications.
Furthermore, these findings signify that the components
selected for multi-component NF fabrication should align
with the desired properties required from the nanofibers.

7. CHARACTERIZATION TECHNIQUES AND
BIOACTIVITY TESTING

For the fabrication of a wound-healing
nanofibrous mat, the next step is to evaluate the
membrane. This involves (i) confirming the integration
of its constituents, (ii) characterizing the membrane
properties, and (iii) assessing its bioactivity. Various
characterization techniques (Kaliva and Vamvakaki,
2020; Mourdikoudis ef al. 2018) and bioactivity assays
(Ahmad, 2022) were conducted for the validation of the
efficacy of the wound-healing material. Table 4 lists the
structural and mechanical characterization techniques
and biological activity tests conducted for understanding
and verifying the NF membrane’s properties and wound
healing efficacy. Specifically, SEM results help in
understanding the membrane morphology (Akhtar and
Zuhair, 2025), and XRD helps in finding the crystalline
nature of the material (Akhavan and Mirbagheri, 2024;
Riasvand et al. 2019). FTIR enables understanding the
functional groups present in the sample (Wang et al. 2019
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and Nandiyanto et al. 2023), while UV-Vis spectroscopy
provides insight into electronic transitions and particle
size (Arif et al. 2024 and Quevedo et al. 2021). All these
techniques facilitate understanding the structural
properties of the sample. While thermogravimetry
analysis (TGA) helps in finding the thermal stability and
degradation mechanism of the material (Thayyullathil ez
al. 2025 and Rami et al. 2021), tensile testing helps in
finding the tensile strength of the material (Kaliva and
Vamvakaki, 2020). The swelling test evaluates their
moisture retention and stability (Lee et al. 2016). These
three tests provide insight into the mechanical properties
of the sample. However, the biological activity of the NF
membrane could be verified by a series of bioactivity
tests. They include testing for antimicrobial activity by
disc diffusion test or agar-well diffusion test (Bayot and
Bragg, 2025); antioxidant activity is often tested by
DPPH assay (Shahidi and Zhong, 2015). Cell viability is
tested by MTT assay (Gavanji et al. 2023), and wound
healing potentials are tested in vitro by scratch tests
(Bolla et al. 2019). Drug release rates are quantified by
dissolution studies (Gomez et al. 2024). However, in
practice, these in vitro tests are often complemented by
in vivo animal tests (Ahmad, 2022).

8. TRANSLATIONAL POTENTIAL AND
RESEARCH TRENDS

To facilitate the smooth transfer of technology,
specifically, the clinical use of a wound-healing mat from
the laboratory to the clinic, it is essential to ensure that all
regulations are met and the material complies with
relevant standards. Key considerations for proper
technology transfer are outlined below.

8.1 Preclinical Studies for Effective Technology
Transfer

Ensuring biocompatibility and safety are the
primary requirements for effective technology transfer
from lab to clinic. This can be ensured by adequate
laboratory testing and conducting preclinical studies to
understand the outcomes in clinical setups (Nguyen et al.
2023).  Further, multi-component wound-healing
materials could promote wound healing across multiple
stages of the process; their functions are complex, and
this necessitates adequate testing for their clinical
translation (Liu et al. 2023). Recent studies have
demonstrated the use of simulated wound fluids to test
wound-healing materials, providing more reliable
evidence to support clinical trials (Nygren et al. 2025).
These examples underscore the importance of thorough
testing and preclinical evaluation for effective
technology transfer.

8.2 Industrial Scale-up and Commercialization

Electrospinning for large-scale production was
initially demonstrated with multi-spinneret machines
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(Kolbasov et al. 2016). However, fiber diameter
uniformity was difficult to achieve with these machines.
Despite technological advancements and manufacturing
processes that enable high throughput, producing stable,
uniform-diameter NFs at low cost remains challenging.
This is because of the technical difficulties, such as
clogging of needles by polymer solutions and mutual
interference of the electric fields applied. To overcome
these difficulties, even needleless electrospinning
techniques have emerged. For instance, a free-liquid-
surface electrospinning was demonstrated to achieve a
production capacity of 13.7 g/h with minimal fiber

diameter variation (Xiong et al. 2021).

