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ABSTRACT: Electrospinning has gained significant importance across various fields, including biomedicine, filtration,
and packaging due to the control it provides over the properties of the resulting materials, such as fiber diameter
and membrane thickness. Chitosan is a biopolymer that can be utilized with both natural and synthetic copolymers,
owing to its therapeutic potential, biocompatibility, and biodegradability. However, producing electrospun chitosan is
challenging due to its high solution viscosity, which often results in the formation of beads instead of uniform fibers. To
address this issue, the spinnability of chitosan is significantly enhanced, and the production of continuous nanofibers
is facilitated by combining it with polymers such as polyethylene oxide (PEO) in suitable ratios. These chitosan—-PEO
nanofibers are primarily used in biomedical applications, including wound healing, drug delivery systems, and tissue
engineering scaffolds. Additionally, they have shown promise in water treatment, filtration membranes, and packaging.
Among all the nanofiber mats, chitosan/PEO-AC had the smallest fiber diameter (83 + 12.5 nm), chitosan/PEO_45S5
had the highest tensile strength (1611 + 678 MPa). This comprehensive review highlights recent advancements, ongoing
challenges, and future directions in the electrospinning of chitosan-based fibers assisted by PEO.
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1 Introduction

Electrospinning is a widely adopted fiber fabrication technique that has found applications in various
fields such as biomedicine [1], filtration [2,3], separation [4], packaging [5], and many emerging fields
(Fig. 1) [6]. Its key advantages include the ability to finely control fiber diameter and membrane thickness,
along with the production of highly porous structures with large surface areas. Nanofibrous membranes
created through electrospinning mimic the architecture of the natural extracellular matrix, supporting cell
adhesion, growth, and differentiation. Additionally, electrospun fibers can be tailored in terms of pore size
and drug release behavior [7-11], making them particularly suitable for wound healing [1,8,11-13] and tissue
engineering [14-17] applications. Over recent years, electrospinning has played a significant role in enhancing
the usability of chitosan in wound care products. Chitosan-based nanofibers are now commonly used in the
treatment of infected wounds [18,19], burns [20], and as scaffolds for tissue engineering [21]. Apart from
conventional usage, chitosan is also used in enzyme detection [22], ion detection [6,23], food packaging [5],
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and water treatment [4]. The electrospinning process allows for the generation of fibers from micron to
nanometer scales [19].
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Figure 1: A schematic of electrospinning of Chitosan/PEO solution to produce nanofiber (NFs) for various advanced
applications
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Chitosan, a biopolymer derived from chitin, is abundantly found in the exoskeletons of crustaceans.
It is recognized for being biodegradable, biocompatible, antibacterial, and non-toxic, with an oral LD50
above 16 g/kg in mice [6,7]. However, chitosan alone presents challenges in electrospinning due to its poor
solution properties, the creation of strong hydrogen bonds, and the restricted free motion of the polymeric
chains exposed to the electrical field. These factors may be the reasons for the limited electrospinning of pure
chitosan, which results in jet break-up. During jet stretching, bending, and whipping, repulsion between
ionic groups is expected to hinder the chain entanglement necessary for continuous nanofiber formation.
As a result, nanobeads are primarily formed instead of nanofibers. Additionally, the high viscosity of its
aqueous solution prevents the electrospinning of chitosan [10]. Blending it with a copolymer, e.g., poly
(ethylene oxide) (PEO), a water-soluble and non-toxic polymer, improves its spinnability and mechanical
integrity [14]. While PEO itself has limited mechanical strength, its combination with chitosan and other
polymers yields more durable nanofibrous scaffolds suitable for biomedical applications [6]. Chitosan forms
aviscous solution due to hydrogen bonding between its amino (-NH,) and hydroxyl (-OH) groups. However,
viscosity decreases when mixed with polyethylene oxide (PEO) as PEO disrupts hydrogen bond formation.

In a study by Abd El Hady et al,, it was found that a pure chitosan solution, i.e., a solution of 5% (w/v)
chitosan in 70% (v/v) acetic acid, had a viscosity exceeding 2800 cP when it was used alone. But when PEO
(2.5% w/v PEO in a 70% v/v acetic acid solution) was added in different ratios, i.e., 9:1, 8:2, 7:3, 6:4 and 5:5,
the viscosity gradually decreased, reaching its lowest value of around 1300 cP for a 5:5 ratio. Electrospinning
of a pure chitosan solution (chitosan solution in acetic acid) doesn’t form fibers but deposits into bead
formation due to its high viscosity, which hinders continuous flow through the syringe nozzle. Apart from
chitosan’s high viscosity, its polycationic nature in acidic aqueous solutions, along with numerous amino
groups along its backbone, make electrospinning challenging. To date, solutions of chitosan prepared in
90 wt% aqueous acetic acid or solvents like trifluoroacetic acid (TFA), dichloromethane (DCM), or formic
acid have been successfully used to produce nanofibers. However, residual solvents or toxic organic acids
from these systems pose safety concerns, especially if fibers come into contact with human skin or damaged
tissue. To address this, biodegradable synthetic polymers such as polyvinyl alcohol (PVA), polyethylene
oxide (PEO), polyvinylpyrrolidone (PVP), polylactic acid (PLA), polyethylene terephthalate (PET), and
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polycaprolactone (PCL) have been employed to facilitate electrospinning of chitosan and to create nanofiber
mats. Incorporating PVA, PLA, PCL, PEO, PET, and PVP significantly enhances the mechanical strength,
biocompatibility, antibacterial properties, and overall performance of chitosan-based nanofibers [10,24].

Several reviews have discussed the overall electrospinning process, parameters, and outputs of
nanofibers made from different polymer solutions, such as PVA, PVP, PEO, chitosan, etc., as a whole [24-27]
but no literature has focused explicitly on developing nanofibers using the chitosan/PEO system or examined
its feasibility and challenges. This comprehensive review reports the electrospinning of PEO-assisted chitosan
nanofibers, their process parameters, application, limitations, and future directions.

