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Abstract

Wound dressings prevent complications such as infections and potentially severe out-
comes, including death, if wounds are left untreated. Wound dressings have evolved
from rudimentary coverings made from natural materials to sophisticated, functionalized
dressings designed to enhance wound healing and support tissue repair more effectively.
These materials are often referred to as scaffolds in the literature, with wound dressing
scaffolds intended to interact with native skin tissue and support tissue regeneration,
whereas conventional wound dressings are designed primarily to protect the wound with-
out directly interacting with the underlying tissue. However, there is a functional overlap
between these categories, and the boundary is often blurred due to the increasing multi-
functionality of modern wound dressings. This review will focus on developing wound
dressings (scaffolds or not) based on fibers, their properties, and applications. Advances
in nanomedicine have highlighted significant improvements in wound care by applying
electrospun nanofibers that mimic the natural extracellular matrix. Therefore, this review
explores recent advances in wound healing physiology, highlights nanofiber-based wound
dressing materials developed through electrospinning, and distinguishes conventional
dressings from multifunctional wound dressing scaffolds.

Keywords: wound healing; electrospinning; natural polymers; synthetic polymers

1. Introduction

Electrospun fibers are gaining attention in the advancement of wound dressings. Their
high surface area and surface-to-volume ratio make them outstanding platforms compared
to conventional fibers. Electrospun fibers are created from polymer solutions or melts, often
resulting in nanoscale fibers with appropriate mechanical and biological properties [1].

Synthetic biopolymers are materials used to build matrices for fiber fabrication due to
their superior mechanical properties compared to natural biopolymers. However, these
materials present limitations. For instance, synthetic polymers such as polyesters are
often hydrophobic and lack adequate biocompatibility because they do not mimic extra-
cellular matrix (ECM) components, such as polysaccharides, glycosaminoglycans, and
proteoglycans [2].
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On the other hand, natural biopolymers, such as proteins and polysaccharides, provide
biocompatibility by mimicking the chemical composition of the extracellular matrix of
tissues [3]. Nevertheless, they often fail to produce durable fibers due to their limited
mechanical properties and water solubility. Therefore, a common strategy is to combine
natural and synthetic biopolymers to form polymer blends [2]. Alternatively, synthetic
polymers can be electrospun and subsequently functionalized with natural biopolymer
coatings, or water-soluble biopolymers can be electrospun and then crosslinked to achieve
stability and applicability [3-7].

The main challenge is modulating wound dressings’ biocompatibility and mechanical
properties [8-10]. Another critical challenge is the development of wound dressings with
antimicrobial activity. This property often requires incorporating additives, especially
metallic compounds, drugs, or surfactants [5,6]. Electrospun fiber-based wound dressings
must exhibit antimicrobial properties, as wounds are entry points for bacteria into the body
and may lead to severe infections [11-15].

An effective electrospun wound dressing should meet several critical criteria:
(1) possess antimicrobial activity, (2) have desirable mechanical properties, and (3) ex-
hibit biocompatibility to support cell growth and tissue repair [16-19]. Therefore, this
review highlights recent advancements in developing electrospun wound dressings to
achieve these three required properties. Section 2 presents the fundamental aspects of
wound healing and material requirements; Section 3 discusses the role and importance
of wound dressings; Section 4 focuses on fiber production and explains why electrospun
fibers are promising candidates for wound dressing applications; Section 5 highlights the
main synthetic and natural polymers used to produce electrospun fibers with the necessary
properties for wound healing; Section 6 provides a classification of nanofiber-based wound
dressings; Section 7 explores the application of nanofiber dressings for different types of
wounds; Section 8 reviews current clinical trials; Section 9 discusses limitations and critical
challenges in the field; Section 10 presents the conclusions, and Section 11 outlines future
trends and directions for research.

2. Fundamental Aspects
2.1. Skin Structure

The assessment of a wound’s severity can be achieved through an understanding of
the skin’s structure, the epidermis, dermis, and hypodermis (Figure 1) [4,5]:

1.  Epidermis: Itis the outermost layer of the skin, comprising keratinocytes, melanocytes,
Merkel cells, and Langerhans cells. These cells play crucial roles in protection, pig-
mentation, sensation, and immune response.

2. Dermis: It lies just beneath the epidermis and includes sweat glands, hair follicles,
sebaceous glands, and an extensive network of lymphatic and blood vessels. These
components support the skin’s flexibility and resilience, allowing it to withstand
pressure and stress.

3. Hypodermis: It is not technically part of the skin; the hypodermis, or subcutaneous
tissue, occurs below the dermis. It consists of fibroblasts, adipocyte cells, macrophages,
and nerves. This layer connects the dermis to essential muscles and bones, providing
structural support and insulation.

Understanding these layers is essential for evaluating wound characteristics and
guiding appropriate treatment strategies.
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Figure 1. Structure of human skin, composed of three main layers, including the epidermis (outermost
layer), the dermis (middle layer), and the hypodermis (deepest layer). Reprinted from Ref. [4].

2.2. Skin Damage

Skin damage can arise from physical, thermal, electrical, or mechanical sources, result-
ing in wounds that disrupt the function and anatomical structure of the skin. These factors
influence the classification of wounds, including healing time, depth, causative agents, and
the mode of injury (Figure 2) [6,20-23]:

Classification of Wound
r T I L L L 1 1
Healing Depth of o S Mode of ‘Wound
Time | Wound | Complexity | Cause | Contamination | njury | Tissue
A Cute Superficial Simple Traumatic Clean Abrasion C"E::ﬁ“
- Deep q c - Green
Chronic Dermal Complex Iatrogenic Clean/ Contaminated Ulceration e
Full - = . e Yellow
Thickness Corplicaed L g L Coloration
Dirty Lacerations ColElf:ﬁnn
" Pink
Degloving Coloration

Figure 2. Different classifications of wounds based on the healing duration, wound depth, complexity,
cause, contamination, type of injury, and wound tissue.

I. Healing Time and Wound Types

e Acute Wounds: These often result from injury, burns, and surgery and are expected to
heal within eight to twelve weeks, depending on the wound'’s size and severity. Acute
wounds are classified into traumatic and surgical.

e  Chronic Wounds: These heal within twelve weeks or more. Chronic wounds are
often associated with poor blood flow, diabetes, persistent local pressure, tumors,



Fibers 2025, 13, 100

40f72

infections, or compromised blood circulation. Common types of chronic wounds
include bedsores (pressure ulcers), diabetic ulcers, and foot ulcers.

II. Depth of Wounds: Wounds can also be classified based on their depth:

e  Superficial Wounds: Affect only the epidermis.

e  Deep Dermal Wounds: Extend into the dermis.

e  Full-Thickness Wounds: Penetrate through the epidermis and dermis, reaching the
hypodermis.

IIL. Causative Agents: Wounds are further categorized by their causative agents:

e  Traumatic Wounds: Result from external force or injury.
e Jatrogenic Wounds: Arise from medical procedures or interventions.
e  Burns: Caused by exposure to heat, chemicals, or electrical sources.

IV. Wound Classification by Cleanliness: Based on postoperative infection risk,
wounds are classified into four categories [24-26]:

e  (Clean Wounds (Class 1): Incisions made under sterile conditions with minimal risk of
infection.

e Clean/Contaminated Wounds (Class 2): Surgical wounds that involve organs or
systems where contamination is controlled.

e Contaminated Wounds (Class 3): Wounds with a higher risk of infection due to
exposure to contaminants.

e  Dirty Wounds (Class 4): Wounds with established infection or significant contamina-
tion.

V. Mode of Injury: Wounds are also classified by the mode of injury:

Abrasion: Superficial damage where the skin is scraped or rubbed off.
Incision: Clean, straight cuts typically made by sharp objects.
Laceration: Irregular, jagged tears in the skin.

Degloving: Severe injury where the skin is peeled away from the underlying tissue.

VI. Color of Contaminated Tissue: The appearance of the wound can also be catego-
rized by the color of the tissue present [4-7]:

e  Black (Necrotic Tissue): Indicates dead tissue that must be removed for healing
to progress.

e  Green (Infected Tissue): Signifies the presence of infection.

e Yellow (Sloughy Tissue): Characterized by a moist, yellowish tissue often associated
with inflammation or infection.

e Red (Granulating Tissue): Represents healthy new tissue forming in the
healing process.

e  Pink (Epithelial Tissue): Indicates newly formed skin tissue covering the wound.

Understanding these classifications aids in effectively assessing and managing
wounds, guiding appropriate treatment strategies to optimize healing and recovery.

2.3. Wound Infection and Pain

Microorganisms, such as bacteria and fungi, can significantly impair the host’s natural
immune system and induce infections in injured areas. Streptococcus pyogenes (S. pyogenes),
Staphylococcus aureus (S. aureus), Pseudomonas aeruginosa (P. aeruginosa), and particularly
Clostridium species are prominent bacterial pathogens that cause delayed wound healing.
Additional factors contributing to wound infection include hypoxia, ischemia, and immune
deficiencies, which may be induced by viral infections or chemotherapy [27].

Neglecting proper wound care can lead to severe consequences, including fatalities
resulting from bacteremia and septicemia [28]. In healthy individuals, microorganisms
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may proliferate on the surface of a wound without eliciting an immune response or clinical
symptoms. However, when the colonization of microorganisms penetrates the host’s living
tissues, a series of local and systemic responses is triggered [29]. This invasion can result in
purulent discharge, symptomatic cellulitis, and subsequent soft tissue injury [30].

It has been documented that the formation of bacterial biofilms is a critical factor in
delayed wound healing, attributed to the high microbial load at the wound site [29]. Burn
wounds, in particular, are highly susceptible to contamination, with approximately 75% of
such wounds being prone to infection. This susceptibility is due to microorganisms already
present in sebaceous glands and hair follicles, and the frequent presence of P. aeruginosa
and S. aureus [31].

Chronic wounds are more vulnerable to infection compared to acute wounds. This
increased susceptibility occurs due to leukocyte migration and reduced phagocytic activity
in the presence of microbial biofilm [32]. The infections and biofilm in chronic wounds
impart a challenging environment for effective healing, necessitating medical interventions
and antibiotics to treat infections.

Effective pain management is essential for the patient’s recovery. Excessive pain
can impede the healing process by causing the accumulation of stress hormones induced
by anxiety, resulting in prolonged physical and mental burdens and extended hospital
stays [33]. It is essential to address each patient’s expression of pain individually, as pain
perception varies greatly and is subjective, rather than relying solely on clinical assessments.

There are two primary types of wound pain: nociceptive and neuropathic pain. Noci-
ceptive pain is a natural physiological response to tissue damage. This type of pain typically
resolves within a specific period; however, the inflammatory response may be prolonged if
the healing process is delayed. In such cases, patients may experience primary hyperalgesia
(heightened sensitivity at the wound site) and secondary hyperalgesia (increased sensitivity
in the surrounding tissues) [34].

On the other hand, neuropathic pain is associated with nerve damage, which may
occur due to a primary lesion. This pain is primarily linked with infections and cancer and
can result in chronic pain over an extended period [35]. Skin transplants can also cause
severe pain because of the exposure of nerve endings during skin harvesting, necessitating
management at the wound sites [36].

Primary hyperalgesia, caused by prolonged inflammation or repeated stimuli to the
wound and surrounding area, may be treated with a combination of nonsteroidal anti-
inflammatory drugs (NSAIDs) and mild opioids [35]. NSAIDs reduce local inflammation,
while opioids modulate pain at the spinal cord level. Wound dressings serve two funda-
mental functions: covering the wound to prevent infection and alleviating pain by reducing
the bacterial contact and the inflammatory response [36].

Topical drug delivery to the wound site is preferred for pain alleviation, as oral
medications can take several days to provide significant relief. Ibuprofen, in particular,
has been extensively studied for its local pain reduction effects [37]. Arapoglou et al.
(2011) designed a foam dressing loaded with ibuprofen and compared its effects with local
best practices on various wound types [38]. Based on patient scores, their study reported
significantly higher pain relief with ibuprofen-loaded foam dressings. They concluded that
ibuprofen should be applied to acute and chronic wounds for pain reduction, indicating
that pain relief with ibuprofen could be an alternative to pain treatments [38].

2.4. Wound Healing Stages

Wound healing progresses through four stages: hemostasis, inflammation, prolifera-
tion, and remodeling (Figure 3). Understanding these stages is important to identify factors
that can prevent healing:
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Figure 3. Wound healing steps: (a) hemostasis step, (b) inflammation step, (c) proliferation step,
(d) remodeling step. Reprinted from Ref. [39].

2.4.1. Hemostasis

This is the immediate response to injury, crucial for halting blood loss and maintaining
the function of other organs. This phase involves the formation of a temporary scaffold
plug (Figure 3a). The process begins with microvascular lesions, leading to vasoconstriction
mediated by neuronal reflexes, which minimize blood loss from the arterioles. The initial
response to skin injury involves the accumulation of thrombocytes (platelets) and inflam-
matory cells, which adhere to structural proteins such as collagen within the extracellular
matrix [39]. Thrombocytes release a range of proteins, including thrombospondin, von
Willebrand factor (vWF), sphingosine-1-phosphate, and fibronectin. These proteins enhance
platelet activation and the subsequent release of growth factors such as insulin-like growth
factors (IGF), platelet-derived growth factor (PDGF), interleukin 1 (IL-1), and transforming
growth factors (TGF-a and TGF-3). These factors are essential for wound healing beyond
the hemostatic phase. The secretion of clotting factors promotes the deposition of a fibrin
matrix, stabilizing the temporary scaffold plug [40]. This scaffold provides an environment
for the subsequent stages of healing by facilitating the recruitment of fibroblasts, leukocytes,
keratinocytes, and endothelial cells. It serves as a reservoir of growth factors. Additionally,
by releasing chemical signals, thrombocytes influence the migration of leukocytes from
blood vessels to the injury site. Research by Zhang et al. explored the drug release prop-
erties of captopril-loaded poly (lactic-co-glycolic acid) (PLGA) biodegradable nanofibers.
Captopril is known for its vasodilatory effects, which can further support the hemostatic
and healing processes [41].

2.4.2. Inflammation

It plays a critical role in wound healing by recruiting leukocytes to the injury site by
activating various mediators and chemotactic factors. This phase typically spans 24 to 48 h
post-injury, with the complete resolution of inflammation generally occurring within three
days. Critical signs of inflammation include the release of enzyme-filled fragments by mast
cells, such as histamine. Histamine acts as a mediator by inducing vasodilation, facilitating
the efficient migration of neutrophils to the wound site, as illustrated in Figure 3b. The
increased blood flow and swelling observed at the wound site indicate inflammation re-
sulting from the accumulation of interstitial fluid. Neutrophils, the primary responders
in the inflammation phase, work to eliminate foreign bodies, pathogens, dead cells, and
damaged matrix components through phagocytosis [42]. They also release proteinases and
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antimicrobial substances to cleanse the wound further. Thrombocytes release chemical
signals that attract neutrophils to the injury site, promoting their adherence to endothelial
cells and facilitating their migration via cell adhesion molecules. Following 48 h of injury,
cytokines, growth factors, and chemokines stimulate the migration of monocytes and lym-
phocytes, which differentiate into macrophages. Macrophages are crucial in phagocytosing
surviving pathogens, necrotic tissue, and debris, initiating granulation tissue formation.
While macrophages and neutrophils are involved in clearing debris, macrophages are more
effective in proteolytic degradation. Macrophages and inflammatory cytokines (e.g., TNF-c,
transforming growth factor-beta (TGF-f3), and platelet-derived growth factor (PDGF)) pro-
duce growth factors (e.g., vascular endothelial growth factor (VEGF), transforming growth
factor-alpha (TGF-«), hepatocyte growth factor (HGF), and others) that are essential for the
subsequent proliferation phase and growth of fibroblasts, endothelial cells, and other cell
types after an inflammation response. The phagocytosis of neutrophils by macrophages
and the subsequent reduction in inflammatory cells signal the transition to the proliferation
stage [40]. Research by Merrell et al. demonstrated that curcumin-loaded polycaprolac-
tone (PCL) nanofibers present potential for wound dressing applications [43]. Curcumin
is noted for its antioxidant, antimicrobial, and anti-inflammatory properties, enhancing
wound healing.

2.4.3. Proliferation

The proliferation phase of wound healing transforms the temporary scaffold plug
into a more durable tissue plug, encompassing sub-stages such as angiogenesis, tissue
formation, re-epithelialization, and wound contraction (Figure 3c).

i Angiogenesis: Involves the formation of new blood vessels. Endothelial cells bind
to growth factors via their receptors, initiating the migration and proliferation of
these tissues. The basal lamina must be dissolved by proteolytic enzymes released
by the activated endothelial cells, a process known as sprouting. These sprouts
form interconnected channels, which are stabilized by smooth muscle cells and
pericytes [44]. Once blood flow is established, angiogenesis is considered complete.
This process supplies the wound with oxygen and nutrients for the subsequent
granulation tissue formation [45].

ii. Granulation Tissue Formation: Granulation tissue, composed of capillaries and
fibroblast cells, supports new tissue growth. The newly established blood ves-
sels supply essential nutrients and oxygen, which support the re-epithelialization
process [46].

iii. Re-epithelialization: In this sub-stage, fibroblasts produce growth factors such as
hepatocyte growth factor, keratinocyte growth factor, and epidermal growth factor,
which stimulate keratinocytes to migrate and proliferate across the wound bed.
This process leads to a new epithelial layer over the wound [47].

iv. Wound Contraction: Myofibroblasts, a combination of fibroblasts and smooth
muscle cells, play a key role in wound contraction. These cells pull the edges of the
wound together, facilitating closure. This contraction reduces the wound’s size [48].

Research by Xie et al. highlighted the use of chitosan nanofibers incorporated with
vascular endothelial growth factor (VEGF) to enhance wound healing. VEGF is a crucial
mediator of angiogenesis and granulation tissue formation [49].

2.4.4. Remodeling

This phase is the final stage of wound healing, commencing approximately two
weeks post-injury and extending up to one year (Figure 3d). This phase consolidates
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the processes initiated during the inflammation and proliferation stages, completing the
healing process [50].

i Resolution of Cellular Components: During remodeling, macrophages, endothelial
cells, and myofibroblasts exit the wound site or undergo apoptosis. This phase is
characterized by a decline in the metabolic activity associated with wound healing
as smaller arterioles aggregate into larger blood vessels [51].

ii. Extracellular Matrix (ECM) Remodeling: The ECM undergoes significant changes as
part of the remodeling process. Collagen type III, prevalent during the proliferation
stage, is replaced by collagen type L. This transition is facilitated by lysyl oxidase
and matrix metalloproteinases (MMPs) secreted by fibroblasts. These enzymes aid
in the realignment of collagen fibers to enhance the tensile strength of the newly
formed tissue. Despite this improvement, the tensile strength of the remodeled
tissue typically reaches only about 80% of that of uninjured skin [52,53].

iii. Cellular Apoptosis and ECM Degradation: The final steps in wound repair in-
volve the apoptosis of residual cells, migration away from the wound site, and the
degradation of the ECM by MMPs [52,53].

iv. Scar Formation: Scar formation occurs due to the lack of proper anchoring of the
subcutaneous tissue to the epidermis, precisely the absence of rete pegs, which are
critical for the tight connection between the epidermis and dermis. Scar formation
can be minimized by maintaining a proper balance between ECM synthesis and
degradation, thus promoting optimal tissue repair and functional recovery [51-53].

Understanding these processes is essential for developing strategies to improve
wound healing and minimize scar formation, ultimately enhancing patient outcomes and
tissue regeneration.

2.5. Factors Affecting Wound Healing

Several critical factors influence the wound healing process, especially in aged patients,
where delayed leukocyte migration to the wound site and reduced phagocytic capacity of
macrophages correlate with prolonged wound healing [54]. Research has shown that stress
significantly delays wound healing by regulating glucocorticoids and decreasing growth
factors produced by macrophages and cytokines such as TNF-o and IL-6. Additionally,
stress reduces the levels of chemoattractants like IL-1¢ and IL-8, which are essential for the
inflammatory phase of wound healing [55-58].

In obese patients, there is a higher risk of surgical wound infections. The friction
between skin folds often leads to ulceration. The primary caloric storage in adipose tissue
influences wound healing, as adipose tissue secretes adipokines that affect the body’s
inflammatory response [59-62].

Tobacco smoke, containing thousands of substances, significantly impacts wound
healing. Key components such as nicotine, hydrogen cyanide, and carbon monoxide play
significant roles [63-66]. Nicotine induces vasoconstriction, reducing blood flow to tissues;
hydrogen cyanide decreases tissue oxygen consumption; and carbon monoxide leads to
tissue hypoxia, suppressing wound healing [67].

2.5.1. Factors Impacting Wound Healing in Aged Patients

e Leukocyte Migration: The migration of these cells is slower in aged individuals,
leading to a delayed inflammatory response.
e  Macrophage Function: The phagocytic capacity of macrophages is reduced.
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2.5.2. The Role of Stress in Wound Healing

Glucocorticoid Regulation: Stress regulates glucocorticoids, decreasing the concentra-
tion of macrophage growth factors and cytokines such as TNF-« and IL-6.

Reduction of Chemoattractants: Stress reduces levels of IL-1x and IL-8, crucial for the
inflammatory phase, delaying healing.

2.5.3. Obesity and Wound Healing

Increased Infection Risk: Obese patients have a higher risk of wound infections.
Friction and Ulceration: Skin friction in obese individuals often leads to ulceration.
Adipokines and Inflammation: Adipose tissue secretes adipokines that negatively
impact the body’s inflammatory response.