Table 4. Characterization techniques and tests

Reference Equipment/Test Properties Found
Akhtar and Zuhair, Mor‘phology of the
SEM material, thickness,
2025
shape
Akhavan and Crystal structure,
Mirbagheri (2024); crystalline grain size,
X XRD ..
Riasvand et al. and composition of
(2019) materials
Wang et al. (2019);
Nandiyanto ez al. FTIR Material Composition
(2023)
Arif et al. (2024); Optical properties,
Quevedo et al. UV-Vis particle size,
(2021) agglomeration state
Thayyullathil et al. e
(2025): Rami et al. TGA Thermal stability of the

(2021)
Kaliva and
Vamvakaki (2020)

Lee et al. 2016

Bayot and Bragg,
2025

Shahidi and Zhong,

2015

Gavanji et al. 2023

Bolla et al. 2019

Goémez et al. 2024

Ahmad, 2022

Tensile testing

Swelling and expansion
tests

Disc diffusion and agar
well diffusion methods

DPPH assay

MTT assay (in vitro cell
culture)

Scratch testing (in vitro
cell culture)

In vitro dissolution
study

In vivo testing in animal
models

material

Mechanical strength
and properties

Wound exudate
absorption capability

and moisture retention

Antibacterial, antifungal
activity

Antioxidant activity
testing

Cell viability testing

Wound healing
measurement

Drug release
quantification

To study wound healing

8.3 Future Research Trends

Multifunctional wound dressing incorporating
biopolymers, drugs, and nanoparticles aims to promote
wound healing across multiple stages of wound healing
in order to facilitate accelerated healing of chronic
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wounds (Raju et al. 2022). Further, the use of smart
stimuli-response materials and self-healing materials
could promote wound dressings to sense and react to
wound conditions. Further, such self-degradable
materials could provide transient supporting functions
and degrade after the wound heals (Dong and Guo,
2021). Such self-regenerating materials are the potential
candidates for future wound-dressing materials and thus
carry significance (Ghomi et al 2019). However,
integrating such wound dressing with biocompatible,
flexible electronics could facilitate wound monitoring
and precise, targeted drug delivery (Jiang et al. 2023).
Thus, future wound dressings will offer a holistic
approach, encompassing the promotion of wound
healing, real-time monitoring of wound status, and
closed-loop, feedback-based customization of drug
delivery in wound care.

9. CONCLUSION

This review presented the biological activity
exhibited by three materials, namely, ZnO NPs, Tridax
procumbens extract, and Azadirachta indica extract,
along with their nanofiber integrations. In addition,
various nanofabrication methods and their advantages
and limitations are discussed. This synthesis reveals that,
the primary challenges in integrating nanoparticles and
natural drugs into nanofibrous membranes include: (i)
selecting biocompatible nanoparticles; in the case of ZnO
NPs, particle size and shape greatly affect the safety and
stability of the membrane; (ii) natural drugs often suffer
from poor bioavailability; however, their incorporation
into nanofibers can improve bioavailability; (iii)
incorporation of natural drugs into polymeric blends may
reduce the mechanical strength of nanofibers; and (iv)
selecting appropriate fabrication processes, materials,
and process parameters to achieve the desired functions
and properties. These multi-component NFs should be
thoroughly evaluated to wvalidate their performance,
including structural and mechanical characterization as
well as bioactivity testing. Despite these benefits, large-
scale manufacturing of NFs remains challenging due to
technical issues such as polymer solution clogging in the
spinneret and electric field interference, which lead to
non-uniform fiber diameters. However, multi-component
NFs are in high demand for use as wound-healing
materials and tissue regeneration scaffolds. In the future,
multi-component nanofibers could be integrated with
flexible electronics to enable real-time monitoring
capabilities.
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