2 Chitosan

Chitosan is a polysaccharide obtained from chitin, the shell of sea animals, mostly of the Arthropoda
group, such as shrimp and crab through alkali processing [28]. Chitosan is used in different applications,
such as packaging, coloration [29] as they are non-toxic, environment-friendly, and durable [28]. Chitosan
exhibits excellent biocompatibility, making it an ideal candidate for use in medical textiles. Moreover, it
possesses outstanding physical and chemical properties, rendering it suitable for a wide range of applications.
Additionally, chitosan shows hydrophilicity in blends with different polymers, making it suitable for any
modification [30]. Chitosan is electrospun with PEO to increase the yield of chitosan [31]. Chitosan and PEO
show compatibility while electrospinning due to the molecular interaction between the functional groups of
chitosan and PEO. Amine and hydroxyl groups from chitosan can create a linkage with PEO’s ether groups
through hydrogen bonds; which tends to better solubility during electrospinning resulting in a sustainable
mat [32]. Additionally, chitosan has stability in the solid state due to a well-organized H-bond network,
providing good mechanical properties in different applications [31]. Besides specific biomedical applications,
chitosan blended composites can actively participate in wastewater treatment [33]. Due to the polycationic
nature of chitosan, chitosan-based composites can be used as flocculants in water and effluent treatment
plants. It is also used as a heavy metal scavenger and chelating agent [34]. Chitosan composites are used for
oil and chemical separation [35]. Sometimes cellulose nanocrystals can be added with chitosan to impart
better uniformity in the nanofiber structure [36].

Chitosan is integrated with Polyethylene oxide (PEO) using the electrospinning method, which
can be used in many applications. Primarily focusing on wound dressing, tissue engineering, and mul-
tifarious biomedical applications [30,37-40]. Besides, it can be used as antifungal and antibacterial
applications [41,42], drug delivery system [43-45].

3 Polyethylene Oxide (PEO)

A common polymer in biomedical and biomimetics applications, PEO is hydrophilic, water soluble,
non-toxic, and biocompatible. For almost four decades, PEO’s phase separation behavior and solubility
properties in aqueous solutions have piqued the curiosity of both industry and academia. Because PEO is
biocompatible and soluble in various aqueous solvents, it is a more desirable polymer to blend with chitosan.
Since any phase separation that takes place during the forming processes, like film casting, fiber spinning,
and solution electro-spraying, significantly alters the morphology and physico-mechanical properties of
the finished products, it is imperative to comprehend the phase behavior and miscibility of aqueous acidic
solutions of chitosan and PEO and their blends [46].

The addition of PEO to the chitosan solution may lead to the formation of nanofibers with a more porous
structure. This increased porosity provides a larger surface area, resulting in more active sites for interactions.
This improvement is critical for wound dressing applications because it promotes better fluid absorption
and cell interaction. PEO enhances the electrospinnability of the polymer solution, facilitating the creation
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of smoother fibers. Its presence aids in producing homogeneous nanofibers with the desired shape [47].
When added to the composite, PEO helps the nanofibrous films’ mechanical elasticity and flexibility, allowing
them to resemble human skin’s mechanical characteristics. Its presence in the composite modulates water
vapor permeability, ensuring proper breathability and preventing wound desiccation or maceration [48].
During electrospinning, PEO increases the spinnability of natural polymers such as chitosan, creating
continuous, bead-free nanofibers. Better fiber stability and homogeneity result from its inclusion. PEO
helped maintain low surface tension (~26.4-27.9 mN/m), facilitating bead-free fiber formation in the needle-
free electrospinning [49]. PEO is a carrier matrix that facilitates the incorporation and uniform distribution
of bioactive glass particles within the fibers, enhancing the composite’s bioactivity [50]. PEO was used as a
sacrificial fiber during electrospinning to enhance scaffold porosity. The removal process eftectively increased
porosity, particularly at higher PEO contents (up to 60%) [51].

4 Electrospinning

An established technique that can reliably create fibers in the sub-micron range is electrospinning [52].
It is a straightforward technique for creating composites, primarily fibers, with a diameter of micro to
nano using an electrically charged jet of polymeric solutions. One of the most notable characteristics
of electrospun fibers for creating composites is their high surface area to volume ratio. Additionally,
the technique necessitates moderate temperature conditions, which are ideal for encapsulating bioactive
compounds [53,54]. Using a wide range of food-grade, biodegradable, and biocompatible polymers as wall
materials to encapsulate bioactive chemicals is made possible by electrospinning [55]. Electrostatic forces
pull melts or solutions of polymers into thin filaments.

4.1 Mechanism of Electrospinning

The electrospinning process (Fig. 2) can be broken down into several stages:

Constant Polymer Fiber
pressure solution  Needle formation

Syringe driver

9erd 10309[10D

Formed Taylor cone High voltage
at needle tip

Figure 2: Schematic diagram of the electrospinning process, reprinted from [56] with permission under the creative
commons attribution (CC BY) license

Charging the Polymer Solution: Fiber formation in electrospinning begins by applying a high-voltage
electric field to a polymer solution. This electric field generates electrostatic forces that overcome the droplet’s
surface tension at the needle tip. As the field strength increases, electrostatic repulsion among surface charges
deforms the droplet into a cone-like shape known as the Taylor cone. Once the electrostatic force exceeds
surface tension, a charged jet is ejected. The electrical conductivity and charge density of the polymer solution
play a crucial role in this process, as they significantly influence the stability of the Taylor cone and the
successful initiation of uniform fiber formation [57,58].
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Formation of the Taylor Cone: When exposed to an electric field, a polymer solution changes from a
pendant droplet to a continuous jet. A polymer solution gets highly electrified when a high voltage is applied,
which results in Coulombic attraction from the external electric field and repulsion between surface charges.
The electric field is concentrated at the pointed tip of the cone, causing a stress imbalance that causes the
liquid to elongate into a tiny jet. Properties of the solution, such as conductivity and viscosity, affect the
stability of the Taylor Cone. The stability of the cone determines jet elongation and thinning phases, and
effective electrospinning depends on ideal conditions [56,57,59].