2.5.4. Effects of Tobacco Smoke on Wound Healing

Nicotine: Causes vasoconstriction, reducing blood flow in tissues.
Hydrogen Cyanide: Decreases tissue oxygen consumption.
Carbon Monoxide: Leads to tissue hypoxia.

Understanding these factors is important to improve wound healing, primarily in

populations with vulnerabilities, such as the elderly, obese, and smokers [67].

3. Wound Dressing

3.1. The Role and Criteria of Wound Dressings in the Healing Process

Wound dressings can reduce pain and protect against infections, creating an opti-

mal environment for healing. An ideal wound dressing should present the following

properties [68,69]:

1.

10.

11.
12.

Provide a Moist Environment: Maintaining moisture at the wound site promotes
faster healing and prevents the wound from drying out, which can cause further
damage.

Allow Gas Exchange: The dressing should be permeable to gases, such as oxy-
gen and carbon dioxide, to support cellular respiration and prevent anaerobic
bacterial growth.

Eliminate Excess Exudates: The dressing must absorb excess wound exudates
while preventing them from saturating the outer surface and maceration of the
surrounding skin.

Protect Against Microorganisms: Create a barrier against bacteria and other microor-
ganisms, preventing diseases.

Provide Mechanical Protection: To protect the wound from physical damage and
external trauma, supporting the healing process.

Control Local pH and Temperature: To maintain optimal cellular activities and enzy-
matic processes involved in healing.

Easily Replaceable and Removable: The dressing should be easy to apply and remove
without causing additional pain or damage to the wound.

Minimize Wound Pain: Alleviate pain associated with the wound, making the recov-
ery comfortable.

Non-Allergenic: Avoid allergic reactions.

Economically Viable and Cosmetically Acceptable: The dressing should be cost-
effective and aesthetically pleasing, ensuring it is accessible and acceptable to patients.
Stimulate Growth Properties: Support cell proliferation and tissue regeneration.
High Biocompatibility and Elasticity: It must be biocompatible to avoid adverse
reactions and elastic enough to conform to the wound area without restricting move-
ment [70].
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3.2. Classification of Wound Dressing

Wound dressings are classified as passive, interactive, advanced, and smart (Figure 4).

Natural / Synthetic Polymer 1
Nanofiber y - \

Synthetic Polymer
Nanofiber
NN Biological Molecule

Dressing Dressing

rd . N\,
o e ) N\
Passive Interactive —

Smart
Dressing

Natural / Synthetic Polyymer
Nanofiber
‘Drug

Drug Synthetic Polymer ™
Nanofiher
Flexible Heater

Figure 4. Classification of different functional fiber-based wound dressings.

Passive Dressings: The intricate network of fibers in passive dressings establishes
an ideal environment for wound healing by enabling oxygen permeability through their
porous structure. These dressings, which can be engineered from both natural and synthetic
polymers, are highly regarded for wounds that demand an optimal healing milieu and
robust protection against mechanical damage. In a pivotal study by Uppal et al., hyaluronic
acid was electrospun to rigorously evaluate the impact of key electrospinning parameters,
such as applied voltage, spin length, and flow rate, on the fiber diameter. The study conclu-
sively demonstrated that the air permeability of electrospun hyaluronic acid significantly
outperformed that of conventional gauze treated with Vaseline [70].

Interactive Dressings: Dressings that provide a suitable environment and assist in
controlling bacterial growth are called interactive dressings. An interactive dressing com-
bines non-biological polymer (synthetic polymer) and biological molecules owing to ease
of processing, anti-bacterial characteristics, and wound site affinity. The possibility of
immunogenic reactions and impurities moderates the scope of the dressing. Liu et al. in-
vestigated a polylactide—polyglycolide (PLGA)/collagen nanofiber with a 250 nm diameter.
They postulated that their ternary nanofiber composites have an excellent affinity towards
human fibroblasts, which is important for improving wound healing in the initial stage [71].

Advanced Dressings: Drug-loaded nanofibers represent a cutting-edge advance-
ment in interactive dressings, offering a powerful approach to treating bacterial infections.
There are three primary types of nanofibers into which drugs can be incorporated: drug-
loaded uniaxial electrospun nanofibers, drug-loaded biaxial electrospun nanofibers, and
drug-loaded triaxial electrospun nanofibers. Among these, drug-loaded nanofibers are
most frequently fabricated using the coaxial electrospinning technique, which produces
a core/shell structure. The core comprises the drug in this configuration, while the shell
comprises the polymer matrix. The drug release profile of these core/shell nanofibers
is influenced by several factors, including shell thickness, the wettability of the poly-
mer and drug, the nature of the matrix (whether linear or crosslinked), biodegradability,
and porosity.

He et al. successfully fabricated PLLA /tetracycline hydrochloride (TCH) nanofibers
via coaxial electrospinning, where PLLA served as the shell, acting as a drug release carrier,
and tetracycline hydrochloride functioned as the core, providing the antibiotic effect.
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Their study demonstrated sustained drug release over a period of 30 days [72]. Similarly,
Soltanova et al. investigated coaxial nanofibers with a hydrophilic drug, ampicillin, as the
core and polycaprolactone (PCL) as the sheath [73]. Their comparison of blend nanofibers
with coaxial nanofibers revealed that the blend nanofibers released 85% of the drug within
4 h, while the coaxial nanofibers exhibited a significantly slower release of 7% over the
same period. A zero-order kinetic mechanism supports this controlled release profile.

Smart Dressings: This dressing can perform the real-time monitoring of wound
healing by sensors integrated within the dressing. These sensors provide continuous
feedback on the wound’s healing status. Schueren et al. demonstrated that PCL/chitosan
nanofibers functionalized with Nitrazine yellow have significant potential for application in
wound healing [74]. Additionally, Tamayol et al. developed a thermoresponsive nanofiber
mesh designed for on-demand drug delivery, where the release of the drug is triggered
by biodegradable metallic heaters embedded within the nanofiber mesh. This innovative
approach allows for precise, controlled drug administration directly at the wound site,
enhancing the overall effectiveness of the treatment [75]. Table 1 summarizes the advantages
and disadvantages of these wound dressings.

Table 1. Some advantages and disadvantages of wound dressing [70-75].

Wound Dressing Technology

Advantages

Disadvantages

Passive Dressings

Simple and cost-effective

Protect the wound from external
damage by shear, friction, chemicals,
and microbes

Provide a moist environment

Provide oxygen permeability through
their porous

Limited functionality due to the basic
wound coverage

Does not actively contribute to the
healing process

Requires frequent changes, the
possibility of disrupting the healing
process

Cannot monitor wounds in real time

Interactive Dressings

Provide required moist for wound
healing acceleration

Reduce pain and patients” discomfort
Provide antimicrobial functionalities
Can be processed easily

Provides immunogenic reactions and
impurities

Not cost-effective

Not suitable for all types of wounds
Complexity of process

Advanced Dressings

Various drugs can be loaded

Provides antimicrobial and hemostatic
properties

Reduces the frequency of dressing
changes

Provide other functionalities such as
odor control or pain relief

Limited commercial availability

Not cost-effective
Complexity of process

Require advanced training or expertise

Smart Dressings

Real-time monitoring of wound healing
by sensor

Various active materials and drugs can
be used

Releasing drugs can be controlled
Wound treatment time can be potentially
reduced

Expensive process

Complexity of process

Require advanced training or expertise
Limited commercial products in the
market

4. Fiber Production Methods

Several advanced techniques are utilized in producing fibers, each distinguished by

its unique mechanism and application. They include stretching, phase separation, template
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synthesis, self-assembly, force-spinning, and electrospinning. Each technique offers distinct
advantages and is selected based on the desired properties and functionalities of the
produced fibers.

4.1. Drawing

The drawing method is a meticulous and highly controlled technique for producing
nanofibers, where a polymer solution is applied linearly to a designated surface or sub-
strate. In this process, the polymer droplet is precisely drawn into a capillary tube at the
critical juncture where the droplet meets the substrate. Subsequently, the capillary tube
is methodically rotated, facilitating the gradual evaporation of the solvent as the tube is
carefully withdrawn. This sequential action culminates in the formation of nanofibers with
high precision [76].

While the drawing method can produce exceptional uniformity and quality fibers,
it is inherently labor-intensive and time-consuming [77]. The method’s intricate nature
limits its scalability, making it more suited for applications requiring small quantities of
nanofibers or for research purposes rather than large-scale industrial production. Despite
these limitations, the drawing method remains valuable when precision and control over
fiber morphology are paramount [76,77].

4.2. Template Synthesis

The template synthesis method is a sophisticated technique for fabricating nanofibers,
wherein a polymer solution is directed through a meticulously crafted mold or template.
During this procedure, the solvent component of the solution either undergoes evaporation
or diffuses into an alternative solvent medium. This transition culminates in the formation
of nanofibers that precisely replicate the dimensions and morphological characteristics of
the template’s pores [77].

While this method offers unparalleled control over the size and shape of the resulting
nanofibers, it is encumbered by significant practical challenges [68]. Foremost among
these is the intricate and labor-intensive template fabrication process, often requiring
advanced materials and precise engineering. The complexity associated with creating
such templates not only escalates production costs but also limits the scalability of the
method. Consequently, despite its capability to produce nanofibers with high precision
and uniformity, the template synthesis method remains primarily confined to specialized
applications and research settings, where its benefits can outweigh the logistical and
economic constraints [78].

4.3. Phase Separation

The phase separation method is a sophisticated approach for fabricating nanofibers,
wherein gelation occurs within a specially prepared polymer solution under controlled
temperature conditions. During this process, polymer chains are induced to form a specific
arrangement within the solution, developing a structured network. Subsequently, a selec-
tive solvent is employed to extract the original solvent from the system, leaving behind a
three-dimensional lattice composed of interconnected fibers [68].

This method is notable for its ability to create intricate fibrous structures with a
high degree of control over the morphology and spatial arrangement of the fibers. The
resulting three-dimensional network is characterized by its fused fibers, contributing to
the structure’s overall mechanical stability and integrity. However, the phase separation
method requires precise control over temperature and solvent conditions to achieve the
desired fiber architecture. It is a technique best suited for specialized applications where
such detailed control is essential [78].
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4.4. Self-Assembly

The self-assembly method is predominantly employed in fabricating protein and
peptide nanofibers, leveraging the inherent ability of these biological molecules to organize
themselves into structured configurations. In this method, a solution of proteins and
peptides is carefully prepared. Under specific temperature and concentration conditions,
the polymers naturally arrange themselves into an organized and stable structure [78].

This self-organization process forms protein and peptide nanofibers, which retain
their structural integrity and exhibit specific functional properties [78]. The method is
particularly valued for producing nanofibers with precise molecular arrangements without
external templating or mechanical intervention. However, achieving the optimal conditions
for self-assembly requires meticulous control of environmental factors, as even slight
variations can significantly impact the final structure of the nanofibers. Despite these
challenges, the self-assembly method is a powerful tool in nanotechnology, especially in
developing biomimetic materials and applications where the unique properties of protein
and peptide nanofibers are desired [79].

4.5. Force-Spinning

The force-spinning method is innovative for producing nanofibers, utilizing centrifugal
force to propel materials through a series of precisely engineered threaded holes. As the
material is driven outward by centrifugal force, it is extruded through these apertures,
forming nanofibers [79].

A significant advantage of the force-spinning method is its ability to produce
nanofibers from a wide range of materials, including those with low dielectric constants,
which are often challenging to process using other techniques. This versatility makes
force-spinning a promising approach in various applications, mainly where traditional
methods may fall short [79].

However, despite its potential, the force-spinning method still needs to be explored,
with many aspects of the process still needing to be fully understood. Ongoing research is
required to elucidate these unknown dimensions and optimize the technique for broader
industrial applications. The method’s novel approach and capability to work with diverse
materials make it a compelling study area within nanotechnology [75-77].

4.6. Electrospinning

In recent years, nanofibers have garnered significant attention in biomedical appli-
cations, including tissue engineering, drug delivery, and wound dressing, due to their
unique properties, such as a high aspect ratio, extensive surface area, customizable features,
and consistent diameter. Among the various methods of fabricating nanofibers, electro-
spinning has emerged as the most widely utilized technique, favored for its simplicity,
reproducibility, and cost-effectiveness [78-80].

The electrospinning method involves the application of a high electric field between
a polymeric solution and a collector plate. In this setup, the polymer solution acts as
an electrode carrying a positive charge, while the metallic collector functions as a neg-
atively charged counter-electrode. The substantial potential difference between these
two electrodes generates electrostatic forces that draw the polymer solution into fine
nano/microfibers [80-83].

The electrospinning apparatus consists of three fundamental components: a high-
voltage power source to charge the electrodes, a syringe equipped with a metallic needle to
deliver the polymer solution, and a metallic collector or counter-electrode where the spun
nanofibers are deposited (Figure 5a) [80,84,85].
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Several factors influence the characteristics of the resulting electrospun fibers. These
include the following [86-90]:

1. Solution properties: Viscoelasticity, surface tension, conductivity, dielectric properties,
and solvent volatility.

2. Processing variables: Applied voltage (kV), the distance between the needle tip and
the collector (cm), and the flow rate of the polymer solution (1L /min).

3. Environmental variables: Room temperature (°C) and humidity (%).

As the solvent evaporates, the nanofibers deposited on the metallic collector mimic
the extracellular matrix (ECM) in size and geometry, making them particularly suitable
for biomedical applications [91-95]. Detailed parameters for electrospinning various
biopolymers are outlined in Table 2, providing a comprehensive guide for optimizing
fiber production.

Table 2. Parameters of electrospinning of different biopolymers.

Fiber
Flow Rate Tip Collector .

Polymer Solvent Voltage (kV) (mL/h) Distance (cm) Diameter Ref.

(nm)
PDDA Ethanol 17 0.8 16 93.5 [26]

Dichloromethane:
PLLA Acetone (2:1) 15 0.8 15 1153 £ 112 [41]
PCL Chloroform 21 0.1 6 250-300 [89]
Chitosan Acetic acid 40 20 uL/min - 130 [90]
PVA Deionized water 22 1 10 240 [91]
Cellulose

Acetate Acetone 25 3 10 1000 [92]

Electrospinning offers the remarkable ability to produce fibers across a wide
range of diameters, from micrometers (10-100 pm) to sub-micrometers or nanometers
(10-100 nm) [93-95]. Research by Chew et al. and Wang et al. has demonstrated that
aligned electrospun scaffolds can significantly influence cellular behavior, guiding cells to
elongate and orient themselves along the central axis of the nanofibers [96-98]. However,
uniaxial electrospinning, while effective for fiber alignment, may damage sensitive fillers
or drugs.

To address this limitation, the uniaxial electrospinning process has advanced to coaxial
electrospinning, also known as the core-sheath electrospinning technique (Figure 5b). In
coaxial electrospinning, the sheath polymer solution primarily encases the core, and the
conical shape of the sheath at the needle tip induces deformation of the core layer. This
modification has gained popularity because the sheath layer helps maintain the structural
integrity of the core materials, such as drugs or fillers [99].

Coaxial electrospinning has also been utilized to fabricate hollow nanofibers through
two primary approaches: (1) spinning the sheath polymer solution alone, without a core
solution, and (2) selecting a core polymer solution that can be subsequently dissolved in a
solvent, leaving behind a hollow structure with the sheath layer remaining intact [100-103].
For example, Srivastava et al. successfully created core/shell nanofibers with an average
diameter of 100 nm using a heavy mineral 0il/PVP + TiO, core/shell configuration. The
core was removed by dissolving it in octane, leaving behind hollow fibers.

Despite their advantages, core/shell nanofibers are limited in providing sustained
drug delivery due to having only a single breathable barrier layer of polymer matrix [104].
Consequently, multi-barrier-layer nanofibers are preferred for applications requiring pro-
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longed and controlled drug release, offering enhanced performance in sustaining and
extending drug delivery.

The tri-axial electrospinning method produces multilayer fibers with three distinct
layers: an outer solution, a middle solution, and an inner solution (Figure 5c). This
method facilitates complex functionalities such as sustained and dual drug delivery within
a single fiber and allows for the incorporation of multiple properties by layering different
materials [105].

However, Khalf et al. identified critical challenges associated with the tri-axial elec-
trospinning technique [106]. The solvent choice for the sheath layers influences the fiber
formation. The production rate of these fibers was also limited. These issues were over-
come by introducing multi-needle and needleless electrospinning systems, significantly
enhancing production efficiency. Needleless electrospinning, also known as tip-less elec-
trospinning (Figure 5d), represents a significant innovation. Wu et al. demonstrated that
this technique, which utilizes a circular cylindrical electrode, can achieve a yield of PEO
nanofibers that is 260 times greater than that obtained with the traditional single-jet elec-
trospinning method [107]. This substantial increase in yield underscores the effectiveness
of needleless electrospinning in scaling up production while maintaining the high quality
and consistency of the nanofibers.
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Figure 5. Various electrospinning fabrication methods: (a) uni-axial electrospinning technique, (b)
coaxial electrospinning technique, (c) tri-axial electrospinning technique, (d) needleless electrospin-
ning. Reprinted from Ref. [105].

4.7. Advantages of Nanofibers as Wound Dressing
4.7.1. Nanofibers and Hemostasis

Fibers produced through electrospinning often present small interstices and a high
surface-area-to-volume ratio. Specifically, electrospun nanofibers’ increased surface area
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and fine porosity facilitate improved hemostasis at injury sites by providing a conducive
environment for clot formation and wound healing [108].

The superior hemostatic capabilities of these nanofibers make them a promising
alternative to traditional hemostatic agents, which may carry the risk of adverse effects
when introduced into the body. Nanofibers support effective hemostatic outcomes because
of their high surface area and interconnected pore structure. This approach offers an efficient
solution for managing bleeding and promoting tissue repair in clinical settings [109].

4.7.2. Absorption of Exudates from the Wound

Nanofibers made of polymers absorb exudates and support wound healing. These
nanofibers absorb significantly more water, swelling between 18% and 213%, compared to
films made from the same polymers. This enhanced water absorption capacity manages
exudate removal and prevents wound desiccation [109]. By maintaining a moisture balance,
nanofibers facilitate a favorable environment for healing, reducing risks associated with
dry or overly wet wounds. This makes nanofibers a practical choice for wound dressing
materials [110].

4.7.3. Maintaining a Moist Environment and Permeability

Electrospun mats composed of nanofibers form a mesh-like structure that creates an
environment for cellular activities, including respiration, proliferation, and viability. [109].
The gas permeation in electrospun mats ensures that oxygen can diffuse freely through
the fibers. This prevents tissue dehydration and maintains a moist environment, which
supports cellular function and accelerates tissue regeneration [110].

4.7.4. Drug-Controlled Release

Nanofibers can be associated with bioactive compounds to improve the healing process
by delivering these to the wound site [109]:

e Antibiotics: To prevent and treat infections at the wound site.
e  Growth Factors: To enhance cell proliferation and tissue regeneration.
e  Vitamins: To support cellular repair and overall skin health [111].

4.7.5. Flexibility and Density in the Dressing Mat

Polymeric fibers are often flexible, supporting an effective healing process, offering
some advantages [109], such as

Adaptability: The flexibility allows them to conform to the contours of various wound
sites, providing consistent protection and support.

Comfort: Soft fibers minimize discomfort, and the porous structure reduces irritation,
enhancing overall comfort during wear.

Compliance: Nanofiber dressings provide a comfortable and adaptable fit to the
wound site. This adherence enhances the healing process and reduces the need for frequent
dressing changes.

Nanofiber mat density: While the fibers’ size may affect the material’s overall func-
tionality as a wound dressing, the density of fiber mats/meshes also plays a role in cell
adhesion and proliferation and exudate removal. Lower fiber densities enhance fibroblast
infiltration and exudate absorption, whereas higher densities improve mechanical support
but limit cellular penetration [112].

4.7.6. Scar-Reduction Strategies

While complete scar-free healing is impossible in significant or deep wounds, minimiz-
ing scar formation is the objective in advanced wound care. Achieving minimal scarring
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with wound dressings remains a challenge. Fibers are engineered to support skin regen-
eration by providing a biodegradable fiber matrix as a tissue repair scaffold. The fibers
mimic the skin’s natural structure, enhancing biocompatibility with surrounding tissues
for wound healing and tissue regeneration. By mimicking the ECM architecture, fibers can
be integrated into the wound site, promoting more efficient healing and reducing the risk
of excessive scar formation. Such advanced nanofiber-based dressings offer a promising
strategy for improving wound healing outcomes, potentially resulting in smoother, less
prominent scars and more effective tissue repair [110-112].

Figure 6 illustrates different stages of wound healing following the application of
nanofiber-based dressings. In general, the scaffolds facilitate the recruitment of fibroblasts
and macrophages that contribute to synthesizing ECM components and resolving inflam-
mation, helping to reestablish the dermal tissue and contract the wound, respectively [110].
Fibers are materials that support cellular infiltration and integration, enhancing healing
and reducing scar formation (Figure 6).
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Figure 6. Schematic representation of the different stages of wound healing following the application
of nanofiber-based dressings.

5. Polymers to Produce Electrospun Nanofibers

Polymers can be classified into natural and synthetic types. The selection of the
appropriate polymer system is critical, as these nanofiber-based patches are intended for
direct contact with wound tissue. For optimal wound healing outcomes, these patches must
possess properties that closely mimic the ECM and support the healing process effectively.