Jet Ejection and Thinning: Ultrafine polymer fibers are formed in this stage. When a high voltage is
applied, the droplet gets deformed into a Taylor cone by electrostatic forces. A charged polymer jet is released
once the electric field overcomes surface tension, traveling through intricate instabilities. Polymer chains
solidify into continuous nanofibers when the jet's diameter shrinks as it thins and elongates. Producing
homogeneous, flawless nanofibers with the required mechanical and functional qualities requires carefully
managed jet thinning [57,59].

Fiber Deposition: To create a nonwoven nanofibrous mat, a charged polymer jet is deposited onto a
grounded or charged collector on this stage. Fiber orientation and porosity are affected by the collector’s
design, including patterned electrodes, moving drums, or static flat plates. While ideal drying condi-
tions provide uniform deposition, environmental factors like temperature and humidity can impact fiber
shape. Important factors include motion refinement of fiber alignment and packing density, electric field
distribution, and collector conductivity [57,59].

Nonetheless, post-deposition procedures enhance mechanical stability and fiber bonding, enabling
smooth control of mat characteristics such as mechanical strength, surface area, and pore size—all are
essential for practical nanofibrous materials [60].

4.2 Parameters Affecting Electrospinning

Three important aspects affect the electrospinning process: environmental variables, processing con-
ditions, and solution characteristics. Properties of the solution, such as conductivity and polymer content,
influence the form of the fiber. The solvent selection influences evaporation rates, and reliable jet formation
requires optimization of processing parameters such as voltage and flow rate. Defects in hygroscopic
polymers may be introduced by environmental variables such as temperature and humidity, which can affect
solvent evaporation and fiber drying [59]. Optimization of processing parameters can provide fault-free
nanofibrous electrospun mats [61].

4.3 Specialized Electrospinning Methods

Traditional electrospinning setups have been modified, and specialized techniques have been developed
to address specific application requirements. They offer improved functionalities and scalability due to
different fiber formation processes, spinneret designs, and material management approaches. An overview
of such electrospinning techniques is presented in Table 1, along with an explanation of their advantages and
typical uses.
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Table 1: Key features of specialized electrospinning methods

Electrospinning Key features Advantages Applications Ref.
methods
Needle-free Uses open liquid - Higher ~  Scaffolding [49]
surface instead of production rates
needle - Uniform diameters
Blend Mixing of polymers -  Tailored properties - Biomedical, filtration [62,63]
in solution - Improved perfor- - Protective clothing
mance
Coaxial Core-shell structure -  Encapsulation - Drug delivery [64,65]
creation - Enhanced properties -  Sensors
Modified free Electrospinning -  Scalable production - Industrial nonwo- [66]
surface from a modified -  High throughput vens
electrospinning open surface - Fewer opera- - Functional coatings
(MEFSE) tional bottlenecks - Large-scale
fiber mats

4.3.1 Needle-Free Electrospinning

The needle-free electrospinning process eliminates spinnerets by generating multiple jets directly from
the surface of the polymer solution. This is typically achieved through mechanical or electrostatic forces. In
this way, multiple nanofibers can be produced simultaneously without clogging the nozzle, thereby increasing
production capacity. Additionally, it ensures a more uniform electric field, resulting in consistently high-
quality fibers. This method has the advantage of being scalable and efficient, making it ideal for bulk nanofiber
production, which can be utilized in various applications, including wound dressings, filtration systems, and
scaffolds, among others [49].

4.3.2 Blend Electrospinning

To produce composite nanofibers, blend electrospinning combines two or more polymers in a solvent
before electrospinning the mixture. Using this technique, properties such as improved mechanical strength,
biocompatibility, and hydrophilicity can be combined synergistically. In particular, it has proven effective for
integrating functional biopolymers, such as chitosan, with carrier polymers like PEO or PVA. The simplicity
of blend electrospinning and the ability to tailor fiber characteristics make it a popular method for fabricating
biomedical scaffolds, filtration membranes, and protective textiles [21].

4.3.3 Coaxial Electrospinning

Coaxial electrospinning uses a spinneret with concentric inner and outer nozzles to electrospun two
different polymer solutions simultaneously to form fibers with a core-shell structure. The technique is
particularly useful for encapsulating bioactive agents, controlling their release rate, or protecting sensitive
materials inside the core. The process allows the production of multifunctional nanofibers with improved
surface and bulk properties, which can be used in drug delivery, biosensors, and regenerative medicine [64].
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4.3.4 Modified Free Surface Electrospinning (MFSE)

MFSE is a type of free surface electrospinning that uses adjustments like rotating drums, bubble creation,
or tilted surfaces to improve how jets start and fiber consistency. With MFSE, solution-air interfaces are
optimized, and multiple jets without needles are allowed, resulting in more uniform fibers and increased
production efficiency. Nanofibers with controlled shapes can be generated on a large scale using this
approach, with potential applications in textile coatings, environmental filtration, and catalysis [66].

5 Electrospinning Parameters and Process Variations for Chitosan/PEO Nanofiber Fabrication

A range of operational parameters of conventional electrospinning (Tables 2 and 3) affects the fiber
morphology, diameter, and functional performance of conventional electrospinning of chitosan blended with
PEO. A chitosan/PEO ratio of 90:10 to 60:40 (w/w) is typically used, with 12 to 30 kV voltages and flow rates
of 0.2 to 1.1 mL/h. Most spinning distances range between 9 and 25 cm, with needle gauges ranging from 18
to 23 G.

Table 2: Chitosan/PEO was electrospun using a wide range of processing parameters along with natural ingredients

Components  Chitosan/PEO Voltage Substrate Spinning Needle Benefits of natural Ref.
used ratio (w/w) (kV) speed distance diameter ingredients
alongside (mL/h) (cm) (G)
Chitosan and
PEO
Mupirocin 90:10 20 11 9 20 Antibacterial activity [47]

against common
wound pathogens;
enables controlled
drug release for
infection
management
Terpinen-4-ol 90:10 15 0.5 20 Provides [48]
antimicrobial and
anti-inflammatory
effects, promotes
moisture retention,
and mimics skin

mechanical
properties
Manuka 2:1 below 22 0.2-0.6 25 23 Enhances healing, [67]
Honey, antibacterial, and
Propolis, anti-inflammatory
Calendula effects; supports
officinalis wound closure
extract, etc.
Melissa 60:40 18 0.7 18 Contains [68]
officinalis antioxidants, reduces
extract inflammation,
stimulates

re-epithelialization
for improved wound
healing.

(Continued)
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Table 2 (continued)

Components  Chitosan/PEO Voltage Substrate Spinning Needle Benefits of natural Ref.
used ratio (w/w) (kV) speed distance diameter ingredients
alongside (mL/h) (cm) (G)
Chitosan and
PEO
Papaya leaf 50:50 24 0.3 16 Known for [69]
extract antioxidant and
healing properties,
may accelerate tissue
repair.

Table 3: Chitosan/PEO was electrospun using a wide range of processing parameters along with synthetic chemicals
and nanoparticles

Components used alongside ~ Chitosan/PEO  Voltage (kV) Substrate Spinning Needle Ref.
Chitosan and PEO ratio (w/w) speed (mL/h)  distance (cm) diameter (G)
PCL & A. euchroma 80:20 22 1 18 [70]
2-Formylphenylboronic acid & 21 7 0.4 10 [71]
Lysozyme
PCL & THPC 18 0.2 10 - [51]
RGD peptides and PLGA-PEG 41 18+2 0.05 15 20 [72]
membranes
Titanium-coated track-etched 70:30 30 0.5 15 - [73]
membranes
Quaternary ammonium 75:25 15-17 0.08 mm/min 19 - [74]
chitosan and carbon dots
Glacial acetic acid 80:20 12-17 0.6 10 [34]
Activated carbon 40:60 25 25 [75]
DOXH, Ag, HA & Si L1 11-13 0.5 15 - [76]
CeONPs 10:1 50-65 24 - [77]
Bioactive glass particles 20 3 10 21 [50]

Natural additives such as mupirocin, terpinen-4-ol, and calendula extract are often incorporated to
enhance antimicrobial, antioxidant, or wound healing properties. They allow controlled drug release and
enhance biological properties. For example, they reduce fiber diameter, increase porosity, and modulate fiber
characteristics. Meanwhile, synthetic additives and nanoparticles, such as PCL, THPC, Ag, and CeONPs,
enhance conductivity, bioactivity, and mechanical robustness. A multifunctional agent, such as quaternary
ammonium chitosan or carbon dots, can provide antimicrobial activity in addition to pH sensitivity.

Conventional electrospinning allows tailored chitosan/PEO nanofibers to be produced by adjust-
ing composition and operating parameters, especially for biomedical applications like wound dressings,
scaffolds, or drug carriers.

The needle diameter greatly influences the stability and flow rate of the electrospinning jet, which in
turn determines the uniformity and structure of the fibers. Smaller needle diameters, associated with higher
gauge numbers, generally produce finer and more uniform fibers due to lower flow rates and improved jet
control. However, very small diameters can cause blockages when working with viscous liquids or bioactive
compounds. The adjustments in needle sizes, from 20 to 23 G (Table 2) and from 18 to 25 G (Table 4), reflect
efforts to accommodate different solution viscosities and desired fiber characteristics. For example, smaller
needles, such as 25 G, were used with hydrochloric acid and potassium hydroxide to enhance jet precision.
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Conversely, mupirocin and terpinen-4-ol were applied with a 20 G needle, likely to balance flow stability and
maintain steady jet formation.

Table 4: Special electrospinning setups were also used to prepare chitosan/PEO mats for enhanced properties

Electrospinning  Chitosan/PEO Voltage (kV) Substrate Spinning Needle Special parameter Ref.
method ratio (w/w) speed distance diameter
(cm) (G)
Needle-free 80 (DC) 2 24 Needle-free Maximum speed of [49]
electrospinning mm/min carriage, 300 mm/s
Blend 90:10 18 0.5 15 18 Shear rate for viscosity [62]
electrospinning mL/min measurement, 5-200/s
Blend 6-8 0.5 mL/h 20 18 Rotational speeds [63]
electrospinning of the cylinder collector,
150 rpm
Coaxial 4:1 20 1mL/h 15 22 G117 G Coaxial steel needle [64]
electrospinning
Coaxial 70:30 18 0.5 mL/h 12 Core diameter of ~370 [65]
electrospinning nm & shell thickness of
~70 nm
Modified free 11 62 17 Needle-free  High nanofiber yield of  [66]
surface 3.052 g/h
electrospinning

Longer tip-to-collector distances offer more time in flight, which promotes elongation and solvent
evaporation, producing finer and more uniform fibers. Due to insufficient stretching and rapid deposition,
shorter distances may result in larger fibers or bead formation. Formulations based on natural ingredients,
such as propolis and extracts from Calendula officinalis, were electrospun over longer distances (20-25 cm).
However, because of their shorter jet elongation time, Mupirocin, which is electrospun at a shorter distance,
can generate thicker or less uniform fibers. The range of distances for formulations with synthetic ingredients,
such as CeONPs, Bioactive Glass Particles, PCL & THPC, and Titanium-coated membranes, is broader,
ranging from 10 to 24 cm. Interrelated factors, such as voltage, solution viscosity, and environmental
conditions, all influence optimal fiber production.