Natural polymers, including proteins and polysaccharides, have gained considerable
attention due to their inherent similarity to the macromolecules recognized by the human
body. These natural polymers are advantageous because they offer a high degree of ECM
biomimicry, which enhances biocompatibility and promotes better integration with the
wound site. Moreover, many natural polymers possess additional beneficial properties such
as antimicrobial, anti-inflammatory, and hemostatic effects, which can further contribute to
wound healing and protection [111,112].

On the other hand, synthetic polymers can be engineered to provide specific mechan-
ical properties, controlled degradation rates, and tailor-made functionalities. However,
balancing mechanical performance and biological compatibility often requires careful
design and modification [112].
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5.1. Electrospinning of Natural Polymers for Wound Healing

Natural polymers are essential to impart biocompatibility in wound dressings. Some
natural polymers also often exhibit antiadhesive and anti-inflammatory properties, which
enhance tissue repair. However, there are challenges associated with using natural polymers
for electrospinning. These include higher costs, more complex processing requirements,
and inferior mechanical properties compared to synthetic polymers [112-115]. Researchers
often combine natural and synthetic polymers to address these limitations. By blending
these polymers in solution or co-electrospinning them from different solutions, it is possible
to enhance the physical and chemical properties of the resulting nanofibers to meet specific
requirements for wound healing applications [116-118].

Some of the main natural polymers used to promote wound healing include [115,119,120]

e  Collagen: Supports cell adhesion and tissue regeneration, mimicking the ECM compo-
sition that comprises proteins and proteoglycans.

Gelatin: Is derived from collagen, offering similar benefits for tissue repair.

Chitosan: Presents antimicrobial activity and enhances wound healing.

Fibrinogen: Supports blood clotting, assisting in hemostasis and tissue repair.
Fibronectin: Supports cell adhesion and migration, supporting wound repair.

Silk Fibroin: Provides mechanical performance and biocompatibility.

Elastin: Contributes to the elasticity and flexibility of tissues.

Hyaluronic Acid: Supports hydration and tissue repair and has anti-inflammatory
properties.

e  Cellulose: Offers high mechanical strength and biocompatibility.

e Alginate: Provides gel-forming properties and aids in moisture control [120].

5.1.1. Collagen

Collagen, the most abundant animal protein, is a critical structural component in
connective tissues such as the dermis, tendons, and bones. It is pivotal in the extracellular
matrix (ECM), providing tissue structural stability and tensile strength. Collagen type I, in
particular, supports a wide range of cell types, including hepatocytes, spinal ganglion cells,
fibroblasts, nerve cells, Schwann cells, epithelial cells, and embryonic lung cells [121]. It
is fundamental in studies of tissue morphogenesis, as well as cell growth, differentiation,
and migration.

Given its essential role in tissue repair and regeneration, collagen has been extensively
researched for its applications in wound healing. A notable study developed a novel
scaffold using collagen-based biocompatible electrospun nanofibers (NFs), demonstrating
effectiveness against key wound pathogens like Pseudomonas aeruginosa and S. aureus. The
scaffold, comprising PHB-Gel-OSA-Col, was highly effective for wound healing and recon-
struction, exhibiting high infection tolerance in both in vitro and in vivo evaluations [122].

Electrospun collagen fibers have proven superior to traditional wound dressings in
the biomedical field. The crosslinking of collagen electrospun fibrous membranes under
aqueous conditions has increased Young’s modulus, enhancing their mechanical properties
and mimicking the native ECM more effectively. This results in improved wound healing
and tissue regeneration compared to conventional gauze and industrial collagen dressings,
such as those used for bone and cartilage [123].

Combined with topical agents or enzymes, hybrid collagen-based fiber dressings can
further accelerate healing and improve recovery. One study investigated incorporating
silver nanoparticles (NPs) into collagen nanofiber mats through electrospinning. Silver
NPs, synthesized by chemical reduction, were evaluated for their minimum inhibitory
concentration (MIC) against S. aureus and P. aeruginosa, revealing significant antibacterial
activity [121].
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Another study developed a novel antimicrobial nanofiber mat incorporating SSD
into ethyl cellulose (EC)/PLA/collagen, demonstrating inhibition against Bacillus and
Escherichia coli (E. coli) bacteria [124]. Similarly, electrospun nanofiber membranes composed
of collagen and zein in an aqueous acetic acid solution showed controlled release and
antibacterial action, making them suitable for wound healing applications [125,126].

Further advancements include the creation of zein/PCL/collagen nanofibers incorpo-
rating zinc oxide (ZnO) nanoparticles and aloe vera, which displayed inhibition activity
against S. aureus and E. coli. These findings suggest that collagen-based nanofibers with
added antimicrobial agents can be effective wound dressings [127].

In a different approach, Yuan et al. employed a layer-by-layer (LBL) self-assembly
deposition method to integrate lysozyme (LY) and collagen onto silk fibroin/nylon 6
(SE/N6) nanofiber mats [128]. The LBL-structured mats exhibited superior antibacterial
and biocompatibility properties compared to the SF/N6 nanofibers alone. The successful
assembly of lysozyme significantly enhanced the antibacterial performance, contrasting
with SF/N6 mats that promoted the proliferation of E. coli (11.4%) and S. aureus (69.6%)
(Figure 7) [128].
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Figure 7. (A) Representation of fabrication method of SF/N6- and LBL nanofiber composites and
(B) antibacterial properties of SF/N6 and LBL nanofiber composites against E. coli and S. aureus: (a)
SF/NG6, (b) (lysozyme/collagen), (c) (lysozyme/collagen), (d) (lysozyme/collagen), (e) (lysozyme
/collagen), (f) (lysozyme/collagen), and (g) (lysozyme/collagen). Reprinted from Ref. [128].

Liu et al. developed composite nanofibers incorporating polylactide-polyglycolide
(PLGA) with collagen, achieving an average fiber diameter of 250 nm [129]. These as-
spun nanofibers exhibited no cytotoxic effects and effectively promoted cell adhesion and
proliferation in normal human fibroblasts. In vivo studies using full-thickness wounds
in Sprague Dawley rats demonstrated that the PLGA-collagen nanofibers facilitated a
faster healing process than conventional proprietary dressings, such as DuoDERM and
gauze sponges. Specifically, the PLGA-collagen nanofibers resulted in a more rapid re-
duction in wound area, supported the formation of new fibrous tissue, exhibited minimal
inflammatory cell infiltration, and achieved complete re-epithelialization [129].

Rath et al. prepared collagen nanofibers loaded with silver nanoparticles, with fiber
diameters ranging from 300 to 700 nm [130]. These nanofibers were crosslinked through
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exposure to glutaraldehyde-saturated vapor for 24 h at room temperature. This effectively
delayed the release of the encapsulated silver nanoparticles by reducing water influx into
the fibers. The silver-loaded nanofibers demonstrated significant antibacterial activity
in vitro against S. aureus and P. aeruginosa. Unloaded collagen nanofibers showed improved
wound healing compared to control groups, but the silver-nanoparticle-loaded nanofibers
exhibited even greater healing rates due to their antimicrobial properties. This resulted
in accelerated wound healing and minimized scar formation. Histological analysis of
the wound areas indicated that the silver-nanoparticle-collagen nanofibers significantly
enhanced collagen production, wound contraction, and re-epithelialization compared to
the unloaded collagen nanofibers [130].

5.1.2. Gelatin

Gelatin, a polymer derived from collagen, is widely abundant and shares the compo-
sition and properties of collagen [131]. Depending on the hydrolysis method employed,
gelatin can be classified into two types: Type A gelatin, produced via acidic hydrolysis,
which carries a positive charge at physiological pH, and Type B gelatin, obtained through
alkaline hydrolysis, which is negatively charged under the same conditions [132]. This
biodegradable polymer is extensively utilized across various industries, including food,
cosmetics, and medicine [133]. Gelatin products can take the form of films, nanoparticles,
or porous hydrogels, each serving distinct functions.

In particular, gelatin has been widely employed as a drug delivery system for growth
factors, with crosslinking techniques being utilized to modulate the degradation and re-
lease rates of encapsulated substances [134]. Given its broad molecular weight distribution,
gelatin can adopt various conformations, such as hydrogels, microspheres, or micropar-
ticles, under appropriate temperature, solvent, or pH conditions. Gelatin nanofilms, for
instance, can be produced through electrospinning [134,135]. However, due to its nature as
a polyelectrolyte polymer with ionizable groups, gelatin forms strong hydrogen bonds that
result in a three-dimensional macromolecular network, thereby restricting the mobility of
gelatin chains [135]. Consequently, electrospinning pure gelatin is challenging. To over-
come this, solvents such as 2,2,2-trifluoroethanol, formic acid, and acetic acid are employed
during the electrospinning process [136]. Additionally, the stability of electrospun gelatin
fibers can be enhanced through crosslinking with various chemicals, such as glutaraldehyde
vapor [137,138] or hexamethylene diisocyanate [139].

The potential of gelatin nanofibers, particularly those formed through electrospinning,
for wound healing applications has been previously documented. For instance, Dubsky
et al. reported the successful electrospinning of gelatin nanofibers using a 10 wt% gelatin
solution in acetic acid [140]. The resulting fibers, with an average diameter of 110 pm,
were crosslinked post-electrospinning by exposure to glutaraldehyde vapors for three
hours in a sealed environment. The study demonstrated that human dermal fibroblasts,
keratinocytes, and mesenchymal stem cells adhered to and proliferated on the crosslinked
gelatin nanofibers, indicating the fibers’ non-cytotoxic nature and potential applicability in
tissue engineering. In vivo studies involving full-thickness wounds in Wistar rats revealed
that crosslinked gelatin nanofibers promoted more rapid wound closure than polycapro-
lactone (PCL) nanofibers or a control gauze treatment. Furthermore, these nanofibers
facilitated greater epithelialization, granulation tissue formation, and myofibroblast pres-
ence in the wound area [140].

Incorporating biomolecules as therapeutic agents into gelatin nanofibers has also
been explored to enhance wound healing. Adeli-Sardou et al. encapsulated lawsone—a
compound derived from Lawsonia inermis, known for its antimicrobial activity against Gram-
positive, Gram-negative, and biofilm-producing bacteria—into gelatin-PCL nanofibers
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through coaxial electrospinning [141]. The diameter of the resulting nanofibers varied, with
measurements of 238 £ 8, 259 £ 13, 246 + 10, and 297 + 5 nm for PCL—-gelatin-lawsone
nanofibers containing lawsone concentrations of 0, 0.5, 1, and 1.5% w/v, respectively. The
lawsone-loaded nanofibers exhibited a sustained release of the compound over 20 days.
They demonstrated antibacterial activity against S. aureus, though they were ineffective
against P. aeruginosa, as the latter species is known to degrade lawsone [141,142]. These
nanofibers also promoted the adhesion and proliferation of gingival fibroblast cells, ac-
companied by increased gene expression of transforming growth factor 3 (TGF-B1) and
collagen (COL1). In vivo wound healing studies on Wistar rats indicated that lawsone-
loaded nanofibers significantly accelerated wound closure, with near-complete closure
observed for PCL-gelatin-lawsone 1% w/v and 1.5% w/v, outperforming both lawsone-free
fibers and untreated controls [141]. Histological evaluations further revealed that wounds
treated with lawsone-loaded nanofibers displayed enhanced granulation tissue formation,
increased fibroblast and collagen activity, and better-organized connective tissue, with
angiogenesis completed by Day 14 post-treatment [141].

Lu et al. aimed to scale up the production of gelatin nanofibers by employing spiral
electrospinning instead of the conventional single-needle electrospinning method, produc-
ing finer nanofibers in larger quantities [143]. Two crosslinking methods were investigated:
vapor-phase and liquid-phase glutaraldehyde. The fabricated nanofibers were character-
ized using scanning electron microscopy (SEM), transmission electron microscopy (TEM),
and mechanical testing, revealing differences in their structures. The nanofibers crosslinked
via the liquid-phase glutaraldehyde method exhibited superior uniformity, higher ten-
sile strength, and improved morphology compared to those crosslinked using the vapor-
phase method.

5.1.3. Chitosan

Chitosan (CS) is widely utilized as a wound dressing material and for its inher-
ent therapeutic efficacy. Its beneficial properties, including biocompatibility, nontoxicity,
biodegradability, hemostatic, bacteriostatic, and fungistatic characteristics make CS effec-
tive in promoting wound healing [144]. In wound dressings, CS has been employed in
various forms, such as membranes, nanofibers (NFs), and sponges. Owing to its unique
biocompatibility, robust biodegradability, and remarkable antimicrobial properties, CS, a
naturally occurring polysaccharide with abundant availability, has been extensively used
in numerous medical applications, particularly in wound care.

Electrospinning techniques have been effectively employed to fabricate composite
nanofiber membranes of CS and silk fibroin (SF). The antibacterial efficacy of these compos-
ite nanofibers against Gram-negative E. coli and Gram-positive S. aureus was assessed using
the turbidity measurement method. The results indicated that the antimicrobial activity of
the composite depended on the bacterium type [145].

In one study, Huang et al. developed biomimetic nanofibrous matrices coated with
positively charged CS and negatively charged Type I collagen using the layer-by-layer
(LBL) assembly method [146]. The LBL-architected nanofibrous membranes demonstrated
enhanced cell migration in vitro and facilitated skin re-epithelialization and vascularization
in vivo. These findings suggest that LBL-structured nanofiber matrices can restore the
structural and functional properties of the skin [146].

Another study explored the development of biocompatible antimicrobial nanofiber
wound dressings by loading two natural extracts—Cleome droserifolia (CE) and Allium
sativum aqueous extract (AE)—onto honey, polyvinyl alcohol (PVA), and hydroxypropyl
chitosan (HPCS) matrices. In vitro antibacterial evaluations were conducted against S.
aureus, E. coli, methicillin-resistant S. aureus (MRSA), and multidrug-resistant P. aeruginosa
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compared with the commercial dressing Aquacel Ag. The results revealed that HPCS-AE
and HPCS-AE/CE nanofiber mats completely inhibited S. aureus, while the HPCS-AE/CE
mats exhibited moderate antibacterial activity [147].

Polysaccharides such as pectin, alginate, and CS have been processed into micrometer-
scale architectures (microfibers or particles) for clinical wound care. A comparative study
described electrospun nanofiber dressings made from these polysaccharides, with results
showing that the pectinate nanofiber mat demonstrated superior antibacterial efficacy.
Consequently, the pectinate nanofiber mat may be considered equivalent to alginate and
CS nanofiber mats as a wound dressing option [148].

Additionally, a green synthesis method was reported for creating antibacterial
nanofiber mats embedded with CS and loaded with silver nanoparticles (Ag-NPs, 25 nm in
diameter) following reduction with glucose [149]. In another research endeavor, a 30/70
blend of CS-ethylenediaminetetraacetic acid (CS 2 wt%-EDTA) and PVA solution (10 wt%)
was electrospun to produce fibrous mats incorporating lysozyme at concentrations of 10,
20, and 30 wt% [150]. These mats were investigated for their wound healing potential, with
results indicating that this biomaterial nanofiber has a promising ability to facilitate wound
repair [151].

Ahmed et al. reported the successful fabrication of chitosan-polyvinyl alcohol (PVA)
nanofibers encapsulating zinc oxide (ZnO) nanoparticles [151]. These nanofibers exhibited
an average diameter of 279.34 £ 7.23 nm and demonstrated significant antimicrobial activity
against a spectrum of bacterial strains, including E. coli, P. aeruginosa, Bacillus subtilis (B.
subtilis), and S. aureus. Invivo wound healing studies conducted on diabetic rabbits
revealed that the chitosan-PVA-ZnO nanofibers substantially enhanced the wound closure
rate compared to the control group. Histological analysis of the treated wounds further
indicated that the chitosan-PVA-ZnO nanofibers facilitated superior re-epithelialization and
accelerated scar tissue maturation, characterized by the absence of inflammatory infiltrates
and increased collagen content [151].

In a separate study, Khan et al. developed chitosan-polycaprolactone (PCL) nanofibers
loaded with tinidazole [152], an antibiotic commonly employed in the treatment of pe-
riodontitis due to its effectiveness against anaerobic bacteria such as Provotella species,
Fusobacterium nucleatum, and Veillonella species [153], which are often implicated in
the disease. These chitosan-PCL-tinidazole nanofibers were evaluated in a clinical trial
involving patients with periodontitis. The study compared three treatment approaches
for each infected site: (1) scaling and root planing (SRP), the conventional therapy for
periodontitis; (2) SRP combined with chitosan-PCL nanofibers; and (3) SRP combined with
chitosan-PCL-tinidazole nanofibers [153].

The results demonstrated that the drug-loaded nanofibers significantly improved
recovery from periodontitis. Patients treated with the chitosan-PCL-tinidazole nanofibers
exhibited reduced irritation at the injection site compared to the other treatment groups.
This was evidenced by reduced periodontal pocket depth, gingival index, bleeding upon
probing, and increased gingival tissue attachment to the tooth, indicating enhanced clinical
outcomes [153].

Naseri et al. developed an innovative wound dressing mat using chitosan combined
with another polymer, polyethylene oxide (PEO) [154]. The electrospun mat characteristics
were evaluated, including its structural morphology, mechanical and thermal properties,
water vapor permeability, and cytocompatibility. To enhance the mechanical properties of
the mat while reducing cytotoxicity, the researchers opted to replace the commonly used
crosslinking agent, glutaraldehyde—widely employed in various applications for strength-
ening organic materials—with genipin, a reagent known for its lower cytotoxicity [154].
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The wound dressing mat retained moisture and supported high tensile strength, con-
tributing to its durability and effectiveness in wound care. Furthermore, cytocompatibility
tests indicated that the fibers supported the high cell viability of adipose-derived stem cells
for seven days. This combination of enhanced mechanical properties, biocompatibility, and
prolonged stability positions the chitosan-PEO electrospun mat as a promising material for
future wound care solutions [154].

5.1.4. Fibrinogen

Fibrinogen, a soluble 340 kDa globular protein, is an inactive precursor to fibrin and
circulates within the bloodstream. Upon disruption of the skin, fibrinogen plays a crucial
role in hemostasis by forming insoluble fibrin fibers essential for clot formation [155].
Beyond its role in clotting, fibrinogen is actively involved in wound repair processes,
where it interacts with various enzymes, clotting factors, and different cell types such as
endothelial cells, smooth muscle cells, fibroblasts, keratinocytes, and leukocytes. Fibrinogen
contributes to inflammation, angiogenesis, and tissue remodeling [155].

However, research focused on fibrinogen nanofibers for wound healing applications
remains limited compared to studies on other natural compounds. Wnek et al. carried
out one of the pioneering efforts to produce electrospun fibrinogen nanofibers [156]. Their
study prepared Type I bovine fibrinogen solutions in a hexafluoroisopropanol (HFP) solvent
mixture and minimum essential medium (MEM). The fibrinogen concentrations used were
8.3%, 12.5%, and 16.7% w/v, resulting in nanofibers with average diameters of 80 & 20 nm,
310 & 70 nm, and 700 + 110 nm, respectively [156].

Subsequent research explored the effects of fibrinogen nanofiber orientation on human
umbilical vein endothelial cells (HUVECs) [157]. In this study, a supernatant derived
from a centrifuged bovine fibrinogen solution in HFP/DMEM was electrospun to produce
randomly oriented and aligned nanofibers. Randomly oriented fibers were obtained by
electrospinning onto a stationary collector, whereas aligned fibers were created using a
rotating drum. The results demonstrated that endothelial cells recognized and adhered to
the fibrinogen nanofibers more rapidly than to surfaces with adsorbed fibrinogen. Further-
more, cell orientation and migration were significantly enhanced on the aligned nanofibers,
whereas the randomly oriented nanofibers induced a stellate-like morphology in the cells,
with locally restricted migration [157].

Yuan et al. further expanded the potential applications of fibrinogen nanofibers by
investigating the encapsulation of therapeutic agents to enhance wound healing [158]. In
their study, chitosan-PEO and fibrinogen solutions were independently and simultane-
ously electrospun onto the same metal mandrel. Platelet-derived growth factor (PDGF)
was incorporated into both solutions before electrospinning, resulting in PDGF-loaded
chitosan-PEO-fibrinogen nanofibers. Exudates collected from drug-loaded and drug-free
nanofibers were tested for their ability to promote human dermal fibroblast migration. The
results revealed that the drug-loaded nanofibers significantly enhanced fibroblast migra-
tion compared to the drug-free scaffolds, demonstrating the potential of fibrinogen-based
nanofibers as advanced wound healing materials [158].

5.1.5. Fibronectin

Fibronectin is a multifunctional glycoprotein composed of two nearly identical
monomers, each with a molecular weight of approximately 250 kDa [159]. Its primary role
within the ECM is to provide structural support. Following tissue injury, a provisional
ECM predominantly composed of fibrin and fibronectin is established, which is subse-
quently replaced by a mature ECM with a higher fibronectin content [160]. Beyond its
structural role, fibronectin is critically involved in several essential biological processes,
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including cell attachment, contractility, migration, differentiation, gene expression, and
angiogenesis [161,162]. These functions underline the indispensable role of fibronectin in
ECM formation, re-epithelialization, and tissue repair, making fibronectin-based nanofibers
highly promising for incorporation into wound healing devices [160,163].

Despite its potential, the fabrication of fibronectin nanofibers through electrospinning
has yet to be explored. This is mainly due to the challenge of replicating the natural pattern
of fibronectin fibrillogenesis, which relies on an integrin activation mechanism requiring me-
chanical tension, an aspect not easily replicated by conventional electrospinning methods.
Consequently, researchers have shifted their focus to coating electrospun polymer-based
nanofibers with fibronectin rather than directly producing fibronectin nanofibers [164].