Most of the paper discusses using aluminum foil to capture electrospun fibers and form a mat structure
without mentioning the collector design. This method maintains the integrity and uniformity of the fiber
mat while collecting the fibers.

Various electrospinning techniques, including needle-free, blend, coaxial, and modified free surface
electrospinning (MFSE), are being explored to overcome the limitations of conventional single-needle
systems and produce functionally enhanced chitosan/PEO nanofibers.

Using needle-free systems, high voltages (80 kV DC) and high-speed carriages (300 mm/s) can produce
large quantities of nanofibers with improved productivity. By blending chitosan/PEO with bioactives such as
vancomycin, curcumin, or collagen, electrospinning produces hydrophilic fibrous mats that are mechanically
strong and promote wound healing. A core-shell fiber created with coaxial electrospinning can deliver drugs
like thymol and rosuvastatin with controlled release, improving stability and drug loading capacity. As an
alternative, the MFSE process uses high voltage (up to 62 kV) and optimized acetic acid concentrations to
produce uniform, fine fibers that are highly productive (up to 3.05 g per hour).

Chitosan/PEO nanofibers can be used in a wide range of applications, and these advanced methods
provide increased control over fiber structure, scalability, and multifunctionality, especially useful for clinical,
environmental, and food packaging applications.
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Schulte-Werning et al. used needle-free electrospinning process to produce multifunctional nanofibrous
for wound dressings. The approach enhanced mechanical strength, tensile strength, and elongation at break
in nanofibers. The incorporation of active biopolymers such as beta-glucan and chloramphenicol produced
multifunctional nanofibers exhibiting improved antibacterial and anti-inflammatory characteristics. The
unique electrospinning method enhanced drug release profiles and swelling capability, essential for wound
healing applications [49].

Kalalinia et al. used the blend-electrospinning technique to fabricate vancomycin-encapsulated
CH/PEO nanofibers for wound healing applications. The procedure generates nanofibers with consistent
shape and nanometer-scale diameters. The nanofibers enhanced mechanical strength, tensile strength, and
antibacterial effectiveness. They demonstrated prolonged drug release patterns, excellent biocompatibility,
and notable antibacterial efficiency [62].

Jirofti et al. developed curcumin-encapsulated chitosan/polyethylene oxide/collagen nanofibers for
wound healing applications using the blend-electrospinning technique. The nanofibers exhibited superior
mechanical capabilities, better biocompatibility, and prolonged drug release over a three days period. They
exhibited elevated porosity, enhanced water absorption capacity, and expedited wound healing. These results
emphasize the effective incorporation of curcumin into electrospun nanofibers, augmenting their therapeutic
effectiveness in wound healing. In vitro and in vivo investigations demonstrated a considerable improvement
in wound healing rates and closure [63].

Zhu et al. reported that the coaxial spinning coupled with in-situ etching crosslinking results in a
more uniform, defect-free core-shell nanofibers with enhanced mechanical strength, elasticity, and rigidity,
due to the covalent bond with genipin, which restricted the mobility of the polymer chain. Furthermore,
the produced films showed increased water resistance, and maintained about 30% weight after immersion
rather being completely soluble like typically produced film from conventional electrospinning. Additionally,
thermal stability was improved due to covalent bonds, and the encapsulated active compounds, such as
thymol, demonstrated sustained release, maintaining antioxidative and antibacterial efficacy [64].

Ghasemvand et al. used a coaxial electrospinning method to fabricate CH and PEO/polycaprolactone
as core/shell nanofibrous mats including RSV for prolonged drug release. The nanofibers were optimized
for smoothness, and plasma treatment enhanced wettability and drug release properties. The mats exhibited
regulated, prolonged RSV release over a period of 90 days, characterized by diminished initial burst release.
They also improved the osteogenic development of human mesenchymal stem cells, indicating promise for
applications in bone tissue engineering [65].

Ahmed et al. developed a modified free surface electrospinning (MFSE) technique to produce high-
throughput CS/PEO nanofibers. This technology employs a titanium/polyamide solution reservoir and an
ideal voltage of 62 kV to generate homogenous, high-quality nanofibers. The researchers determined that
elevated acetic acid concentrations and a CS/PEO mixture of 4 wt% produced the finest nanofibers, averaging
100 + 4.18 nm in diameter. The MFSE process yielded improved quality and greater outputs than conventional
electrospinning methods, with a maximum yield of 3.052 g/h, so rendering it appropriate for industrial-scale
nanofiber manufacturing [66].

6 Chitosan/PEO Electrospinning in Conventional Electrospinning Setup

The adaptability of electrospinning encompasses a broad range of polymers that can be used, including
synthetic types that can be aided by natural chemicals and natural types that are antibacterial and environ-
mentally friendly. Furthermore, it permits the use of composite materials, such as glass and nanoparticles,
which can improve conductivity and mechanical robustness.
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6.1 Naturally Derived Ingredients Assisted Electrospinning
6.1.1 Mupirocin

Mupirocin is a natural antibiotic effective against various bacteria, including those commonly involved
in burn wound infections such as Staphylococcus aureus and Escherichia coli. When mupirocin was added
to the Chitosan/PEO/PVA, the electrospun mats produced showed notable fiber characteristics like reduced
fiber diameter and increased porosity. Higher chitosan content in the solution lowered viscosity, decreased
fiber diameter, and boosted the porosity of the nanofiber mats. The inclusion of PEO resulted in larger
pores in chitosan/PVA membranes, potentially increasing micro-void density by up to 5%. These mats also
demonstrated superior antibacterial activity. They offer improved wettability and hydrophilicity; however,
as the chitosan concentration increased, the PVA content decreased, making the blended polymers more
hydrophobic and less hydrophilic. Adding PEO to the nanofiber mats can create additional active sites,
further enhancing the scaffolds’ wettability and hydrophilicity. Incorporating mupirocin into the scaffolds
increased their porosity, enabling them to absorb more water than drug-free versions. [47].

6.1.2 Terpinen-4-ol (TOLs)

It is the main component of Melaleuca alternifolia essential oil. It possesses bactericidal and anti-
inflammatory effects, making it effective against various pathogens, including Staphylococcus aureus,
Escherichia coli, and Pseudomonas aeruginosa. It was incorporated into chitosan dressings to enhance antimi-
crobial activity and promote wound healing. The mats exhibited excellent moisture retention properties. The
water vapor transmission rate and the simulated tissue fluid absorption of films were optimized to attain
2193 g m™* d™! and 1676%, respectively. The Young’s modulus and elongation at break of the films were
114.69 kPa and 72.04%, respectively, in the wet state, resulting in mechanical properties akin to human skin.
Additionally, a smooth and beadless structure was obtained. [48].

6.1.3 Manuka Honey, Propolis, Calendula Officinalis Extract, Insulin and L-Arginine

Manuka honey is renowned for its trophic (nutritional) and antimicrobial properties; its inherent
antibacterial qualities promote wound healing and provide resistance against infections. Propolis, rich
in flavonoids and phenolic acids, is a resinous substance produced by bees that has antibacterial, anti-
inflammatory, and antioxidant qualities. Because it encourages healing and reduces inflammation, it helps
treat wounds. Calendula officinalis extract is used for its antioxidant effects and to stimulate reepithelial-
ization. It possesses compounds that help reduce inflammation and promote skin healing. Insulin is a
peptide hormone that regulates blood glucose levels and acts as a growth factor to accelerate wound healing,
promoting tissue regeneration and re-epithelialization. L-Arginine is a natural amino acid that acts as a
precursor to nitric oxide (NO), which plays a significant role in collagen synthesis, angiogenesis, and immune
response regulation at the wound site.

A chitosan/PEO nanofibrous mat was functionalized with manuka honey, propolis, Calendula officinalis
extract, insulin, and L-arginine. The mats showed reduced zero-shear viscosity. Adding various active
compounds to the chitosan/PEO solution decreased the zero-shear viscosity. The original chitosan/PEO
solution had a high zero-shear viscosity of around 2.10 Pa-s. After adding active compounds, the zero-
shear viscosity ranged from 0.36 to 1.58 Pa-s. A smooth, bead-free structure was obtained. The nanofibers
demonstrated good biodegradability, with significant weight loss (up to 60% in phosphate-buffered saline),
and exhibited good swelling in phosphate-buftered saline and physiological extracellular fluid, along with
increased hemocompatibility. The hemolytic index was less than 4% (below 5% is considered safe and
hemocompatible).



688 J Polym Mater. 2025;42(3)

All the mats exhibited reduced cytotoxicity, with a cell viability exceeding 90%, and showed notable
antioxidant and antimicrobial effects. The chitosan/PEO nanofiber mats containing propolis and Calendula
officinalis extract were the most suitable for wound care, demonstrating non-toxic properties with cell
viability above 97%. They also showed strong radical scavenging ability, with DPPH inhibition exceeding
65%. Additionally, these mats had enhanced antioxidant and antimicrobial effects, especially against the
strain of S. aureus [67].

6.1.4 Melissa Officinalis Extract

Rich in phenolic compounds and flavonoids, which provide antimicrobial and antioxidant prop-
erties, it reduces the need for artificial preservatives or additives in food packaging. The prepared
chitosan/PEO/Melissa officinalis extract nanofiber mats had homogeneous and bead-free structure. Water
vapor permeability values for the as-spun and cross-linked chitosan/PEO/Melissa officinalis extract
nanofibers were 39.34 + 0.77 and 22.26 + 1.25 g mm/kPa-h-m?, respectively. Both as-spun and crosslinked
chitosan/PEO/Melissa officinalis extract nanofibers showed inhibition halos of 11.7 + 0.9 and 11.7 + 1.2 mm,
respectively [68].

Table 5 summarizes and compares key parameters of chitosan/PEO-based nanofiber mats aided by
various naturally derived ingredients discussed in Sections 6.1.1 through 6.1.4. It highlights differences in
fiber diameter, porosity, viscosity, and antimicrobial activity. Using mupirocin in chitosan/PEO/PVA mats
produced relatively thick fibers (~263 nm) and moderate porosity (~55%), while still providing effective
antibacterial activity against Staphylococcus aureus and Escherichia coli. However, terpinen-4-ol (TOLs)
produced fine fibers (225 nm) with relatively high porosity (>90%), which helps retain moisture. The Melissa
officinalis extract generated the finest fibers (157 nm) and showed antifungal activity against Candida albicans.
Chitosan/PEQ electrospun mats exhibit a broad range of antimicrobial properties when functionalized with
natural bioactive agents, making them a promising material for wound care, biomedical applications, and
even food packaging.

Table 5: Structural and functional characteristics of electrospun chitosan/PEO-based nanofiber mats incorporating
natural bioactive ingredients

Nanofiber mats Fiber Porosity Viscosity Antimicrobial Ref.
diameter activity against
Chitosan/PEO/PVA- 263 +43nm 548 +0.52%  54.8 £ 0.52cP Staphylococcus [47]
Mupirocin aureus and
Escherichia coli
Chitosan/PEO- 239.2+52.0 Usually over Not included Staphylococcus [48]
TOLs nm 90% aureus and
Escherichia coli
Chitosan/PEO-ME Average Not included  Not included Candida albicans [68]
157.7 nm growth

6.2 Synthetic Chemicals and Nanoparticles Assisted Electrospinning
6.2.1 Polycaprolactone (PCL)

A biodegradable polyester, can be used as a scaffold material due to its biocompatibility and mechan-
ical properties. It is appropriate for tissue engineering applications because it promotes cell proliferation
and attachment.