For instance, Ji et al. developed electrospun hyaluronic acid nanofibers that were sub-
sequently coated with human plasma fibronectin [165]. These fibronectin-coated hyaluronic
acid nanofibers demonstrated enhanced migration of NIH 3T3 fibroblasts, indicating their
potential application in wound healing and tissue regeneration. In another study, fi-
bronectin was grafted onto poly(L-lactide-co-caprolactone) (PLCL) electrospun nanofibers
via a two-step chemical reaction [166]. In vitro experiments with porcine esophageal epithe-
lial cells showed that this scaffold could effectively promote epithelial regeneration [167].

Moreover, fibronectin has improved the biocompatibility of silver sulfadiazine (SSD)-
loaded polycaprolactone-polyvinyl alcohol (PCL-PVA) nanofibers. Coating these nanofibers
with fibronectin reduced the cytotoxic effects of SSD and enhanced the initial attachment
of human fibroblasts, further highlighting the utility of fibronectin in wound healing
applications [168].

In an innovative approach, Chantre et al. fabricated nanofiber-based scaffolds com-
posed of pure fibrillar fibronectin using a rotary jet spinner. These as-spun fibers were
designed to better mimic the conformation of fibronectin found in fetal skin, which is asso-
ciated with scarless wound healing. In vivo studies on full-thickness wounds in C57BL/6
mice demonstrated that the fibronectin nanofibers significantly accelerated wound closure,
achieving complete wound contraction 11 days post-injury, compared to 14 days for the
control group. Additionally, the fibronectin nanofibers facilitated the restoration of typical
epidermal and dermal structures within 20 days, whereas control wounds exhibited a
thicker epidermis characteristic of scarred tissues [168].

5.1.6. Hyaluronic Acid

Hyaluronic acid (HA) is a linear glycosaminoglycan composed of repeating disac-
charide units of N-acetyl-D-glucosamine and glucuronic acid [169,170]. It is a highly
hydrophilic, polyanionic biomolecule with a molecular weight ranging from 100 kDa to as
much as 107 MDa [169,170]. HA is ubiquitously present in the extracellular matrix (ECM)
of various tissues in the human body, particularly in the synovial fluid and the ECM of
soft connective tissues like skin. HA is degraded into lower-molecular-weight fragments
within the ECM during inflammatory responses [169,170].

The molecular weight of HA plays a crucial role in its biological activity. Specifically,
low-molecular-weight HA (approximately 50 kDa) and medium-molecular-weight HA
(approximately 1000 kDa) have been reported to induce proinflammatory responses by
regulating the Toll-like receptor-4 (TLR-4) and activating the nuclear factor kappa B (NF-
kB) pathway [171]. HA’s presence in the skin supports dermal structure and regulates
dermal volume through its hydrating ability [171,172]. Furthermore, HA supports cell
proliferation, differentiation, and wound healing [169]. Additionally, HA has been found
to protect skin cells from ultraviolet-induced damage and mitigate wound impairment
caused by oxygen-free radicals [173,174].
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Due to its high biodegradability, HA is rapidly broken down by hyaluronidases, with
tissue half-lives typically extending up to two days [170,175]. The unique properties of
HA have led researchers to explore its use in producing nanofibers for wound healing
applications. For instance, Huan-Ju et al. developed HA-collagen nanofibers encapsulating
angiogenic growth factors using dual electrospinning techniques [176]. In this approach,
HA was dissolved in NaOH/DME, and collagen was dissolved in acetic acid. Growth
factors such as fibroblast growth factor (FGF), epidermal growth factor (EGF), vascular
endothelial growth factor (VEGF), and platelet-derived growth factor (PDGF) were incorpo-
rated into the nanofibrous scaffold through two different methods: (1) direct incorporation
of the growth factors into the polymer blend before electrospinning, or (2) encapsulation of
the growth factors into gelatin nanoparticles, followed by incorporation into the polymer
blend before electrospinning [176].

In vitro studies conducted on human umbilical vein endothelial cells (HUVECS) re-
vealed a significant increase in cell growth rate, capillary tube formation, and branching
for groups treated with HA-collagen nanofibers loaded with growth factors compared to
those treated with nanofibers without growth factors and the control group. Additionally,
in vivo experiments involving full-thickness wounds in streptozotocin-induced diabetic
Sprague Dawley rats demonstrated a faster healing rate in wounds treated with growth-
factor-loaded nanofibers. This treatment also resulted in increased neovascularization and
re-epithelialization rates [176].

Further evaluation of mRNA levels in treated wounds indicated that the application
of these as-spun nanofibers led to (1) a progressive increase in the gene expression of Type I
collagen over six weeks, coupled with a progressive decrease in the gene expression of Type
III collagen, aligning with the normal healing process, and (2) a decrease in Ki-67 expression
over a four-week period, which is indicative of a reduction in cell proliferation. This de-
crease in Ki-67 suggests that the regenerating tissue was transitioning from the proliferative
phase to the remodeling phase, marking the progression of wound healing [176].

5.1.7. Cellulose

Cellulose, the most abundant biopolymer on Earth, is a polysaccharide derived from
glucose, composed of 1000 to 1500 -D-glucopyranose units linked by 1,4-f3-glucosidic
bonds [177-180]. This biopolymer is synthesized by plants and specific bacterial species,
with the bacterial form particularly favored in industrial applications [180,181]. The prefer-
ence for bacterial cellulose is mainly due to its extraordinary purity, as it is devoid of the
by-products commonly found in plant-derived cellulose, such as hemicelluloses, lignin,
pectin, and wax [178,182]. These characteristics and their non-toxic and biocompatible
nature make cellulose invaluable in various biomedical applications [182].

Cellulose’s advantageous properties extend beyond its biocompatibility. It is also
cost-effective, exhibits high porosity, and possesses many hydroxyl groups, which enhances
its capacity to absorb water and exudate. Moreover, cellulose provides mechanical strength
in wet conditions, maintaining the structural integrity of wound dressings. It can also
accelerate granulation at wound sites. Researchers have extensively harnessed these
intrinsic properties to develop nanofibers for wound healing [182].

A notable example of cellulose’s application in wound care is demonstrated by Liu
et al., who successfully electrospun nanofibers composed of cellulose, polyurethane (PU),
and poly(hexamethylene biguanide) (PHMB) [183]. PHMB, a polymer approved by the U.S.
Food and Drug Administration (FDA), is widely utilized as an antimicrobial agent in gauze
dressings, owing to its proven efficacy against a broad spectrum of pathogens, including
Gram-negative bacteria, fungi, and yeast [184]. The effectiveness of the cellulose-PU-PHMB
nanofibers was rigorously evaluated using an in vivo model of skin burns. Wounds treated
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with these fibers exhibited an accelerated recovery within seven days post-injury. The
treated wounds were free of edema and exudate, showing evidence of hair regrowth. The
histopathological analysis further corroborated these findings, showing that the wounds
treated with the nanofibers experienced more advanced healing, characterized by superior
re-epithelialization, expedited neovascularization, and enhanced regeneration of dermal
structures, including sebaceous glands and hair follicles [184].

In a separate study, Huang et al. explored the potential of cellulose in combination with
polycaprolactone (PCL) for wound healing applications. They fabricated PCL-cellulose
nanofibers coated with alternating chitosan and Type I collagen layers, creating varying
numbers of chitosan-collagen bilayers. The coating process increased the average fiber
diameter from 358 £ 118 nm for uncoated PCL-cellulose nanofibers to 526 &+ 165 nm for
those with the bilayer coatings. These fibers were then incubated in Dulbecco’s Modified
Eagle Medium (DMEM) to assess their ability to support the growth of normal human
dermal fibroblasts (NHDFs). The results demonstrated a significant increase in cell density,
which correlated with the number of bilayers, with a notable enhancement observed when
chitosan was used as the outermost layer instead of collagen. The coated and uncoated
fibers sustain NHDF attachment and proliferation [146].

The in vivo efficacy of these scaffolds was further validated using full-thickness wound
models in Sprague Dawley rats. The study observed that the number of bilayers on the
nanofibers significantly influenced the rate of wound closure, re-epithelialization, and
neovascularization. Scaffolds with 20 bilayers achieved complete wound closure by the
second week, whereas those with 15 reached closures by the third week, and scaffolds
with 5 and 10 bilayers by the fourth week. In addition to promoting faster wound healing,
the scaffolds with 20 bilayers were also found to be the most effective in stimulating cell
motility, as evidenced by elevated levels of x-tubulin detected through immunofluorescent
staining following complete wound closure [184].

5.1.8. Cellulose Acetate (CA)

Cellulose acetate (CA) is an outstanding polymer precursor for fiber production,
with its recyclability, cost-effectiveness, and the simplicity of its mass production process.
CA'’s high solubility in organic solvents makes it particularly well-suited for electrospin-
ning, allowing for the efficient production of nanofibers with desirable properties. As a
biodegradable, non-irritating, and non-toxic material, CA has been extensively researched
and employed in various biomedical applications, including wound dressings, dermal
substitutes, and engineered skin tissues [185]. Its use in these applications is primarily at-
tributed to its excellent mechanical properties, high chemical affinity with other compounds,
and inherent regenerative capabilities [185].

The potential of CA in wound care is further enhanced when combined with antimi-
crobial agents to combat wound infections. Notably, in the study conducted by Son et al.,
CA NFs were electrospun from solutions containing 0.5 wt% silver nitrate (AgNO3) [186].
Upon exposure to UV light at 245 nm, silver nanoparticles (Ag NPs) formed predominantly
on the surface of the CA NFs. The size and volume of these Ag NPs increased progressively
over 240 min as Ag™ ions and silver clusters diffused and aggregated on the nanofibers’
surface following UV irradiation. The resultant Ag NPs, with an average size of 21 nm, ex-
hibited remarkable antibacterial activity, highlighting their potential in preventing wound
infections [186].

In a related study, CA NFs containing Ag NPs were produced through the slow
photoreduction of Ag* ions within the CA NFs over 20 days under standard laboratory con-
ditions [187]. These nanofibers demonstrated significant antibacterial properties and were
successfully utilized as separation filters for submicrometer particles, further underscoring
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their versatility. Another study explored the fabrication of nanofiber membranes composed
of CA and polyester urethane (PEU) through co-electrospinning or blend electrospinning
techniques. These NF membranes were evaluated for their drug release profiles, in vitro
antibacterial behavior, and in vivo wound healing efficacy, specifically for wound dressing
applications. The incorporation of CA into the NF membranes was found to enhance
their hydrophilicity, as well as their air and moisture permeability [183]. Upon exposure
to liquid, CA fibers exhibited slight swelling, which improved moisture absorption and
created a humid environment conducive to faster wound healing [187].

Moreover, CA has been utilized to develop composite nanofibers with additional
functional properties. For instance, CA-Manuka honey composite nanofiber mats have
been employed to create biocompatible and antibacterial wound dressings, leveraging the
antimicrobial properties of Manuka honey [188]. In another study, propolis-impregnated
CA /polycaprolactone (PCL) nanofiber mats were developed for antimicrobial and an-
tioxidant applications [189]. The resulting propolis-CA/PCL NFs demonstrated potent
antioxidant activity. They were effective against Gram-negative (GNB) and Gram-positive
bacteria (GPB), making them highly suitable for use in wound care [188].

5.1.9. Alginate

Alginate is an anionic and linear unbranched polysaccharide extracted from brown
seaweed. It is composed of (1,4)-linked (3-D-mannuronate (M) and «-L-guluronate (G)
residues. These residues arrange themselves into distinct blocks of consecutive G residues,
blocks of consecutive M residues, and blocks of alternating M and G residues [190-192]. Al-
ginates are non-toxic and biocompatible; they are also non-immunogenic and cost-effective
and possess water absorption capacity and hemostatic properties. These characteristics
have rendered alginate a highly sought-after material in various biomedical applications,
particularly in drug delivery systems and tissue engineering [193].

One of the most notable properties of alginate is its ability to absorb up to 20 times its
weight in fluids. When alginate comes into contact with a wound, the sodium and calcium
ions within sodium and calcium alginates interact with the serum to form a gel. This gel-
based system is highly advantageous in wound care, providing a moist environment that
promotes healing while simultaneously acting as a barrier against microbial infections [194].
Consequently, alginate has become a foundational component in many commercial wound
dressings, such as Kaltostat® and Sorbsan®.

Moreover, alginate’s non-immunogenic nature is complemented by its non-enzymatic
degradability in mammals, making it an ideal material for medical applications where
biocompatibility is paramount. However, mammalian cells do not naturally adhere to
alginate unless the polymer is modified with bioactive molecules such as fibronectin,
collagen, or specific short amino acid sequences that facilitate cell adhesion, such as the
peptide sequence arginine-glycine-aspartic acid (RGD) [192]. This non-adhesive property
of alginate is advantageous in conventional wound dressings, allowing dressing to be
replaced at the wound site with minimal trauma [194].

Various factors can significantly influence the therapeutic efficacy of alginate-based
wound dressings. These include the concentration of different polymers used with alginate,
the types of crosslinkers, the crosslinking process, and the presence of excipients. Addi-
tionally, incorporating nanoparticles (NPs) and antibacterial agents can further enhance
the functionality of these wound dressings. Each of these variables plays a critical role in
determining the final properties of the wound dressing, such as its mechanical strength,
biodegradability, and ability to promote wound healing [195].

Electrospinning has been utilized in various studies to develop advanced wound
dressing materials by combining sodium alginate (SA) with polyvinyl alcohol (PVA) to
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create fibrous mats with enhanced properties. In one such study, SA /PVA nanofibrous mats
were embedded with zinc oxide nanoparticles (ZnO NPs) with an average size of 160 nm.
The antimicrobial efficacy of these SA/PVA /ZnO mats was rigorously evaluated against. S.
aureus and E. coli bacteria. The results demonstrated that the presence of ZnO nanoparticles
in the composite mats imparted significant antimicrobial properties, effectively inhibiting
the growth of both Gram-positive and Gram-negative bacteria [196].

In another investigation, honey was incorporated into an alginate/PVA-based electro-
spun nanofiber membrane to create an innovative wound dressing material with enhanced
antimicrobial capabilities. The antimicrobial activity of these honey-loaded nanofibers was
assessed against S. aureus and E. coli using disc diffusion and dynamic contact assays. The
results confirmed that the honey-infused nanofibers exhibited substantial antimicrobial
effects, making them a promising candidate for wound care applications [197].

Further research explored the development of a nanocomposite web composed of
various proportions of calcium alginate and PVA, focusing on its potential for wound
healing applications [198]. Moreover, the synthesis of chitosan-alginate (CS-Alg) nanofiber
dressings incorporated with varying concentrations of gentamicin (Gn; 0-10 wt%) as a
drug delivery system was reported in another study. The antimicrobial performance of
the Gn-loaded nanofibers was evaluated, revealing that these dressings exhibited potent
antimicrobial activity, as evidenced by the inhibition of bacterial growth. The study further
demonstrated that higher concentrations of gentamicin within the CS-Alg nanofibers
resulted in enhanced antibacterial efficacy compared to lower concentrations, highlighting
the potential of these nanofibers as an effective antimicrobial wound dressing [199].

Figure 8a illustrates a polymeric antibacterial dressing designed to act as a protective
barrier over a wound, preventing microbial invasion while simultaneously promoting the
migration and differentiation of fibroblasts [200]. The depiction emphasizes that an open
wound is highly vulnerable to bacterial infections, which can prolong the inflammatory
phase and lead to increased expression of metalloproteinases. These metalloproteinases are
known to degrade extracellular matrix (ECM) components and inhibit granulation tissue
formation, thereby impeding the healing process. Applying an antibacterial dressing over
the wound bed is a physical barrier that blocks pathogenic infiltration and an active agent
that eradicates invading microorganisms. Additionally, the antimicrobial properties of
the dressing stimulate the immune system and facilitate the migration of fibroblasts and
keratinocytes, thereby accelerating wound healing [200].

In a comparative study, Chen et al. characterized and evaluated the properties of
electrospun nanofiber (NF) mats composed of pectinate, alginate, and chitosan (CS) as
potential dressing materials [148]. The scanning electron microscopy (SEM) images in
Figure 8b demonstrate that all three polysaccharides could be successfully transformed
into highly porous, bead-free nanofiber mats through electrospinning [148]. The average
diameters of the pectinate and alginate nanofibers were similar, measuring 196.4 nm and
178.0 nm, respectively. In contrast, the CS nanofibers exhibited a smaller average diameter
of 135.9 nm [148].

Further examination using SEM and fluorescence imaging, as depicted in Figure 8c,
revealed the interaction of E. coli bacteria with the various NF mats [148]. The results
indicated that E. coli exhibited similar behavior in interacting with NF mats on plates as in
solution. Specifically, numerous E. coli bacteria were observed penetrating the interfiber
pores and adhering to the pectinate NF mat. In contrast, only a limited number of E. coli
were trapped or adhered to the alginate NF mat, while many bacteria attached to the
surface of the CS NF mat. These findings underscore the differential bacterial interaction
with the various polysaccharide-based NF mats, which could have important implications
for their application in wound healing and infection control [201-206].
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Figure 8. (a) Illustration of the healing method in a wound rat model, reprinted from Ref. [201];
(b) SEM images of different polysaccharide nanofibers; and (c) SEM and fluorescent images of bacteria
on/across multiple nanofiber mats on plates. Reprinted from Ref. [148].

In a study by Coskun et al., poly(vinyl alcohol) (PVA) and sodium alginate
nanofibers were successfully electrospun, yielding fibers with an average diameter of
100.35 & 12.79 nm [207]. Post-electrospinning, the nanofibers were crosslinked through
exposure to a solution containing 0.15 M glutaraldehyde and 0.05 M hydrochloric acid (HCI)
in acetone for 24 h. Using a New Zealand white rabbit model, the in vivo wound healing
efficacy of these nanofibers was compared to three commercially available dressings—Tulle
Grass, Bactigras, and Suprasorb-A. Results at 15 and 21 days post-surgery indicated that
the wound healing performance of the electrospun nanofibers was significantly superior to
that of the commercial dressings. This was evidenced by enhanced re-epithelialization, an-
giogenesis, and the formation of hair follicles at the wound site, suggesting the nanofibers’
potential as an advanced wound healing material [207].

Further exploration into the encapsulation of antimicrobial agents within electrospun
nanofibers was reported by Fu et al., who developed PVA-alginate nanofibers embedded
with moxifloxacin hydrochloride (MH), an antimicrobial agent [208]. Adding MH to
the PVA-alginate blend before electrospinning increased the average fiber diameter from
148 + 41 nm for PVA-alginate nanofibers to 175 £ 75 nm for MH-loaded fibers. Crosslinking
further stabilized these fibers through exposure to glutaraldehyde vapor for one hour.

The release profile of MH from the MH-PVA-alginate nanofibers exhibited an initial
burst release within the first 8 h, followed by a sustained release over the subsequent 16 h.
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These nanofibers demonstrated significant antibacterial activity against P. aeruginosa and S.
aureus, with higher concentrations of MH correlating with an increased zone of inhibition,
thereby confirming the antimicrobial efficacy of the scaffolds [208].

In addition to their antimicrobial properties, the MH-PVA-alginate nanofibers were
shown to be non-cytotoxic when incubated with 1929 fibroblast cells, indicating their
biocompatibility. In vivo studies conducted on Sprague Dawley rats revealed that the MH-
PVA-alginate nanofibers accelerated wound closure rates during the initial three to eight
days post-surgery in comparison with control and commercial treatments. However, by
Day 14 post-surgery, all treatment groups, including the controls and commercial dressings,
achieved similar wound closure. The MH-PVA-alginate and commercial dressing-treated
groups exhibited complete re-epithelialization and successful formation of hair follicles
and sebaceous glands by Day 14. Additionally, neither the PVA-alginate nor the MH-
PVA-alginate nanofibers caused any irritation to normal skin, further supporting their
biocompatibility and suitability for in vivo wound dressing applications [208].

5.1.10. Silk Fibroin (SF)

Silk is a natural material extracted from insects, spiders, and silkworms. It primarily
consists of two proteins: fibroin and sericin. Among these, silk fibroin (SF) is hydrophobic
and presents appropriate mechanical properties for fiber production. Recent research has
highlighted the potential of SF in the textile industry and medical and clinical fields, where
its favorable physiological properties are highly valued [209].

According to Schneider et al., a silk nanofiber (NF) electrospun scaffold incorporating
epidermal growth factor demonstrated a remarkable 90% improvement in wound closure in
an in vivo mouse model. This study highlights the potential of silk fibroin-based scaffolds
for enhancing wound healing processes [210].

Further research investigated the impact of fibroin morphology on silver ion (Ag*)
release and the corresponding antibacterial activity against S. aureus, Staphylococcus epider-
midis (S. epidermidis), and P. aeruginosa. Ag/fibroin composite nanofibers were produced
using glutaraldehyde vapor and methanol post-treatment. The fibroin was processed
into two distinct morphologies: random coil (Silk I) and (3-sheet (Silk II) [211]. The study
demonstrated how these structural variations influenced the release of Ag* ions and their
antibacterial efficacy.

Another investigation focused on the electrospinning of silk fibroin (SF) blended with
graphene oxide to create a nanofiber scaffold with a single bioinspired nanostructure. The
study comprehensively evaluated the blended nanofibers’ morphology, chemical structure,
antibacterial activity, and biocompatibility. The findings indicated that these SF/graphene
oxide blended nanofibers exhibit considerable promise for wound dressing applications,
owing to their favorable properties [212].