J Polym Mater. 2025;42(3) 689

Arnebia euchroma (A. euchroma) extract

It is a herbal extract that has therapeutic qualities, especially in wound care. It contains bioactive
substances that have antibacterial, anti-inflammatory, and therapeutic properties.

Two-nozzle electrospinning was used to fabricate multilayered nanofibrous scaffolds. This technique
produced a uniform, porous, and biomimetic mat. A. euchroma slightly reduced the mechanical strength but
stayed within acceptable limits for skin scaffolds. Water vapor permeability ranged from 20-23 g/m?/day,
supporting a moist environment conducive to wound healing while allowing excess exudate to escape—
crucial for preventing infection and promoting tissue regeneration. The mats demonstrated controlled
biodegradability. Over 28 days, the scaffolds gradually degraded in PBS with lysozyme. Higher A. euchroma
concentrations sped up the breakdown, aligning with the goal for transient skin scaffolds that resorb
gradually as new tissue forms. Additionally, A. euchroma brought significant antibacterial effects, with
inhibition rates against bacteria like E. coli reaching up to 57.5%. It also enhanced fibroblast proliferation and
was non-toxic [70].

6.2.2 2-Formylphenylboronic Acid

It was employed in the imination reaction to functionalize the chitosan fibers, introducing antimicrobial
properties by forming imine bonds.

Lysozyme
It was used to improve biodegradability in wound settings. This enzyme plays a role in the natural
biodegradation during wound healing and can break down chitosan.

The average diameter of the mats containing 2-Formylphenylboronic acid and lysozyme was 137 + 21 nm
for the initial chitosan/PEO fibers, which increased to 176 + 33 nm after PEO removal due to swelling. The
mats showed enhanced hydrophilicity because imination, imino-chitosan, resulted in increased water loss
compared to neat chitosan. The pore sizes were less than 2 nm, demonstrating microporosity, which benefits
biological fluid interaction and water sorption [71].

6.2.3 RGD Peptides

Short amino acids called RGD (Arg-Gly-Asp) peptides imitate extracellular matrix proteins like
fibronectin and laminin and bind to integrin receptors to promote cell adhesion.

PLGA-PEG membranes

A combination of poly(lactic-co-glycolic acid) (PLGA) and polyethylene glycol (PEG), PLGA-PEG
membranes formed a biodegradable, porous scaffold that provided mechanical strength, structural support,
and controlled degradation, making them ideal for tissue engineering applications.

The fibers had a uniform, smooth shape and were ideal for nerve regeneration, with an average diameter
of 287.6 + 76.3 nm. High-speed rotary electrospinning (2600 RPM) produced precisely aligned fibers, which
served as directional signals for targeted axonal growth. Inflammation was prevented by buffering the acidic
breakdown of PLGA-PEG with B-TCP [72].

6.2.4 Titanium-Coated Track-Etched Membranes

Specialized filtering materials known as titanium-coated track-etched membranes were created by
exposing polymer sheets to heavy ion radiation. A thin titanium layer was applied to improve their
mechanical stability, adhesion, corrosion resistance, electrical conductivity, and biocompatibility. Nanofibers
that were consistent, smooth, and bead-free were produced, with an average fiber diameter of 156.55 nm.
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Glutaraldehyde vapor crosslinked the material, increasing its resistance to disintegration at different pH
levels. They show low toxicity to Daphnia magna, indicating suitability for biological and environmental
applications. Their high stability under extreme pH conditions resulted in swelling capacities of 85.72% in
acidic, 76.47% in neutral, and 69.23% in alkaline environments [73].

6.2.5 Quaternary Ammonium Chitosan

It is a chemically altered chitosan derivative that has quaternary ammonium groups (-NR;+) in place of
the amino groups (-NH,). Its improved antimicrobial activity, biocompatibility, and antibacterial qualities
make it perfect for tissue regeneration, wound dressings, and biomedical applications.

Carbon Dots

Ultrasmall, fluorescent nanoparticles with little toxicity, superior biocompatibility, and adjustable
optical characteristics, carbon dots (or CDs) are perfect for antibacterial activity and real-time wound mon-
itoring.

The prepared chitosan/PEO-CDs nanofiber mats produced uniform, bead-free nanofibers. They formed
a three-dimensional, porous network that mimicked the extracellular matrix (ECM) for cell attachment. It
also showed a linear relationship between pH and RGB values [74].

6.2.6 Tetrakis (Hydroxymethyl) Phosphonium Chloride (THPC)

It is a reducing agent used in the in situ synthesis of gold nanoparticles (AuNPs) on the scaffolds. AuNPs
improved the scaffolds’ electrical conductivity, which is advantageous for nerve regeneration.

The mat produced by triple-jet electrospinning created uniform fibrous mats with interconnected
porosity. The mats exhibited high porosity, reaching up to 75%-80% at 40% PEO content. They showed
improved Schwann cell adhesion, spreading, and proliferation. The mats also had enhanced electrical
conductivity. Using reducing agents like THPC alone or with formaldehyde improved conductivity, achieving
3.125 £ 0.75 S/m for THPC and 4.44 + 0.83 S/m for THPC + formaldehyde [51].

6.2.7 Triton X-100

Triton X-100 is a surfactant added to reduce surface tension during nanofiber production and can aid
in developing uniform fibers. Glacial acetic acid was used as a solvent to prepare chitosan solutions for
electrospinning, enabling the formation of nanofibers capable of adsorbing contaminants. The nanofibers’
high surface area-to-volume ratio increased their potential for use in water cleanup and adsorption, and they
were free of defects or beaded structures. The removal of ibuprofen depended on the concentration of the
nanofiber mat; the higher the concentration, the more ibuprofen was removed from wastewater (70% of the
100-ppm solution removed) [34].