Additionally, a study utilized EDC/N-hydroxysuccinimide (NHS) and thiol-maleimide
click chemistry to stabilize an antimicrobial peptide molecule, Cys-KR12, derived from
the human cathelicidin peptide LL37, onto electrospun SF nanofibers. This modification
imparted various bioactivities of LL37 to the membranes, resulting in notable antimicrobial
properties against four pathogenic bacterial strains: S. aureus, S. epidermidis, E. coli, and P.
aeruginosa [213].

In another research effort, cold plasma treatment incorporated thyme essential oil
(TO) into silk fibroin nanofibers to inhibit Salmonella Typhimurium bacteria [214]. Further-
more, a study investigated the incorporation of silver sulfadiazine (SSD) into silk fibroin
nanofibers, which induced cytotoxic effects. Therefore, silver-based additives must be
carefully considered when developing silver-release dressings. While SSD demonstrates an-
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tibacterial solid activity, its cytotoxicity highlights the challenge of balancing antimicrobial
efficacy with cellular safety in wound dressing design [215].

Developing wound dressings that optimize antimicrobial properties by reducing
cellular toxicity remains a significant challenge. Ongoing research aims to address this
challenge by refining the formulation and incorporation techniques to produce effective,
biocompatible wound care solutions [215].

Hadisi et al. developed an electrospun nanobiocomposite scaffold incorporating silk
fibroin (SF), hardystonite (HT), and gentamicin (GEN), as illustrated in Figure 9 [216].
Their study focused on evaluating the antibacterial properties of these scaffolds, particu-
larly against E. coli and S. aureus [216]. The antibacterial inhibition zone measurements
demonstrated that incorporating gentamicin at concentrations ranging from 3 to 6 wt%
significantly enhanced the scaffolds’ antibacterial efficacy [216].
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Figure 9. (a) llustration of the electrospinning process of antimicrobial SF-HT-xGEN nanofibers
and subcutaneous implantation in a rat model; (b) inhibition zone properties of nanofibers against
E. coli and S. aureus after 24 h (S1 = SF, S2 = SF-HT, S3 = SF-HT-1GEN, S4 = SF-HT-3GEN, and
S5 = SF-HT-6GEN); (c) inhibition properties of nanofibers against E. coli and S. aureus at different
durations; and (d) illustration of the antibacterial mechanism of SE-HT-xGEN nanofibers. Reprinted
from Ref. [216].
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The observed increase in antibacterial activity was attributed to the effective diffusion
of gentamicin from the scaffolds into the surrounding agar plate, which impeded bacterial
growth. Gentamicin exerts its antibacterial effects by interfering with bacterial DNA and
protein synthesis. Specifically, it inhibits nucleic acid replication and the synthesis of
essential metabolites, disrupting bacterial cell function and leading to cell death [216].

The findings suggest that combining SF, HT, and gentamicin in electrospun scaffolds
offers a promising approach to developing advanced wound dressings with enhanced an-
timicrobial properties. This approach could benefit applications requiring robust infection
control and accelerated wound healing [216].

Shahverdi et al. investigated electrospun silk fibroin (SF) fibers and explored the
potential to enhance their properties by incorporating an additional polymer, poly (lactide-
co-glycolic acid) (PLGA) [217]. The study focused on various SF/PLGA blend ratios and
evaluated their effects on wound healing rates. Among the tested blends, the SF/PLGA
composite with a 1:2 ratio exhibited superior mechanical properties compared to pure SF
and SF/PLGA blends with a 1:1 ratio. Specifically, SF/PLGA (1:2) demonstrated enhanced
tensile strength and mechanical stability [217].

In vivo studies using an excision wound model in diabetic rats revealed that the
SF/PLGA (1:2) scaffolds significantly improved fibroblast attachment and proliferation and
markedly reduced the wound area. These results indicated a pronounced wound healing
effect compared to other blend ratios and control materials [217].

Additionally, another study explored the integration of silk fibroin with polyethylen-
imine (PEI) to develop antibacterial bionanotextiles [218]. Bionanotextiles represent a
new class of advanced wound dressing materials characterized by their high surface-area-
to-volume ratio, which offers controlled release of therapeutic agents and enhanced cell
adherence and proliferation. Compared to traditional wound dressings, such as hydro-
colloids and hydrogels, bionanotextiles exhibit superior efficiency in promoting wound
healing [218].

The SF/PEI bionanotextiles demonstrated robust antibacterial activity against S. aureus
and P. aeruginosa. They effectively prevented bacterial adhesion over extended periods,
highlighting their potential as an advanced wound dressing material with significant
antimicrobial properties [218].

5.1.11. Elastin

Elastin, a polymeric extracellular matrix (ECM) protein prevalent in tissues such
as the skin, lungs, and arteries, is increasingly utilized in wound treatment due to its
exceptional elasticity, biological activity, and long-term flexibility. This material is gaining
traction in tissue engineering applications. Structural proteins derived from elastin, such
as hydrolyzed elastin, elastin fibers, and recombinant tropoelastin, are being explored for
their potential in biomaterials. Since native elastin’s insolubility limits its direct application,
soluble elastin forms have been developed to enable diverse physical forms. For instance,
soluble elastin has been utilized to create hydrogels that can be electrospun into fine fibers,
harnessing their elasticity and mechanical flexibility [219].

In one study, a composite scaffold incorporating triple-collagen, elastin, and poly-
caprolactone (PCL) was fabricated to enhance the scaffold’s mechanical properties while
maintaining its biological functions, including cell adhesion, proliferation, and tissue
regeneration. Including elastin in the scaffold was found to reduce stiffness, minimize
hysteresis, and improve elasticity. This study suggested electrospun collagen—elastin-PCL
scaffolds could significantly enhance skin cell proliferation and facilitate tissue regeneration,
particularly following severe burn injuries [219].
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Electrospun collagen and elastin blends have been successfully employed to produce
various scaffolds. The addition of elastin to non-electrospun collagen scaffolds has been
demonstrated to increase flexibility, modulate collagen contraction and degradation, and
promote angiogenesis and elastic fiber formation. The combination of collagen and elastin
thus improves the physical and biological properties of dermal substitutes [220].

Furthermore, the electrospinning of collagen and elastin meshes from aqueous solu-
tions has been effectively utilized in tissue engineering applications [221]. A notable
study reported the creation of an electrospun synthetic human elastin—collagen com-
posite scaffold for dermal tissue engineering. The study examined blends of electro-
spun human tropoelastin and ovine type I collagen in varying ratios (80/20, 60/40, and
50/50 wt%) [222].

Additionally, Cao et al. developed composites of chitosan (CS) and elastin with
small intestinal submucosa (SIS) using electrospun CS/elastin nanofibers (Figure 10I) [223].
The resulting CS/ES-SIS composites were characterized by a pristine white and smooth
appearance, in contrast to the uneven texture of SIS (Figure 101II) [223]. The top surface of the
CS/ES-SIS composites exhibited high porosity, interconnectivity, and microscale interstitial
spaces (Figure 10I1I) [223]. Antibacterial testing revealed that SIS alone lacked significant
antibacterial activity, whereas CS-SIS and CS/ES-SIS composites demonstrated distinct
inhibitory zones against E. coli and S. aureus (Figure 10IV) [223]. The CS-SIS composites
showed slightly superior antibacterial activity to the CS/ES-SIS composites, likely due to
the higher chitosan concentration. The composites exhibited enhanced antibacterial efficacy
against E. coli compared to S. aureus [223].

I | ¢===== Electrospinning CS and
ES blend solutions

S.aureus

Figure 10. (I) Demonstration of the fabrication of CS/ES-SIS composites; (II) macroimages of SIS
and CS/ES-SIS composites, scale bar: 1 cm; (IIT) SEM image of the composite; and (IV) antibacterial
properties of (a) SIS, (b) CS-SIS, and (c) CS/ES-SIS composites against E. coli and S. aureus. Reprinted
from Ref. [223].

5.2. Electrospinning of Synthetic Polymers for Wound Healing
5.2.1. Poly (Vinyl Alcohol) (PVA)

PVA is a synthetic polymer noted for its biocompatibility, biodegradability, water
solubility, and nontoxicity, making it a versatile material for various biomedical applica-
tions. PVA fibers, commercially available since the 1950s, exhibit excellent fiber shape
and hydrophilicity. Recent advancements have focused on fabricating and synthesizing
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PVA-based nanofibers (NFs) through blending or composite methods to enhance their
functionality for specific applications [224].

One notable approach involves coating PVA electrospun fibers with chitosan (CS) to
impart additional properties. This is achieved by immersing the electrospun PVA mat in a
solution containing 1.0 wt% CS at 30 °C for 1 h [225]. This coating method simplifies the
process and provides a CS layer that more closely resembles glycosaminoglycans in the
extracellular matrix (ECM) compared to pure PVA or PVA-CS blend fibers [225].

Another strategy involves using PVA as a reducing and stabilizing agent in synthe-
sizing silver nanoparticles (AgNPs). AgNPs in PVA fibers, subjected to heat treatment,
effectively led the nanoparticles to the fiber surface, enhancing the antibacterial activ-
ity [226].

The design of drug delivery systems using PVA is also a significant area of research.
Jannesari and colleagues developed PVA /poly (vinyl acetate) (PVAc) composite NF mats
loaded with ciprofloxacin HCI [227]. By increasing the drug loading from 5 to 10 wt%, they
achieved a burst release rate. The presence of PVAc, a hydrophobic polymer, influenced the
migration of the hydrophilic drug to the fiber surface, preventing the burst release [227].

Taepaiboon et al. investigated how the molecular weight of model drugs affects
the release rate and overall amount of drugs from PVA mats [228]. He et al. explored
the drug-loading capacity of polyvinylidene fluoride (PVDF) fibrous membranes in-
corporating enrofloxacin for wound dressing applications [229]. Their findings high-
lighted the effectiveness of core-shell and core-multi—sheet nanofibers in encapsulating
therapeutic agents.

Natural NFs have also been explored for drug delivery systems. Recent research on
electrospun natural NFs revealed that these mats exhibited excellent cell compatibility and
minimal cytotoxicity when loaded with essential oils. Furthermore, even small amounts
of essential oils effectively inhibited the growth of E. coli, underscoring their potential for
promoting skin wound healing (Figure 11) [230].
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Figure 11. (a) Multiaxial electrospinning setup for DDSs and (b) illustration of an antibacterial
mechanism for skin wound healing, Reprinted from Ref. [230].
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In a study by Lan et al., coaxial electrospinning was used to fabricate PVA/
polycaprolactone (PCL) NFs with dual-release capabilities for tea polyphenols and e-
poly(L-lysine) (e-PL) [231]. Antibacterial tests against E. coli and S. aureus demonstrated sig-
nificant antibacterial activity due to e-PL’s ability to lyse bacterial cell walls and membranes
(Figure 12a,b) [231].
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Figure 12. (a) Illustration of producing coaxial NFs. (I) Coaxial electrospinning is used to fabricate tea
polyphenols-infused PVA /PCL coaxial NFs and -¢-PL. (II) Antioxidant and antibacterial properties
of coaxial NFs and (b) antibacterial activity of coaxial NFs against (b1) E. coli and (b2) S. aureus.
Reprinted from Ref. [231].

Another study examined the antibacterial effects of PVA-berberine (Ber) NFs and
PVA-berberine-hydroxypropyl—-cyclodextrin inclusion complex (Ber-IC) NFs. Results
showed that both PVA-Ber-NF and PVA-Ber-IC-NF exhibited significant antibacte-
rial activity against E. coli and S. aureus. Notably, PVA-Ber-IC-NF demonstrated en-
hanced antifungal effects compared to PVA-Ber-NF, attributed to the higher affinity of
2-hydroxypropyl-3-cyclodextrin (HP-3-CD) for cells, facilitating the release and diffusion of
Ber (Figure 13) [232].

Figure 13. Antibacterial properties of (a) PVA, (b) PVA-Ber-NF 0.5%, (c) PVA-Ber-NF 1%,
(d) PVA-Ber-NF 1.5%, () PVA-Ber-IC-NF 0.5%, (f) PVA-Ber-IC-NF 1%, and (g) PVA-Ber-IC-
NF 1.5%. Reprinted from Ref. [232].
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PVA /Gum Tragacanth

Gum tragacanth (GT), a natural gum derived from plant exudates, is an acidic biopoly-
mer composed of two main polysaccharides: tragacanthin, which is highly water-soluble
with a high molecular weight, and a complex of methoxylated acids that is water-insoluble
but capable of swelling and forming gels [233,234].

Ranjbar-Mohammadi et al. investigated the potential of GT in wound dressing appli-
cations by preparing polyvinyl alcohol (PVA)/GT nanofibers through electrospinning [235].
The study focused on optimizing the concentration of GT in the PVA solution to achieve
uniform, bead-free nanofibers. To enhance the water resistance of these fibers, the prepared
nanofibers were exposed to saturated glutaraldehyde vapors [236].

The evaluation of PVA/GT nanofibers included antibacterial and cell proliferation
assays. The results demonstrated that PVA /GT nanofibers exhibit notable antibacterial
activity against Pseudomonas aeruginosa, a Gram-negative bacterium known for its severe
infections and multidrug resistance. However, these nanofibers did not show antibacterial
activity against Gram-positive bacteria. Additionally, MTT assays confirmed that the
PVA /GT nanofibers are biocompatible, exhibiting good cell viability, suggesting their
potential suitability for wound dressings [235].

Overall, integrating GT with PVA in electrospun nanofibers shows promise for de-
veloping advanced wound dressings, particularly for managing infections caused by
resistant Gram-negative bacteria, while maintaining favorable biocompatibility for effective
wound healing.

PVA /Keratin

Keratin is a natural protein characterized by its disulfide bonds and high cysteine
content. It occurs in various forms: a-keratin (present in animal hair, wool, and hooves),
[-keratin (in claws, feathers, and beaks), and y-keratin (in human hair). Despite its
biocompatibility, biodegradability, and natural abundance, pure keratin exhibits suboptimal
mechanical properties. Keratin is often combined with other polymers to enhance these
properties and improve processability [237].

In a recent study, Park et al. explored the combination of keratin with polyvinyl
alcohol (PVA) to improve the functional properties of keratin-based nanofibers [238]. They
utilized keratin extracted from human hair and blended it with PVA to create nanofibers
through electrospinning. The process involved varying the concentration of keratin in the
PVA solution, with PVA maintained at 10 wt% under controlled acidic pH conditions. To
enhance the water resistance of the hydrophilic PVA nanofibers, they were crosslinked
using glyoxal at different concentrations [238].

Figure 14 presents SEM images of the electrospun human keratin/PVA nanofibers,
illustrating the impact of glyoxal concentration on fiber morphology. The electrospinning
parameters were set at 18 kV with a 16 cm working distance, resulting in nanofibers with
diameters ranging from 100 to 300 nm. The study found that increasing the concentration
of glyoxal improved the uniformity of the nanofibers, yielding bead-free structures and
enhancing thermal stability [238].

The glyoxal concentration influenced the antibacterial properties of the keratin/PVA
nanofibers. Nanofibers with lower to intermediate glyoxal content demonstrated antibac-
terial activity against S. aureus, a Gram-positive bacterium. However, nanofibers with
the highest glyoxal concentration showed no antibacterial effect, likely due to the strong
interactions between PVA, keratin, and glyoxal. This interaction may have interfered with
the antibacterial mechanisms. The nanofibers did not exhibit antibacterial activity against E.
coli, a Gram-negative bacterium, potentially due to inherent cellular content and structural
differences between Gram-positive and Gram-negative bacteria [238].
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Figure 14. SEM images for PVA and human-based keratin nanofibers. Images show (A) keratin
nanofibers mixed with PVA, (B) produced nanofibers after dipping in 3 wt% glyoxal, (C) produced
nanofibers after dipping in 6 wt% glyoxal, and (D) produced nanofibers after dipping in 12 wt%
glyoxal. Reprinted from Ref. [238].

Opverall, blending keratin with PVA and optimizing the crosslinking process with gly-
oxal significantly impacts the physical and biological properties of the resulting nanofibers,
offering potential applications in fields requiring enhanced material performance and
specific antibacterial properties.

5.2.2. Poly (Vinyl Pyrrolidone) (PVP)

Poly (vinyl pyrrolidone) (PVP K-30) is renowned for its film-forming and viscosity-
enhancing properties, making it an essential polymer in various commercial and biomedical
applications. Its low chemical toxicity and biocompatibility make it suitable for hair sprays,
shampoos, eye makeup, lotions, and sunscreens [239,240]. Additionally, PVP K-30 reacts
with iodine to form a PVP-iodine (PVP-I) complex, which acts as an iodophor, releasing
active iodine and serving as an effective antimicrobial agent [241].

Gokmese et al. explored the synthesis of nanofibers from a blend of poly (vinyl alcohol)
(PVA) and PVP K-30, creating three types of nanofiber mats: PVA /PVP with 5% chitosan,
PVA /PVP with 10% chitosan, and PVA /PVP-iodine fibers [241]. The addition of chitosan
to the polymer blend increased the solution’s viscosity and conductivity, leading to the
formation of finer and more uniform nanofibers. This modification improved the electro-
spinning process, resulting in bead-free fibers. In contrast, introducing iodine influenced
the nanofiber morphology, causing bead formation due to the reduced conductivity of the
iodine-containing solution compared to the chitosan-enriched blends [241].

Aytimur et al. investigated the PVA /PVP-I blend with additional polymers, specifi-
cally Poloxamer 188 (P188) and chitosan [242]. Poloxamer 188, a triblock copolymer with a
central hydrophobic poly(oxypropylene) chain and flanking hydrophilic poly(oxyethylene)
chains, is used to modify viscosity in various formulations and has shown potential in
aiding cellular membrane repair [243]. The study found that chitosan addition resulted in a
more compact and fibrous nanofiber structure with a diameter of 374 nm, enhancing fiber
formation. Conversely, the presence of P188 led to a more porous and beaded nanofiber



Fibers 2025, 13, 100

38 of 72

structure with a diameter of 489 nm, influenced by P188's effects on the solution properties
and electrospinning process [243].

These studies highlight the substantial impact of various additives on the properties of
PVA /PVP-based nanofibers. Chitosan improves fiber compactness and reduces diameter,
while Poloxamer 188 induces bead formation and increases diameter.

5.2.3. Poly (Acrylic Acid) (PAA)

Poly (acrylic acid) (PAA) is a water-soluble, biocompatible polymer that has been
extensively utilized as a carrier for proteins, enzymes, and various biologically active
substances [244,245]. Its superabsorbent properties also make it suitable for water-soluble
drug applications [245].

In 2014, Aytimur and Uslu successfully fabricated a polyvinyl alcohol (PVA)/PAA
nanofiber mat, utilizing the blend as a primer solution to create three additional
nanofiber mats: PVA /PAA /polyvinylpyrrolidone (PVP), PVA/PAA /PVP-iodine (PVP-I),
and PVA/PAA/chitosan [241]. Their study revealed that incorporating PVP and PVP-I en-
hanced the thermal stability of the resulting nanofibers. The morphology of the PVA/PAA
nanofibers exhibited linear, beadless fibers with diameters averaging 485 nm. However,
introducing PVP, PVP-], and chitosan into the blend reduced fiber diameter to 237 nm,
139 nm, and 279 nm, respectively, albeit with the formation of beads [241].

In a subsequent study, Aytimur et al. explored the preparation and characterization of
two additional polymer blends, PVA /polyethylene glycol (PEG) and PVA /polypropylene
glycol (PPG), focusing on their biological properties. PEG and PPG are water-soluble,
exhibiting low toxicity and antigenicity [246]. The significance of these additions lies in
PPG'’s ability to function as a plasticizer and PEG’s role as an anti-crosslinking agent,
particularly relevant in sterilizing wound dressing materials via ionic radiation, which
typically induces covalent bonding of polymeric chains.

The study demonstrated that PVA/PEG nanofibers, produced at varying concen-
trations, showed agglomeration of very porous fibers with irregular shapes. A similar
outcome was observed for PVA /PPG nanofibers, except in the case of PVA blended with
50% PPG, which resulted in beadless fibers ranging from ribbon-like to uniform, with a
mean diameter of 1.082 um [246].

5.2.4. Polycaprolactone (PCL)

Polycaprolactone (PCL) is utilized in tissue regeneration due to its mechanical proper-
ties, biocompatibility, and cost-effectiveness. However, PCL has inherent limitations as a
synthetic biomaterial, such as a hydrophobic surface and the absence of functional groups,
which reduce its effectiveness as a cell adhesion substrate. Various strategies have been
employed to address these limitations to enhance PCL nanofiber scaffolds” hydrophilicity
and biological characteristics, including incorporating antimicrobial properties [247].

The development of electrospun mats with optimized properties for biomedical appli-
cations, such as tissue regeneration, has been extensively investigated. These mats exhibit
porosity with average pore sizes that resemble those found in human tissues. The fabrica-
tion process typically involves the generation of bioactive particles through electrospinning,
followed by their integration into a biocompatible polymer matrix like PCL. Despite its
benefits, PCL's low stiffness, hydrophobicity, and limited bioactivity pose challenges for its
use in advanced biomedical applications [247].

Nonetheless, combining PCL with bioactive materials in electrospinning has garnered
significant interest in creating new membranes with enhanced cell proliferation and wound
healing capabilities [248,249]. For instance, Miguel et al. investigated aloe-vera-derived
nanofiber materials, which were processed through electrospinning for applications in skin
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regeneration and wound healing [250]. These electrospun membranes have been shown
to promote rapid cell proliferation and migration, which are crucial for effective wound
healing. Additionally, the antimicrobial properties of these mats are essential for their
function as wound dressings [250].

In medical applications, PCL fibers must be free of beads, as the fiber diameter must
closely mimic the natural extracellular matrix to support optimal cell growth. During
the electrospinning of PCL, various solvents such as chloroform, methanol, dimethylfor-
mamide, dichloromethane, or combinations thereof have been employed [251-253]. Intro-
ducing functional groups to the polymer can further improve its adhesive, hydrophilic,
and biocompatible properties, enhancing cellular responses. Consequently, PCL is used
in various medical devices, including sutures, wound dressings, and dental applications,
where these modified properties are crucial for performance [253-255].

5.2.5. Poly (Lactic Acid-Co-Glycolic Acid) (PLGA)

Poly (lactic-co-glycolic acid) (PLGA) is a biodegradable synthetic polymer with ex-
cellent biocompatibility, making it highly suitable for various biomedical applications.
Compared to natural polymers, PLGA offers several advantages, including a lower cost, a
well-defined structure with predictable degradation kinetics, greater mechanical properties
that facilitate electrospinning, and the presence of lactate as a degradation byproduct,
which has been shown to promote wound healing [256,257].

Fusidic acid, a protein derived from fungi, has been incorporated into PLGA fibers
to promote antimicrobial properties. These fibers were designed to release the drug in
response to the severity of the wound, targeting infected wounds [258]. Studies have
demonstrated that when these fibers were incubated with overnight cultures of wound
bacteria (107 CFU mL™1), significant bacterial colonization and dense biofilm formation
occurred on the fiber mats [259]. This was linked to a marked increase in the initial
release of fusidic acid, which effectively eliminated planktonic bacteria and significantly
reduced biofilm formation. This interaction between the dressing material and the wound
environment may have important therapeutic implications, as the pristine fibrous mats
could inhibit the spread of infection by sequestering bacteria. However, there is a potential
risk of reinfection if the wound is not adequately managed [259].

The structural integrity and drug release capabilities of biomaterials like PLGA can
be compromised by enzymes and toxins generated by colonizing bacteria [259]. To ad-
dress these challenges, a study developed a wound dressing based on PLGA and aloe
vera, incorporating nanostructured lipid carriers (NLCs) [257]. These included NLCs
aimed at preventing the dressing from adhering to the wound and improving its handling
properties [259].

Several other studies have explored the antimicrobial and cytocompatibility properties
of PLGA-based nanofiber (NF) scaffolds. For example, PLGA /CuO hybrid NF scaffolds
have been tested for their antimicrobial effects against various bacterial strains and their
interactions with fibroblasts, demonstrating potential as internal and external wound
dressings [260]. The electrospinning technique has also been employed to fabricate and
characterize biodegradable scaffolds composed of a PLGA NF matrix reinforced with
silver nanoparticles (Ag NPs) without foreign-reducing agents. These scaffolds exhibited
favorable morphological and thermal properties, suggesting their potential application as
antimicrobial agents in biomaterials or water purification systems [261,262].

Further research has shown that PLGA-HACC fibrous membranes possess good
cytocompatibility, significantly enhancing the adhesion, spreading, and proliferation of
human dermal fibroblasts (HDFs) and HaCaT cells. The wound-healing efficacy of PLGA-
HACC was validated in a full-thickness excision wound model using S. aureus-infected
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mice, indicating that PLGA-HACC could be a promising therapeutic biomaterial for
treating infected wounds [262].

In another study, electrospun PLGA nanofibers containing the antibiotic chloram-
phenicol were evaluated for their ability to control bacterial growth. These fibers inhibited
the growth of E. coli, B. cereus, and S. typhimurium by over 93% in liquid culture. However, P.
aeruginosa and S. aureus inhibition was less pronounced at 42% and 56%, respectively, high-
lighting the varying efficacy of PLGA-based antibiotic delivery systems against different
bacterial strains [263].

The analysis of PLGA-HACC membranes revealed a significantly lower presence of
living bacteria (indicated by green fluorescence) compared to PLGA and PLGA—chitosan
(CS) membranes. This suggests that the PLGA-HACC membranes were much more effec-
tive in preventing bacterial adhesion and survival. A high density of dead bacteria (shown
by red fluorescence) on the PLGA-HACC membranes further indicated that the bacteria
present were largely non-viable, implying effective antibacterial activity (Figure 15a) [262].
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Figure 15. (a) Confocal laser scanning microscopy (CLSM) images of S. aureus and P. aeruginosa
bacteria grown on PLGA, PLGA-CS, and PLGA-HACC nanofiber surfaces after 24 h. (b) SEM images
of S. aureus and P. aeruginosa bacteria grown on PLGA, PLGA-CS, and PLGA-HACC nanofiber
surfaces after 24 h. (c) Photos of S. aureus and P. aeruginosa bacteria formed after 24 h incubation on
PLGA, PLGA-CS, and PLGA-HACC nanofibers. (d) Quantity evaluation of adhered bacteria on
nanofiber samples after 24 h of incubation; ## denotes p < 0.01, and ** in the figure denotes p < 0.05.
Reprinted from Ref. [262].
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Scanning electron microscopy (SEM) micrographs provided additional insight into
the bacterial morphology of the different membrane types (Figure 15b). S. aureus and
P. aeruginosa exhibited greater adhesion to the PLGA membranes than the PLGA-CS
and PLGA-HACC membranes. Bacterial adhesion was also reduced on the PLGA-CS
membranes relative to the PLGA membranes. On the PLGA-HACC membranes, S. aureus
and P. aeruginosa were sparsely distributed across the surface, indicating a significant
reduction in bacterial colonization [262].

Quantitative assessments confirmed that S. aureus and P. aeruginosa were substantially
less abundant on the PLGA-HACC membrane surfaces than on the PLGA and PLGA-
CS membrane surfaces (Figure 16a,b). This data underscores the enhanced antibacterial
properties of PLGA-HACC membranes, making them a promising material for applications
where infection prevention is critical [263].

Figure 16. The antibacterial property of optimal scaffold with different concentrations of AgSD (0.25%,
0.5%, and 0.75%) against (a) E. coli and (b) Bacillus bacteria. Optimal mat: EC/PLA (70:30)—collagen
(10 wt%), AgSD: silver sulfadiazine. Reprinted from Ref. [124].

5.2.6. Poly (Lactic Acid) (PLA)

Polylactic acid (PLA) is a biocompatible synthetic polymer composed of lactic acid,
renowned for its remarkable biodegradability and high bioresorbability, which allows it
to be absorbed by the body while providing space for tissue expansion [264,265]. PLA’s
potential in biomedical applications is further highlighted by numerous reports demon-
strating its ability to assist in antimicrobial activities and support other therapeutic uses. Its
selection as a core material for coaxial electrospinning is driven by its non-toxicity, superior
mechanical properties, and excellent fiber-forming capability [266].

In a study by Spasova et al., PLA and PLA /polyethylene glycol (PEG) wound healing
mats were electrospun and coated with chitosan (CS) to induce immediate hemostatic
activity [267]. Similarly, Nguyen et al. used coaxial electrospinning to reinforce the CS
shell with PLA as the core, resulting in a material that exhibited strong antimicrobial
activity against E. coli, indicating its potential for use in both biomedical and filtration
applications [268].

The large porosity and specific surface area of biocompatible PLA nanofibers (NFs)
make them ideal carriers for bioactive compounds like curcumin, which possesses an-
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tioxidation, anticancer, anti-inflammatory, and wound healing properties. One study
showed that curcumin-loaded PLA NFs were nontoxic and effective as wound healing
patches [268]. In another research effort, coaxial electrospinning was used to create NFs
with a poly (y-glutamic acid) (y-PGA) core and a PLA shell, a configuration proposed for
tissue engineering and wound healing applications [269].

Further research demonstrated the versatility of PLA in encapsulating therapeutic
substances. For example, composite NFs made from polyvinylpyrrolidone (PVP)/PLA-
polyethylene oxide (PEO) encapsulating collagen and cefazolin were fabricated using
coaxial electrospinning. The antibacterial efficacy of these scaffolds was confirmed against
E. coli, S. aureus, and P. aeruginosa using the disk diffusion method, showing significant
antimicrobial properties [270].

Karami et al. developed thymol-loaded hybrid PLA /polycaprolactone (PCL) NFs and
evaluated their antibacterial properties against S. aureus and E. coli in vitro and in vivo [271].
The hybrid NFs enhanced wound healing and histological efficiency, outperforming tradi-
tional wound care products.

In another study, herbal extracts from plants indigenous to Tiirkiye were incorporated
into electrospun polymeric NFs for medical applications. Extracts of Satureja hortensis
(SH), Agrimonia eupatoria (AE), and Hypericum perforatum (HP) were loaded into NFs
made from thermoplastic polyurethane (TPU), PLA, and PCL polymers. The resulting
composite NFs exhibited strong structural integrity and morphology, with TPU/SH com-
posite NFs showing the greatest polymer—extract compatibility due to their antibacterial
behavior and NF morphology. This research underscores the potential for developing
rapid prototyping strategies for wound dressings with customizable antimicrobial and
morphological properties based on the choice of polymer and herbal extract [272].

Moreover, PLA has been utilized as a host matrix for hydrotalcite (Mg—Al) LDH)
to achieve an antibacterial structure capable of delivering silver sulfadiazine (55D) from
electrospun scaffolds designed for wound healing. The combination of PLA and SSD,
embedded within the (Mg—Al) LDH matrix, demonstrated inhibitory activity against E. coli
and S. aureus in vitro, while maintaining excellent biocompatibility with human cells. The
multifunctionality of PLA /SSD-(Mg—-Al) LDH scaffolds makes them highly suitable for
various transdermal applications [273].

In conclusion, PLA is a versatile, bioabsorbable, and biodegradable polymer with
outstanding biocompatibility. Its ability to integrate a wide range of active agents, including
antimicrobial substances, positions it as a promising material for preventing bacterial
infections in external wounds and other biomedical applications.

5.2.7. Poly (L-Lactic Acid) (PLLA)

Poly (L-lactic acid) (PLLA) is a significant polymer material highly valued for its
biodegradability and biocompatibility. Under normal physiological conditions, PLLA
undergoes hydrolysis within the body, breaking down into its constituent monomers, lactic
acid and glycolic acid, which are naturally occurring byproducts of various metabolic
pathways. Due to these properties, PLLA-based materials have found extensive application
in the biomedical and biological fields [274].

For instance, Leo’s research group developed ibuprofen-loaded PLLA microspheres
and investigated their drug release characteristics, resulting in a controlled therapeutic
delivery system [274]. The results demonstrated the effectiveness of PLLA as a wound
dressing substrate material. In another study, biodegradable PLLA scaffolds with a well-
connected macroporous and nanofiber architecture effectively prevented bacterial growth,
further supporting their use in wound care applications [275].
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Zeng et al. conducted research in which electrospun PLLA fiber mats were used to
encapsulate two chemotherapeutic agents with different solubilities: paclitaxel, a lipophilic
drug, and doxorubicin HCl, a hydrophilic drug. The study found that the compatibility
of the drug with the polymer matrix and the polymer degradation rate were critical
factors influencing the drug release profile [276]. Paclitaxel was encapsulated within the
PLLA nanofiber mats, while doxorubicin HCl was located on or near the fiber surface. As
anticipated, a burst release of doxorubicin HCl was observed, whereas paclitaxel exhibited a
zero-order release profile, indicating a sustained and controlled drug delivery system [276].

Further advancing the versatility of PLLA, another study employed electrospinning to
create nitrofurazone (NFZ)-loaded PLLA /sericin dual-layer fiber mats. The incorporation
of sericin enhanced the hydrophilic properties of the mats. At the same time, the addition
of the antibiotic NFZ significantly increased the antibacterial activity against both E. coli (a
Gram-negative bacterium) and B. subtilis (a Gram-positive bacterium), compared to fibers
lacking the drug [274,276].

In another innovative approach, PLLA-PEG-NH2 and PLLA emulsions were electro-
spun into core-sheath nanofibers. Following two functionalization reactions, these fibers
retained their antimicrobial properties, demonstrating the potential to develop multifunc-
tional nanofibers for use in wound dressings, periodontal membranes, or more complex
tissue systems requiring multiple growth factors and anti-infection measures to ensure
optimal tissue implantation and regeneration [277].

A biocompatible zinc prolinate catalyst was developed to produce high-molecular-
weight PLLA (>100,000) and PLLA-ciprofloxacin composites. Ciprofloxacin, an antibiotic,
was covalently bonded to the functional domains of PLA through the ester linkage with the
piperazine ring. The ciprofloxacin-loaded PLLA nonwoven nanofibers exhibited structural
integrity and potent antimicrobial activity against S. aureus and E. coli in both static (agar)
and dynamic (liquid) environments [278]. These findings highlight the potential of PLLA
nanofibers as practical wound coverings with inherent antimicrobial properties [278].

Ahmadian et al. demonstrated the potent inhibitory activity of electrospun ethyl cellu-
lose (EC)/poly (lactic acid) (PLA)/collagen nanofibers (NFs) loaded with silver sulfadiazine
(AgSD) against B. coli and E. coli bacteria using the disc diffusion method, as illustrated in
Figure 16 [124]. The figure highlights that the NFs without AgSD (control group) exhibited
no antibacterial effect against the bacteria after 24 h of incubation. However, upon loading
AgSD into the nanofiber mats, a significant antibacterial effect was observed, particularly
in mats containing 0.75% AgSD, which showed substantially larger inhibitory zones than
mats with lower AgSD concentrations for both bacterial strains.

The antibacterial activity is attributed to the release of Ag* ions from AgSD, which
increases the permeability of the mats, allowing the ions to penetrate the bacterial cell walls.
All Ag-coated electrospun NFs demonstrated significant antibacterial activity against E. coli
and S. aureus, as evidenced by the clear inhibitory zones surrounding the Ag-coated patches
shown in Figure 17 [279]. In contrast, as expected, the uncoated mats did not display any
antibacterial effect.

Notably, the study found that the antibacterial efficacy against S. aureus was higher
than against E. coli. Additionally, among the tested materials, Ag-aliphatic polyamide (PA
6.6) exhibited superior antibacterial activity against E. coli compared to Ag-polyurethane
(PEU) and Ag-PLL. However, all coated mats showed similar antibacterial effectiveness
against S. aureus [279].
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PLLA
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Figure 17. (a) Illustration of optical images of agar cultural experiments with E. coli and S. aureus
bacteria were tested on uncoated reference (the left patches) and coated electrospun nanofibers (right
patch) and (b) inhibition zones after 24 h of incubation with E. coli and S. aureus (* p < 0.05) (duration
of deposition was 40 min for Ag-U and Ag-PA samples while it was 20 min for Ag-PLLA). Reprinted
from Ref. [279].

Furthermore, an inhibition halo around the Ag-coated patches indicated that the
antibacterial activity was not limited to direct contact with the bacterial membrane. Instead,
it also involved a diffusion-driven process where silver ions were dispersed into the
surrounding area of the patch. This diffusion mechanism suggests that Ag-coated NFs
have the potential to provide a broad-spectrum antibacterial barrier, making them highly
effective in wound care and other biomedical applications [279].

5.2.8. Poly (Ethylene Oxide) (PEO)

Poly (ethylene oxide) (PEO) is renowned for its efficacy as a hydrophilic carrier for ac-
tive ingredients at the nanoscale [280-282]. Its minimal interference with plates and plasma
proteins, attributed to water interaction and steric exclusion, provides an advantageous
environment for healing diabetic foot ulcers (DFUs) [283,284]. This characteristic makes
PEO particularly valuable in biomedical applications.

Integrating PEO into other materials, such as cyclodextrin and chitosan, which inher-
ently possess poor electrospinning properties, has significantly improved the fabrication of
long, bead-free nanofibers [285]. This supports the structural integrity and functionality
of the nanofibers. Additionally, incorporating aqueous PEO solutions stabilizes brittle
biomaterials within the core-shell configuration of coaxial nanofibers [286].

Further investigation reveals that increasing the ratio of PEO leads to an improved
morphology of nanofibers, as seen in the SEM images [287]. This enhancement is linked to
PEO’s molecular chain orientation and crystallinity. Moreover, factors such as constrained
annealing and solvent properties also contribute to the PEO-based fiber production [288].

6. Classification of Nanofiber-Based Wound Dressing

The classification of nanofibers is primarily based on their cladding structure, with
the main categories being uniaxial, coaxial, and tri-axial nanofibers. Among these, uniaxial
nanofibers are commonly fabricated using a straightforward electrospinning technique.
This method is favored due to its simplicity in geometry and reduced complexity in
processing parameters compared to more advanced electrospinning modifications.

Uniaxial nanofibers can be further categorized into five distinct types:

1.  Polymer Nanofibers: Comprising either pristine natural or synthetic polymers.
Polymer Blend Nanofibers: Formed from a mixture of two or more polymers.

3. Biological Molecule-Embedded Polymer Nanofibers: Incorporating biological molecules
such as growth factors or cells into the polymer matrix.
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4. Drug-Embedded Polymer Nanofibers: Featuring drugs embedded within a poly-
mer matrix, which may include materials like chitosan, polyvinyl alcohol (PVA),
polycaprolactone (PCL), polylactic acid (PLA), among others.

5. Hybrid Nanofibers: Comprising a combination of drugs or a mixture of drugs and
biological molecules embedded within the nanofiber structure.

This classification framework offers a comprehensive understanding of the diverse
structures and functionalities that nanofibers can possess [286-288].

6.1. Uni-Axial Nanofibers
6.1.1. Polymer Nanofibers

Polymer nanofibers fabricated through the facile electrospinning technique, partic-
ularly biopolymers, offer notable advantages such as ease of processing, excellent bio-
compatibility, and non-toxicity. Additionally, specific polymers, like cellulose acetate,
inherently possess antibacterial properties without requiring the addition of antibacterial
agents. For instance, Yoshioka et al. reported that after methanol treatment, Bombyx mori
silk nanofibers, with 180 to 260 nm diameters, exhibited enhanced mechanical properties.
Specifically, the yield strength increased from 33.6 MPa to 96.1 MPa, and Young’s modulus
improved from 1.4 GPa to 3.2 GPa. However, the fracture strain decreased from 8.7% to
3.7%, indicating a trade-off between strength and flexibility [289].

In another study, Uppal et al. investigated the influence of electrospinning param-
eters on the diameter of HA fibers. They showed that a lower flow rate (0.1 mL/h)
and shorter spin length (2.5 cm) produced thin nanofibers with diameters as small as
58 nm. Furthermore, they observed that the air permeability of hyaluronic acid nanofibers
(1642.5 m3 /h/m?) significantly exceeded that of gauze with Vaseline (334.7 m3/h/m?), a
characteristic that promotes wound healing by facilitating oxygen exchange [70].

Kim et al. successfully replicated the pattern of human skin using a conductive mold,
creating a more conducive environment for wound healing. Their 14-day in vitro tests
demonstrated that the nanofiber mats supported cell proliferation for up to 7 days, resulting
in effective wound healing with minimal scar formation [89].

Augustine et al. fabricated a poly(e-caprolactone) (PCL) scaffold via electrospinning
to investigate wound healing and the mechanisms of cell proliferation [290]. Tensile tests
indicated that a 15 wt% PCL solution exhibited a higher modulus (3.84 & 0.25 MPa) than a
5 wt% PCL solution (2.46 + 0.26 MPa). Wettability studies further revealed that PCL had
a water contact angle of 122 & 5°, which decreased to 72 + 5° after 30 days of immersion
in simulated body fluid. PCL also demonstrated excellent cell attachment, migration, and
proliferation of fibroblast cells, facilitating faster wound healing by guiding cells to the
wound center [290].

Ishii et al. examined the effectiveness of stereocomplexed PLA nanofibers, composed
of poly(L-lactide) and poly(D-lactide), compared to poly(L-lactide) (PLLA) nanofibers [291].
Post-in vivo analysis revealed that the numerical average molecular weight (Mn) of stereo-
complexed PLA remained nearly unchanged, whereas the Mn of PLLA decreased signifi-
cantly from 3.8 x 10° to 1.8 x 10°. Additionally, the swelling of stereocomplexed PLA was
lower than that of PLLA, indicating slower degradation in vitro [291].

Cellulose acetate, long used for filtration purposes, was also studied by Rieger et al.
for its ability to transport microorganisms [92]. They spun cellulose acetate nanofibers and
compared their performance with commercial products such as Fisherbrand fabric and
Sartorius membranes. The adsorption coefficient (Keq) of microorganisms (E. coli K12)
was significantly higher in nanofiber mats (420) compared to Fisherbrand fabric (9.24) and
Sartorius membranes (0.67). This suggests that polymer nanofibers can enhance bacterial
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resistance by blending polymers with higher antibacterial resistance, making them effective
in environments with high bacterial counts [291].

6.1.2. Nanofibers of Polymer Blends

Polymer blend nanofibers are a strategy for designing formulations tailored to specific
applications. By adjusting the polymer content and selecting particular polymers, these
blends can achieve unique properties, making them highly customizable for various uses.
For example, Yeo et al. successfully fabricated collagen and silk fibroin blend nanofibers,
where crosslinking with glutaraldehyde vapor stabilized the collagen, and crystallization
into a 3-sheet structure stabilized the silk fibroin using water vapor. Their findings re-
vealed that hybrid nanofibers exhibited superior cellular behavior and cytocompatibility
compared to blend nanofibers when seeded with fibroblasts and normal human epidermal
keratinocytes [292].

Datta et al. developed nanofiber mats composed of gelatin and oleoyl chitosan (chi-
tosan grafted with a C18 oleoyl chain) that demonstrated excellent in vitro cytocompati-
bility, mainly when used with human amniotic membrane-derived stem cells, showing
improved cell proliferation and adhesion. Their wettability studies revealed that increasing
the concentration of oleoyl chitosan raised the contact angle from 36° to 80° and reduced
the swelling of the nanofiber mats compared to pure gelatin nanofibers, which showed a
swelling range of 420% to 380% [293].

Dongargaonkar et al. created a blend of gelatin and gelatin-dendrimer conjugates
(highly branched polyamidoamine) and incorporated silver acetate. They treated the
nanofibers with photoreactive PEG diacrylate to form semi-interpenetrating networks.
These nanofibers degraded entirely within 24 h, but only 8-13% of the silver was released
over 48 h. This slow release, attributed to the electrostatic interaction between silver and
dendrimer conjugates, provided resistance against S. aureus and P. aeruginosa [294].

Pakravan et al. investigated chitosan/polyethylene oxide (PEO) blend nanofibers, find-
ing that the chain stiffness of chitosan affected processability. They blended chitosan with
10 wt% PEO to address this, where strong hydrogen bonding facilitated electrospinning.
Higher chitosan content promoted the formation of ultrathin nanofibers, with diameters
ranging from 123 nm to 63 nm [295].

Zhang et al. also fabricated electrospun chitosan/PVA nanofibers that demonstrated
improved wound healing with enhanced cell adhesion and proliferation, confirming
the scaffold’s biocompatibility. The accelerated wound healing was attributed to the
nanofibers” higher blood absorption capacity, which supported homeostasis and tissue
regeneration [296].

Zhou et al. studied chitosan/PVA nanofibers crosslinked with aqueous glutaraldehyde
solution. These crosslinked nanofibers were non-toxic to L929 cells and exhibited good
in vitro biocompatibility. An equal content of chitosan and PVA in the blend was optimal
for cell adhesion after 48 h of cell culture [297].

Further research by Ignatova et al. explored the blend of poly[(L-lactide)-co- (D, L-
lactide)] (PLA) with chitosan (Ch) and quaternized chitosan (QCh). They verified that the
QCh/PLA nanofiber mat and film exhibited antibacterial activity against S. aureus and E.
coli cells. The equilibrium swelling degree in water for QCh/PLA and Ch/PLA was 160%
and 170%, respectively [298].

Ashraf et al. developed a blend of PVA and polyhydroxybutyrate (PHB) nanofibers
(50:50) and investigated the effects of varying polymer ratios. By tuning the PVA concentra-
tion in the blend, specific cell proliferation was promoted; for example, the 50:50 PVA /PHB
blend promoted human keratinocyte cell growth and inhibited dermal fibroblast cells, while
the 5:95 blend promoted fibroblast growth and inhibited keratinocyte proliferation [299].
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Aytimur et al. created PVA/PEG and PVA /PPG blends as novel matrices for wound
dressing applications. SEM micrographs showed that PVA/PPG (75:25) and PVA/PEG
(75:25) supported higher colonization against E. coli than 50:50 blends. Additionally,
PVA /PPG (50:50) exhibited a bead-free and uniform diameter (1.082 pm), making it well-
suited for wound dressing applications [300].

Park et al. developed a biomimetic poly (glycolic acid) (PGA)/chitin blend nanofiber
scaffold. However, due to the significant difference in solubility parameters between PGA
(34.0J1/2/cm3/2) and chitin (17.8 ] 1/2/cm 3/2), the blend showed immiscibility. The
degradation study indicated that the entire PGA content degraded within 45 days, and the
degradation rate decreased as the chitin content increased (25-75%), with values ranging
from 30 to 13 days. Bovine serum albumin-coated PGA /chitin (25:75) proved an effective
candidate for cell attachment and the proliferation of normal human fibroblasts [301].

6.1.3. Biological-Molecule-Loaded Uni-Axial Nanofibers

Biological-molecule-embedded nanofibers exhibit a remarkable affinity for the hu-
man body, promoting cell adhesion and proliferation. However, the inherent processing
constraints of biological molecules are often mitigated by blending them with synthetic
polymers. For example, Fan et al. developed the novel L-ascorbic acid 2-phosphate (VC-2-
p)-loaded silk fibroin (SF) nanofiber mats. After treatment with ethanol vapor, the unstable
silk I became a more stable silk II, enhancing the nanofibers’ properties. These VC-2-p-
loaded SF nanofibers significantly improved the adhesion and proliferation of L929 cells,
although they also exhibited a burst release of VC-2-p (60-70% within 20 min) [302].

Selvaraj et al. explored the use of fenugreek-loaded silk fibroin nanofibers for acceler-
ated wound healing. Fenugreek, known for its antioxidant properties, drastically increased
the nanofibers” antioxidant activity from 5.6% in pristine silk fibers to 49.3% in fenugreek-
loaded silk fibroin nanofibers. The biocompatibility of these fibers was confirmed through
the proliferation of fibroblast cells within 72 h of incubation. The release profile of fenugreek
varied depending on its concentration; for instance, a silk fibroin-fenugreek blend (1:1)
released 73 % 0.9% of fenugreek within 24 h, while a 1:0.1 blend released only 21.5 = 0.9%
in the same period. The burst release was attributed to fenugreek trapped in surface pores,
while the slower release in the second case was due to both the lower concentration of
fenugreek and the hydrophobic nature of silk fibroin [303].

Li et al. reported successfully incorporating stable vitamin E (TPGS) and vitamin
A palmitate into gelatin nanofibers. Interestingly, as the vitamin content increased, the
nanofiber diameter decreased. The release study of vitamin A indicated an initial burst
release of 20% within 8 h, followed by sustained release reaching 64% over 60 h. Similarly,
vitamin E exhibited a burst release of 30% in 10 h, with sustained release reaching 72% over
60 h. Vitamin E-loaded fibers effectively inhibited the growth of S. aureus and E. coli, and
the vitamin-loaded gelatin nanofibers demonstrated superior wound healing capabilities
compared to commercially available disinfectant gauze and cast film [304].

Chhabra et al. attempted to enhance the stability of gelatin/poly-methyl vinyl ether-alt-
maleic anhydride (PMVE/MA) nanofibers by doping them with zinc oxide and crosslinking
them with glutaraldehyde vapor. The antibacterial studies showed that the zinc oxide
nanoparticles in the PMVE/MA nanofibers significantly reduced the adherence of E. coli
cells compared to raw PMVE/MA fibers [305].

Xi et al. investigated the direction-dependent properties of nanomaterials on wound
healing and cell adhesion, finding that polyurethane nanofibers effectively tuned and
guided cell growth along the nanofiber direction. The alignment of the nanofibers played a
critical role, with anisotropic random nanofiber mats (5236 £ 2313 cells) supporting the
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highest level of cell proliferation, compared to random nanofiber mats (2252 & 683 cells)
and planar random nanofiber mats (1143 % 521 cells) [306].

6.1.4. Drug-Loaded Uni-Axial Nanofibers

Drugs with antimicrobial and anti-inflammatory properties are incorporated into
nanofibers. Moreover, certain drugs in these nanofibers can stimulate healing events,
such as vasodilation, while enhancing resistance against bacterial infections [307]. For
instance, Sadri et al. explored using an environmentally friendly green tea extract in
chitosan/polyethylene oxide (PEO) nanofiber mats for wound dressing applications. To
improve the hydrophilic properties of the nanofiber mats, they were treated with glu-
taraldehyde vapor. Adding green tea extract (GT) imparted significant antibacterial activity
to the chitosan/PEO nanofibers, demonstrating inhibition zones of 6 mm and 4 mm against
Gram-positive and Gram-negative bacteria, respectively [307].

Annur et al. investigated the incorporation of silver nanoparticles into chitosan/PEO
nanofiber scaffolds, capitalizing on the well-known antibacterial properties of silver. SEM
analysis of 1 wt% AgNOs-incorporated chitosan/PEO nanofibers revealed a 30% reduc-
tion in fiber diameter following 1.5 min of post-plasma treatment. Antibacterial studies
further showed that nanofibers containing 2 wt% AgNOj3 exhibited a significantly larger
zone of inhibition (0.38 mm) compared to pristine chitosan/PEO nanofibers (0.01 mm),
highlighting the enhanced antibacterial efficacy of the silver-loaded nanofibers [308]. Char-
ernsriwilaiwat et al. examined the effects of Garcinia mangostana (GM) extracts, specifi-
cally a-mangostin, when loaded into chitosan-ethylenediaminetetraacetic acid/poly(vinyl
alcohol) (CS-EDTA /PVA) electrospun nanofibers for wound healing. They found that
increasing the a-mangostin content from 1% to 3% reduced the swelling of the nanofibers
from 111.96% to 96.67%. This reduction in swelling contributed to a burst release of x-
mangostin, with 80% of the drug being released within 60 min. The «-mangostin-loaded
CS-EDTA /PVA nanofibers also demonstrated effective bacterial inhibition against E. coli
and S. aureus [309]. Chitosan-based nanofibers can exhibit suitable swelling rates and
support burst drug release. This can be prevented by grafting and blending chitosan with
other polymers [309].

Shoba et al. investigated the potential of papain (P)- and urea (U)-loaded polyvinyl al-
cohol (PVA) nanofiber scaffolds for wound debridement applications. Their study revealed
that pristine PVA nanofibers exhibited a bactericidal activity of 50%, including papain and
urea, enhancing the system’s antibacterial efficacy, particularly against Gram-negative E.
coli bacteria, ensuring longer-lasting stability. Both the P-U/PVA and P/PVA nanofibers
displayed an initial burst release followed by sustained drug release over 24 h. This release
behavior was attributed to the hydrophilic matrix’s high surface area and porosity [310].

In another study, Kataria et al. developed ciprofloxacin-loaded PVA /sodium alginate
(NaAlg) nanofibers for transdermal patch applications. Their findings showed that the
degree of swelling was higher in PVA /NaAlg nanofibers (190 £ 5.3% over 12 h) compared
to ciprofloxacin-loaded PVA/NaAlg nanofibers (170 + 4.3% over 12 h). In vitro drug
release studies demonstrated that PVA nanofibers had a faster ciprofloxacin release rate,
with 28.4% released in the first 30 min and 98.6% within 5 h. In contrast, the PVA /NaAlg
composite nanofibers exhibited a slower release, with 20% in the first 30 min and 80%
within 5 h, although both formulations released 99% of the drug within 24 h [311].

Lu et al. explored the incorporation of graphene into PVA/chitosan nanofibers
for wound healing applications. Their antibacterial studies revealed that PVA /chitosan
nanofibers containing graphene effectively inhibited the growth of E. coli and Agrobac-
terium, both prokaryotic cells, but not eukaryotic yeast cells. This unique phenomenon
was attributed to the interaction between the graphene and the prokaryotic cells, where
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graphene facilitated electron transfer, ultimately breaking down the cells. However, a
nuclear membrane in eukaryotic cells, like yeast, prevented this electron transfer, making
it difficult to disrupt these cells. Consequently, graphene’s ability to control microbial
proliferation was particularly effective against microbes with prokaryotic cells [312].

Ahmed et al. focused on electrospun zinc oxide (ZnO)-embedded chitosan/PVA
nanofibers for diabetic wound healing. Their findings showed that these nanofibers ex-
hibited a higher zone of inhibition against E. coli, P. aeruginosa, B. subtilis, and S. aureus
compared to pristine chitosan/PVA nanofibers. Additionally, wound contraction with
chitosan/PVA/ZnO nanofibers (90%) was significantly greater than with pristine chi-
tosan/PVA nanofibers (80%) over 12 days [151].

Shalumon et al. explored sodium alginate/polyvinyl alcohol (PVA)/ZnO composite
nanofibrous mats as a wound dressing material. These nanofibers were stabilized through
crosslinking with 2% glutaraldehyde vapor. The antibacterial studies indicated that increas-
ing the ZnO content (0.5% to 5%) led to enhanced inhibition zone diameters for S. aureus
(15-16 mm) and E. coli (14-15 mm). Furthermore, nanofibers containing up to 1% ZnO
successfully adhered to and proliferated L929 cells within 96 h, indicating their potential
effectiveness in wound healing applications [313].

Pal et al. developed carbon nanodot (CND)-incorporated polycaprolactone (PCL)
fluorescent nanofibers for monitoring in vivo wound healing in full-thickness wound
dressing applications. The nanofibers were stabilized using an N-hydroxysuccinimide
(NHS) and 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) solution. Their study
showed that CND-incorporated PCL nanofibers significantly enhanced wound recovery
(82.75 £ 1.5%) compared to pristine PCL nanofibers (51.75 £ 3.2%) and open wounds
(13.8 & 5.1%). Furthermore, a controlled release of CNDs was observed, making these
nanofibers effective for wound healing and real-time monitoring of the healing pro-
cess [314].

Augustine et al. explored the use of europium hydroxide nanorods (EHNs) in PCL
electrospun scaffolds to improve mechanical properties and cell proliferation. They found
that the elongation at break for 0.25% EHN-loaded PCL nanofibers (235 £+ 16 MPa) was
superior to that of pristine PCL nanofibers (316 + 14 MPa). Additionally, cell culture
tests indicated that the proliferation of human umbilical vein endothelial cells (HUVECs)
increased significantly when using 0.5 wt% EHN-loaded PCL scaffolds, with cell density
rising from 158 + 16 cells/mm? at 24 h to 284 + 17 cells/mm? at 120 h. This enhanced pro-
liferation demonstrates the potential of EHN-loaded PCL nanofibers for tissue engineering
applications [315].

In another study, Augustine et al. reported on developing ZnO nanoparticle-loaded
PCL membranes for accelerated fibroblast proliferation and wound healing. Their research
showed that cell density in pure PCL membranes increased from 20 4 6 cells/mm? after
5 days of implantation to 212 4 12 cells/mm? after 20 days. In contrast, cell density
with 1% ZnO-loaded PCL membranes increased from 38 =+ 8 cells/mm? after 5 days to
316 + 6 cells/mm? after 20 days. Furthermore, the percentage of wound healing with ZnO-
loaded PCL membranes (100%) was significantly higher than with pure PCL membranes
(85%) after 25 days of implantation, highlighting the effectiveness of ZnO in promoting
wound healing [316].

Zhang et al. investigated Captopril (CPL)-impregnated Poly (lactic-co-caprolactone)
(PLCL) nanofibers for controlled drug release applications. Their study on swelling behav-
ior revealed that PLCL nanofibers exhibited a lower swelling percentage (165% in 50 min
under pH 7.4) compared to poly (L-lactic acid) (PLLA) nanofibers (480% in 50 min under
pH 7.4) and poly (lactic-co-glycolic acid) (PLGA) nanofibers (290% in 50 min under pH 7.4).
Regarding drug release, PLCL nanofibers demonstrated a more controlled release, with
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an initial burst release of 66% in 2 h, compared to the higher burst release rates of PLLA
and PLGA nanofibers (90% in 2 h). Additionally, PLCL nanofibers showed a higher drug
release rate under pH 7.4 (90% in 250 h) than under pH 6.8 (50% in 250 h), indicating the
pH-dependent release profile of CPL from PLCL nanofibers [41].

Loiola et al. studied the release of Acetaminophen (AC) and Celecoxib (CL) embedded
in PLLA-PEO-PPO block copolymer electrospun nanofibers for wound healing. They
observed that nanofibers containing 5 wt% of Celecoxib (CL) exhibited a slower drug
release (20% in 12 h) compared to those containing 5 wt% of Acetaminophen (AC), which
released 40% of the drug within the same time frame. This difference in release profiles
suggests that the type of drug and the composition of the polymer matrix significantly
affect the drug release kinetics, making these nanofibers promising candidates for wound
healing applications with controlled drug delivery [317].

Wang et al. investigated the wound healing potential of keratin (K) and silver nanopar-
ticles (AgNPs) incorporated into polyurethane (PU) nanofibers. Their study demonstrated
that adding keratin and AgNPs significantly improved cell growth, as evidenced by SEM
images showing superior NIH 3T3 cell proliferation on PU/K and PU/K/AgNP nanofibers
compared to plain PU mats. In bactericidal tests, the nanofibers exhibited enhanced an-
tibacterial activity, with a zone of inhibition diameter of 3.1 mm against E. coli and 1.9 mm
against S. aureus. The exudate absorption capability of the nanofibers, crucial for effective
wound dressing, was assessed through water absorption in PBS. PU/K nanofibers showed
the highest absorption (195.2 + 7.8%), outperforming both plain PU (44.4 £ 4.2%) and
PU/K/AgNPs (101.5 £ 5.1%) [318].

Ahmed et al. explored the drug delivery capabilities of Amphotericin B (AMB) and
Itraconazole (ITZ) loaded into polyvinylidene fluoride, poly(methylmethacrylate), poly(N-
isopropylacrylamide), and polyvinylpyridine (PVP) nanofibers. These fibers were fab-
ricated using electrospinning and pressure gyration techniques. Morphological studies
revealed that electrospun drug-loaded PVP fibers had a finer diameter than those produced
by pressure gyration. Additionally, drug dissolution profiles indicated that electrospun
PVP fibers significantly enhanced the dissolution of both Amphotericin B and Itraconazole.
In terms of drug release, electrospun PVP fibers exhibited a rapid release during the first
15 min, followed by accelerated release from gyrospun fibers after this initial period [319].

Despite the extensive research on drug-loaded uniaxial electrospun nanofibers for
wound healing, these materials are often more effective for bactericidal dressings than
broader wound healing applications. Researchers have explored various parameters, such
as drug concentration, hydrophilic and hydrophobic drug compatibility, and electrospin-
ning conditions like flow rate and tip-to-electrode distance, to optimize these wound-care
nanofibers. However, the primary utility of these nanofibers remains focused on antibacte-
rial purposes.

6.1.5. Hybrid Uni-Axial Nanofibers

Various drugs and active biomolecules can be incorporated into hybrid nanofibers
to improve antimicrobial and wound healing properties. Mohammadi et al. added cur-
cumin into a PCL/ghm tragacanth (GT) (PCL/GT/Cur) nanofiber mat and evaluated the
wound healing applications. Their assessments revealed 99.99% and 85.14% antibacterial
activity against methicillin-resistant S. aureus (MRSA) and extended-spectrum B-lactamase
(ESBL). Accordingly, PCL/GT/Cur nanofibers showed improvement in the wound healing
properties in comparison with control samples [320]. Zhao et al. developed nitrofurazone
(NFZ)-loaded poly(L-lactide) (PLLA)/sericin nanofibers for drug delivery applications.
According to their study, the hydrophobicity of their composite system was tailored by
sericin [274].
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Peh et al. investigated a multi-drug-loaded nanofiber scaffold for skin wound healing,
combining vitamin C, hydrocortisone, insulin, triiodothyronine (T3), epidermal growth
factor (EGF), and 1,25-dihydroxy vitamin D3 (VD3) in a Poly (DL-lactide-co-glycolide)
(PLGA)/bovine atelocollagen matrix. The aim was to leverage these bioactive compounds
to promote various aspects of wound healing, such as fibroblast proliferation (stimulated
by EGF) and collagen production (aided by vitamin C). The drug release profile showed a
sustained release of the bioactive molecules: hydrocortisone and EGF were released at 97%
in 8 h, T3 and insulin at 80% in 8 h, and vitamin C initially released 55% in 4 h, followed by
30% in the next 4 h, and VD3 at 30% in 12 h. This formulation demonstrated the ability to
provide multiple therapeutic benefits simultaneously through controlled release of various
agents [321].

Mira et al. focused on the incorporation of 5-aminolevulinic acid (5-ALA) into poly
(methyl vinyl ether-alt-maleic acid) (PMVEMA-Ac) and poly (methyl vinyl ether-alt-maleic
ethyl monoester) (PMVEMA-Es) nanofibers for healing wounds. High-performance liquid
chromatography results revealed 97 £ 1% encapsulation efficiency for 5-ALA. The drug
release profile indicated that PMVEMA-Es nanofibers released 55% of 5-ALA in 50 min,
showing a rapid release compared to PMVEMA-Ac nanofibers, which released only 15% in
the same timeframe. This study highlighted the challenges of managing burst release with
traditional uniaxial nanofibers [322].

To address the issue, researchers are exploring coaxial electrospinning. Coaxial electro-
spinning allows for the creation of core—shell structures where the core can be loaded with
high concentrations of drugs while the shell can control the release rate. This method aims
to combine the advantages of rapid drug release from the core with a controlled, sustained
release from the shell, potentially overcoming the limitations observed with traditional
uniaxial nanofibers.

6.2. Coaxial Nanofibers

Coaxial electrospinning produces advanced nanofibers with a core-shell structure,
enhancing drug delivery and protecting sensitive substances. The main types are as follows.

6.2.1. Polymer Nanofibers with Distinct Core and Sheath Polymers

Zhao et al. developed gelatin-coated poly(e-caprolactone) (PCL) nanofibers, leveraging
gelatin for cell adhesion and proliferation while PCL provides mechanical stability. The
gelatin layer stabilized with glutaraldehyde, resulting in nanofibers with reduced porosity
compared to the uncoated version [323]. Ojha et al. explored chitosan/polyethylene oxide
(PEO) nanofibers for wound healing and dressing. Pristine PEO nanofibers exhibited higher
tensile strength (10.0 & 0.2 MPa) than chitosan-PEO nanofibers (4.0 £ 0.3 MPa). The core
diameter of the nanofibers was 100 nm, with a shell diameter of 250 nm and a porosity
of 84%, facilitating exudate absorption [324]. Nguyen et al. investigated poly (lactic acid)
(PLA)-chitosan (CS) nanofibers for wound dressing. Increasing the core feed rate from
1.0 to 4.0 uL/min increased the water contact angle (24.1-52.9°) but decreased bacterial
inhibition (52-22%). PLA nanofibers had a higher tensile strength (3.3 MPa) compared to
CS nanofibers (0.5 MPa) [325]. Pakravan et al. studied PEO-chitosan nanofibers for wound
dressing, noting that the theoretical specific surface area (16.7 m?/g) was comparable to
the experimental value (15 4 1.5 m? /g) [326]. Zhang et al. also examined PEO/ chitosan
scaffolds for wound care. Transmission electron microscopy (TEM) images showed distinct
interfaces between core and shell layers, with higher chitosan content expanding the shell
layer. These nanofibers maintained stability only up to 70 °C [327].
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6.2.2. Biological-Molecule-Loaded Coaxial Nanofibers

Rubert et al. developed PEO/PCL core/shell electrospun nanofibers embedded with
FGF2 and bovine serum albumin (BSA)-Evans blue. The contact angle of pristine PEO was
20°, while pristine PCL had a contact angle of 118°. Their drug release study showed an
initial burst release of FGF2 (10.6% in 1 h), followed by a sustained release (52.9% from
day 1 to day 9) [328]. Zhang et al. fabricated fluorescein isothiocyanate-conjugated bovine
serum albumin (FITC-BSA)-loaded PEG/PCL core/shell nanofibers for sustained drug
release. Increasing the inner flow rate from 0.2 to 0.6 mL/h resulted in larger fiber diameters
(270-380 nm). In vitro release studies indicated that PCL/fitcBSA /PEG nanofibers had a
burst release of 35.7% in 3 h, compared to 31.2% in 4 h for PCL-r-fitcBSA /PEG core/shell
nanofibers [329]. Jiang et al. prepared PEG/PCL core/shell nanofibers incorporating
lysozyme and BSA to achieve controlled release. Nanofibers with 1.96% BSA and an inner
feed rate of 0.6 mL/h exhibited a sustained release of 50% within 24 days, whereas those
with 5.56% BSA and an inner feed rate of 2 mL/h released 95% within 24 days [330]. Gao
et al. addressed delayed wound healing in hyperglycemic conditions by incorporating
Dimethyloxalylglycine (DMOG) and Collagen I (Col I) into PCL core/shell nanofibers.
Their study showed that DMOG/Col I blend nanofibers had a rapid drug release
(53.3 £ 2.7% in 12 h) compared to DMOG/Col I core/shell nanofibers (17 + 2.1% in
12 h) [331].

6.2.3. Drug-Loaded Coaxial Polymer Nanofibers

He et al. developed PCL-based core/shell nanofibers incorporating metronidazole
drug and zein for tissue regeneration. Pristine zein nanofibers exhibited a higher wa-
ter contact angle (146° £ 0.8°) compared to metronidazole-loaded PCL/zein nanofibers
(139° £ 1.4°) and pristine PCL nanofibers (126° £ 1.2°). Variations in the core-to-shell
flow rate ratio impacted drug release rates: MND-PCL/zein nanofibers with a 1.4:3 ratio
released 22.3% of the drug in 2 h, while PCL/zein nanofibers with ratios of 0.7:3 and 1:3
released 16.5% and 12.2%, respectively [332]. Najafi-Taher et al. incorporated ascorbic
acid (ACA) into PVA-chitosan (CS) core/shell nanofibers for transdermal delivery. Al-
ternately, they added ACA into PVA/CS blend to prepare composite nanofibers. The
nanofibers were crosslinked with glutaraldehyde vapors, resulting in a higher burst release
(33% in 4 h) compared to coaxial nanofibers (27% in 4 h), and the cumulative release of
crosslinked coaxial nanofibers (74% in 30 h) was greater than that of blend nanofibers
(63% in 30 h) [333]. Zupandi¢ et al. developed monolithic PVA /poly (methyl methacry-
late) (PMMA) and PVA/PMMA blend core/shell nanofibers loaded with ciprofloxacin
hydrochloride (CIP) for skin wound dressing. The study revealed that drug release could
be controlled by changing the rate of core flow for PVA in PVA/PMMA nanofibers and
the amount of PMMA in PVA-PMMA blend /CIP nanofibers [334]. Zhu et al. fabricated
core/shell nanofibers containing PVA, asiaticoside, alginate and chitosan for burn wound
dressing. These nanofibers achieved a wound healing ratio above 99%, compared to 99.2%
for Centella triterpenes cream. The cumulative drug release for the cream and coaxial
nanofibers was 82% within 24 h [335].

6.2.4. Hybrid Coaxial Nanofibers

Li et al. reported on regenerated silk fibroin (RSF) nanosphere-based core/shell
nanofibers for wound healing, where curcumin (CUR) was used in the core and RSF-
doxorubicin hydrochloride (DOX) in the shell. Water annealing at 60 °C resulted in higher
water contact angles for the dual-drug-loaded RSF nanofibers than those treated at 45 °C
or untreated. Accordingly, the drug release rate was related to the nano-sphere ratio [336].
Ranjbar-Mohammadi et al. investigated gum tragacanth (GT) and tetracycline hydrochlo-
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ride (TCH) loaded into PLGA core/shell nanofibers for wound dressing. The wettability
study revealed that GT-TCH/PLGA nanofibers had a lower water contact angle (92°) com-
pared to PLGA 50:50 nanofibers (42°) and pristine PLGA nanofibers (135°). The drug release
study showed that PLGA /GT core/shell nanofibers (20% in 2 h) and PLGA nanofibers (25%
in 2 h) provided sustained drug release compared to PLGA/GT (50:50) blend nanofibers
(48% in 2 h) [337].

Coaxial electrospun fibers minimize burst release, as the polymer sheath degrades the
release rate at a chosen rate. To further avoid burst drug release, tri-axial nanofibers can be
used. The incorporation of the additional layer fine-tunes the drug release profile.

6.3. Tri-Axial Nanofibers

Tri-axial nanofibers, developed via the tri-axial electrospinning method, consist of
a core, a middle layer, and an outer sheath. Despite their limited exploration compared
to other electrospun nanofibers, their unique properties make them promising for drug
delivery applications.

Yang et al. fabricated hollow nanofibers with Lecithin-diclofenac sodium (PL-DS) as
the core, Methacrylic acid-Methylmethacrylate (MAA-MMA) blend as the middle layer,
and ethanol as the sheath. The ethanol sheath protects the middle layer from environmen-
tal fluctuations. Drug release studies showed a sustained release of 15% in 3 h for the
nanofibers, whereas the DS particles exhibited a burst release of 75% in 3 h. This difference
is due to the shell dissolving at pH 1 and the PL-DS dissolving at pH 7 [338].

Khalf et al. investigated tri-axial nanofibers with mineral oil, cellulose acetate (CA),
and polycarbonate (PC). These nanofibers demonstrated a break strength of 5 N and suc-
cessfully supported the proliferation of human umbilical vein endothelial cells (HUVECs-2),
indicating their potential for tissue regeneration [106].

Liu et al. prepared tri-axial nanofibers with a gelatin core, a PCL middle layer, and a
gelatin sheath. Each layer played a specific role: the sheath facilitated cell adhesion and
proliferation, the middle layer provided mechanical strength, and the core contained drugs
or growth factors for sustained release [339].

Han et al. developed tri-axial nanofibers loaded with nisin using polyvinylpyrrolidone
(PVP) as the core, PCL as the middle layer, and Nylon 6 as the sheath. The tri-axial
nanofibers exhibited extended antimicrobial activity, with bacterial resistance lasting up
to 6 days compared to 1 day for the nisin-loaded PCL and 2 days for PVP/PCL coaxial
nanofibers. This extended resistance is attributed to the slower drug release from the sheath
and middle layers [340].

Khalf et al. also explored doxycycline-loaded PCL-Gelatin (GT)/Hydrophilic Gelatin
(GT)/PCL-Hydrophilic Gelatin (GT) ternary scaffolds for drug release purposes. The
release profile indicated that PCL/GT blend nanofibers released 95% of the drug in 24 h,
while GT/PCL core/shell nanofibers released 50% in the same period. Tri-axial nanofibers
released 85% of the drug in 24 h. The slower permeability of tri-axial fibers (3.5 um/h)
compared to coaxial (6 pm/h) and blend fibers (12 um/h) affected drug release [341].

While tri-axial nanofibers offer improved drug release control over uni-axial and
coaxial nanofibers, challenges such as solvent evaporation post-spinning and polymer
selection remain critical in their fabrication.

7. Application of Nanofiber Dressings for Various Wounds

Studies have demonstrated that nanofiber dressings are suitable for burns, diabetic
ulcers, and surgical wounds. Burn wounds are often complex and prone to infections due
to the loss of the skin’s protective barrier. Nanofiber layers can support a semi-permeable
barrier that maintains moisture in the wound, which is essential for healing. Additionally,
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antimicrobial and anti-inflammatory agents are easily incorporated into the nanofiber
matrices, reducing the risk of infections. By mimicking the structure and composition of
skin tissues, nanofibers support and enhance cell adhesion, proliferation, migration, and
spreading, leading to tissue formation and healing [337-341].

Another example of the application of nanofiber dressings is the treatment of diabetic
ulcers. These chronic wounds are characterized by slow healing and a high susceptibility
to infection. To address these challenges, nanofiber dressings can be utilized, which
support oxygen exchange, drug release, and antimicrobial activity, favoring the healing
process [342]. Electrospun fiber enhances hemostasis, reducing scarring, and supporting
anti-inflammatory properties at surgical sites [343].

8. Clinical Trials

The clinical translation of nanofibers (NFs), especially in tissue engineering, represents
one of the most pressing therapeutic needs today. In vivo testing of tissue-engineered
scaffolds is considered the gold standard in preclinical studies before advancing to human
clinical trials. These in vivo assessments are crucial for evaluating cellular responses,
potential cellular rejection, and the formation of new tissue within a living organism [342].
Ultimately, the design and adaptation of these matrices must align with specific therapeutic
goals—whether that involves modulating the wound microenvironment, providing an
optimal cellular scaffold, minimizing scarring, or serving as a delivery system for cells or
biologically active substances [343].

Polymer carbohydrates have gained importance in clinical wound dressing appli-
cations. Among these, chitosan (CS), recognized for its potent antibacterial properties,
has been highlighted in clinical trials for treating chronic periodontitis and promoting
wound healing, with or without the inclusion of silver nanoparticles (AgNPs). Another
system is the alginate-carboxymethyl cellulose—ionic-silver dressing, which was applied
in 36 patients with ulcers. This dressing supported enhanced wound healing in clinical
settings [344,345].

Hyaluronic acid, known for its beneficial biological properties, is another commercially
successful polymer-based material. Products like Hyalofill-R and Hyalofill-F cater to
different wound healing needs—deep exuding wounds and acute or chronic exuding
wounds, respectively. Incorporating AgNPs into these dressings enhanced the antimicrobial
properties and reduced inflammatory responses [346].

Several carbohydrate polymer-based wound dressings incorporating AgNPs have
been successfully marketed, offering a range of solutions for wound management. Notable
examples include Aquacel Ag, which contains carboxymethylcellulose combined with
silver ions (Ag*); ALGICELL Ag, an alginate wound dressing with Ag*; and DynaGinate,
composed of calcium alginate. Other products, such as Biatain Alginate Ag, ACTICOAT,
and ALGISITE, all of which contain alginate or calcium-alginate, are further testament to
the growing importance and efficacy of polymer-based carbohydrate wound dressings in
clinical practice [346].

Alginate wound dressings have demonstrated significant advantages in clinical trials
compared to traditional materials such as cotton and viscose fibers [347-352]. These
dressings resulted in fewer fibrotic lesions and improved aesthetic outcomes. The inherent
properties of alginate, such as its ability to maintain a moist wound environment and
its biocompatibility, may also make it an ideal candidate for surgical sutures. In such
applications, quick wound closure, effective healing, and minimal scar formation are
crucial therapeutic objectives [353].

Chaturvedi et al. explored the use of doxycycline-loaded polycaprolactone (PCL) NFs
for treating chronic periodontitis [354]. The study revealed that these drug-coated NFs
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followed first-order release kinetics over 11 days, leading to significant improvements in
clinical parameters such as probing depth, plaque index, and gingival index compared
to the control group [355,356]. This approach was further validated in a similar study
using metronidazole-loaded PCL fibers, resulting in better clinical outcomes than standard
treatments [356].

Moreover, the development of a 3D electrospun NF scaffold for tissue restoration
has been successfully patented, underscoring the potential of electrospinning technology
in biomedical applications [357]. This process is reliable, consistent, scalable, and cost-
effective, making it an attractive option for the mass production of advanced medical
devices and materials [358].

Poly(diallyldimethylammonium chloride) (PDDA) is a linear cationic polyelectrolyte
distinguished by its biocompatibility, biodegradability, and nontoxic nature. Its permanent
quaternary ammonium groups confer intrinsic antimicrobial properties, making PDDA
valuable for diverse biomedical applications [26].

In groundbreaking research conducted by Chizari et al., the wound healing capabilities
of PDDA and PDDA /honey nanofibers were thoroughly investigated [26]. The study
incorporated glutaraldehyde (GA) as a crosslinking agent to refine the release behavior
of active compounds and reduce the nanofibers’ solubility. The findings revealed that
nanofibers containing honey exhibited outstanding antibacterial efficacy, achieving a 99.9%
reduction in bacterial colonies of both S. aureus and E. coli. Additionally, the release of
therapeutic compounds from these nanofibers was sustained for up to 125 h, indicating a
well-controlled release profile [26].

The study further assessed the potential of these nanofibers as wound dressings for
diabetic wound healing. Results demonstrated that honey-containing nanofiber dressings
significantly enhanced wound healing. This efficacy is attributed to the nanofibers’ syner-
gistic anti-inflammatory, antioxidant, and antibacterial properties. Notably, applying these
dressings promoted the proliferation of fibroblast cells, the synthesis of collagen fibers, and
the formation of connective fibrils within the wounds, thereby substantially improving the
overall healing process [26].

9. Drawbacks, Limitations, and Critical Properties

The distinction between scaffold and wound dressing is often overlooked in the
literature. Scaffolds are engineered structures that integrate directly with specific tissues,
such as skin, to participate in active healing. These materials provide structural support,
are typically biodegradable, and can deliver bioactive molecules, such as growth factors
or antimicrobial agents, directly to the wound site, promoting tissue regeneration and
remodeling [359-363].

In contrast, wound dressings serve primarily as non-integrative, removable barriers
that maintain homeostasis, protect the wound from external contaminants, and create an
environment conducive to healing [364,365]. Another frequently misunderstood distinction
concerns biocompatibility and cytocompatibility. While cytocompatibility refers specifically
to a material’s compatibility with cultured cells—typically assessed using assays like
MTT, XTT, LDH, AlamarBlue, or sulforhodamine B on fibroblast or keratinocyte lines—
biocompatibility is a broader concept encompassing hemocompatibility, inflammatory
response, and long-term in vivo performance [366]. Labeling a material as “biocompatible”
without comprehensive cytocompatibility and in vivo validation can lead to premature
conclusions about its safety.

Biodegradability is another critical differentiator. Scaffolds are generally designed to
degrade in situ over time, synchronizing with tissue healing, while wound dressings may
or may not be degradable depending on the intended application [367]. Misinterpretation
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of the porosity in electrospun nanofibers is also common. Although individual nanofibers
may be nonporous, the collective mat exhibits inter-fiber porosity, forming a 3D network
that allows gas exchange, fluid drainage, nutrient transport, and cell migration—factors
critical for effective wound repair [367-369]. Furthermore, the high surface-area-to-volume
ratio of electrospun mats enables therapeutic agents” incorporation and sustained release,
including antimicrobials, anti-inflammatory compounds, and growth factors [369].

Despite these advantages, several critical limitations hinder clinical and industrial
translation. From a surface-engineering perspective, a lack of characterization poses a signif-
icant challenge, especially regarding wettability and topographical roughness. These prop-
erties influence cell adhesion, proliferation, and differentiation, and optimal biomimetic
surfaces require a delicate balance between hydrophilicity and hydrophobicity to repli-
cate ECM features [369-373]. From an industrial standpoint, electrospinning is inherently
low-throughput and faces significant scale-up challenges. Maintaining uniform fiber mor-
phology, mechanical strength, and drug distribution during mass production is difficult.

Additionally, using polymers with high purity, flammable and toxic solvents, and
the need for sterile environments raise production costs, especially in healthcare systems.
These issues limit the feasibility and cost-effectiveness of commercial-scale production.
Biosafety is another key concern. While many in vitro and short-term in vivo studies
suggest good compatibility, long-term biocompatibility and biodegradability remain in-
sufficiently studied. Potential risks include chronic immune reactions, fibrosis, foreign
body responses, or accumulation of undegradable residues like metal nanoparticles and
toxic crosslinkers (e.g., glutaraldehyde). Degradation products of synthetic polymers may
also impart toxicity, necessitating extended preclinical trials, long-term animal studies, and
post-market surveillance for clinical assurance.

Additionally, multifunctional dressings containing drugs, nanoparticles, or growth
factors must encompass complex regulatory pathways. These require extensive documenta-
tion of batch reproducibility, risk-benefit profiles, and safety evaluations, which can delay
clinical translation and increase development costs.

10. Conclusions

This review analyzes recent advancements in wound dressing materials, focusing on
nanofiber-based dressings. Nanofiber dressings fabricated through electrospinning exhibit
properties that enhance wound healing compared to traditional materials. Electrospinning
has emerged as a potential method for nanofiber production due to its simplicity, cost-
effectiveness, and versatility.

These electrospun nanofiber mats are characterized by their exceptional attributes,
including enhanced hemostasis, superior exudate absorption, and optimal gas permeability,
all of which contribute to more effective wound management. The high surface area of
nanofibers facilitates better interaction with the wound environment, promoting efficient
cell migration and proliferation. Additionally, the porous nature of these mats supports
cellular respiration and nutrient exchange, further accelerating the healing process.

The ability of nanofiber dressings to address the specific needs of different types of
wounds, from acute to chronic, demonstrates their potential for personalized wound care.
By tailoring the properties of these nanofibers, such as incorporating antimicrobial agents
or growth factors, it is possible to develop dressings that protect the wound and actively
contribute to tissue regeneration and repair.

Opverall, utilizing electrospinning to fabricate advanced nanofiber dressings represents
a significant leap forward in wound care technology. The continued innovation in this
field promises to enhance the efficacy of wound dressings, offering new solutions that are
precisely engineered to meet patients’ diverse and evolving needs.
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11. Future Perspective

This review highlights the research carried out on wound dressing. The development
from primary wound care to sophisticated, multifunctional dressings represents a signifi-
cant achievement. Outstanding results are linked to the integration of nanofiber technology
and electrospinning methods. While substantial progress has been made, the urgent need
for wound dressings that can significantly enhance healing outcomes while addressing
complications remains necessary.

Current wound care challenges include the need for materials that provide protection
against infections and promote rapid tissue regeneration without the need for antibiotics,
which increase bacterial resistance. The future of wound care lies in developing advanced
materials that address these needs.

Electrospinning has emerged as an outstanding method to develop advanced wound
dressings, enabling nanofibrous materials with high surface area, porosity, and functional
versatility. These nanofiber mats exhibit exceptional capabilities, including improved
hemostasis, exudate absorption, gas permeability, and cellular respiration. These character-
istics enhance cell migration and proliferation for effective wound healing.

To address wound management needs, researchers are exploring advanced electrospin-
ning techniques to develop complex, multi-layered dressings. For example, dual-functional
mats have an outer layer embedded with antibacterial nanoparticles to prevent infections.
In contrast, an inner layer delivers growth factors to guide cell response and tissue re-
generation. Integrating a middle layer can mitigate chronic inflammation, enhancing the
effectiveness of the dressings.

Cutting-edge electrospinning techniques, such as coaxial and tri-axial electrospinning,
are at the forefront of this innovation. Coaxial electrospinning allows for the production of
core-shell nanofibers with distinct functional layers. In contrast, tri-axial electrospinning
facilitates the creation of trilayered structures, each layer tailored for specific therapeutic
roles. These advancements in nanofiber technology pave the way for the development of
wound dressings with unprecedented functionality and efficacy.

Future efforts should focus on optimizing these technologies and materials to meet
the evolving demands of wound care. Researchers can create next-generation wound care
solutions that significantly improve patient outcomes by developing advanced, biologically
inspired dressings that address infection control, tissue regeneration, and inflammation.
The continued research on these materials will advance wound healing practices, enhancing
the quality of patient care.

It is a challenge to obtain wound dressings similar to scaffolds’ properties. Scaffolds
intended for wound dressings must be designed with mechanical properties that support
and promote the transport of biomolecules and cells for regenerative medicine. They must
also be wettable and hydrophilic to support the adhesion and proliferation of mammalian
cells, possess antimicrobial properties, be porous to facilitate the removal of exudates and
gas exchange, and exhibit biocompatibility, among other requirements.

Desired mechanical properties in electrospun fibers are typically achieved using syn-
thetic and semisynthetic polymers. In contrast, scaffold properties and biocompatibility are
achieved by incorporating polysaccharides (such as glycosaminoglycans) and proteins into
the electrospun fibers. Then, the main challenge lies in controlling the surface properties
of the fibers, such as wettability, roughness, free space between the fibers, and chemical
composition, in addition to the electrospinning parameters.
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