6.2.8 Activated Carbon

Activated carbon from rice husk is rich in carbon, making it suitable for carbonization and activation
to produce high-surface-area activated carbon with efficient adsorption properties. Potassium hydroxide
was used as an activating agent in the chemical activation process, and hydrochloric acid was used to wash
the activated carbon to remove residual chemicals and impurities. The mats have demonstrated improved
adsorption due to integration of activated carbon. Carbon activation reduced the fiber diameter, improving
uniformity and contact area. Activated carbon enhanced the viscosity of fiber mat from 233 + 4 to 441 + 6,
which provided better conductivity and resistance to surface tension. Compared with the other nanofiber
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mat blends, it was found that chitosan/PEO-AC nanofibrous membrane showed better adsorption capacity
in terms of all metal ions [75].

6.2.9 Doxycycline Hyclate (DOXH)

DOXH, an antibiotic, was integrated into the nanofibers for its antibacterial action against periodontal
pathogens. Silver nanoparticles (Ag) were also added due to their potent antibacterial properties. Silver has
a long history of use in medical applications because of its effectiveness against a wide range of microorgan-
isms. Hydroxyapatite (HA), a naturally occurring mineral form of calcium apatite, was included to enhance
the bioactivity and biocompatibility of the chitosan/PEO-DOXH-Ag/HA/Si nanocomposite. Silica was
incorporated to improve mechanical properties. The characteristics of the prepared chitosan/PEO-DOXH-
Ag/HA/Si nanocomposite mats were analyzed. The mats were produced using a horizontal electrospinning
setup. Uniform, bead-free nanofiber mats were generated. The inclusion of Ag/HA/Si reduced the drug
release rate and enhanced morphological integrity during degradation. With the lowest level of DOXH,
the electrospun nanofibers exhibited improved antibacterial activity against strains of Streptococcus mutans,
Staphylococcus aureus, and Escherichia coli [76].

6.2.10 Cerium Oxide Nanoparticles (CeONPs)

CeONPs was added to the chitosan/PEO blend to enhance the scaffolds’ mechanical properties and
bioactivity. These particles provide antioxidant properties. The nanofiber mats showed increased mechanical
strength with the incorporation of CeONPs (from 455 MPa in chitosan/PEO to 689 MPa in chitosan/PEO-
CeONP). Additionally, increased stiffness was observed (from 6.2% to 5.4%). The addition of CeONPs
improved swelling in water and saline solutions, which is beneficial for exudate absorption in wound healing
applications. Chitosan/PEO-CeONP mats degraded more slowly than chitosan/PEO mats, retaining most of
their structure after 90 days. There were no signs of toxicity, infection, or adverse inflammation. The presence
of CeONPs contributed to a moderated inflammatory response and supported the formation of new vascular
tissue [77].

6.2.11 Bioactive Glass Particles (e.g., 4555, BGMSI0, BGMS_2Zn)

These glasses were used to bond with bone and promote tissue regeneration. They release ions that can
stimulate cellular activity and enhance the composite mats’ bioactivity. The Chitosan/PEO_45S5 composite
mat showed the best mechanical properties among the tested samples (1611 + 678 MPa) but had the lowest
tensile strain at break (16% + 2%), indicating it is stiff with good mechanical strength. Meanwhile, the
chitosan/PEO_BGMS_2Zn mat displayed the highest tensile strain at break (52% + 23%), suggesting better
flexibility and elongation before failure. The bioactive glass particles (BGMS10 and BGMS_2Zn) are designed
to release beneficial ions (e.g., Si, Ca, Mg, Zn) that can enhance cellular activities and promote healing. These
particles may boost the potential for bone regeneration by improving osteoconductivity and aiding in the
formation of hydroxycarbonate apatite (HCA), which is essential for bone bonding [50].

Table 6 summarizes the structural and mechanical properties of nanofiber mats enhanced with synthetic
chemicals and nanoparticles. Different additives, including carbon dots (CDs), activated carbon (AC),
cerium oxide nanoparticles (CeONP), and different bioactive glasses, influenced fiber diameters from 83 to
195 nm. The chitosan/PEO_45S5 composite demonstrated the highest tensile strength, at 1611 MPa, as well
as an elongation at break of 16%, indicating excellent mechanical properties. Furthermore, the BGMS_2Zn-
reinforced system demonstrated remarkable flexibility and toughness with a significant 52% elongation. The
results of several studies, however, did not provide complete mechanical data, highlighting inconsistencies
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between methods of reporting and testing. The bioactivity improvements from synthetic bioactive ingredi-
ents were varied and significant. For example, CDs and AC enhanced antimicrobial properties and improved
imaging or electrical conductivity, respectively. The DOXH-Ag/HA/Si system provided a synergistic effect
that combined antimicrobial, osteogenic, and angiogenic abilities. CeONPs showed strong antioxidant and
anti-inflammatory effects by removing reactive oxygen species (ROS). Adding bioactive glasses like 4555
and BGMS_2Zn boosted bone regeneration, antibacterial action, and wound healing, mainly through ion
release (e.g., Si, Ca, Zn) that promoted osteoblast activity and immune responses. These results indicated
that choosing the proper functional additives was crucial for adjusting the mechanical performance and
therapeutic potential of electrospun nanofibrous scaffolds.

Table 6: Structural and functional characteristics of electrospun chitosan/PEO-based nanofiber mats incorporating
synthetic bioactive ingredients

Nanofiber mats Fiber Tensile Elongation at Bioactivity enhancement Ref.
diameter strength (MPa) break (%)
(nm)
Chitosan/PEO- 189 + 39 12.61 + 0.56 No record Antimicrobial, imaging, and [74]
CDs found drug delivery improvements
Chitosan/PEO- 83125 No record No record Enhanced electrical [75]
AC found found conductivity and antimicrobial

activity due to carbon doping;
promotes tissue regeneration
Chitosan/PEO- 195 + 44 No record No record Synergistic antimicrobial, [76]
DOXH-Ag/HA/Si found found osteogenic, and angiogenic
properties; Ag ions disrupt
bacteria, HA promotes
mineralization, Si stimulates
collagen synthesis
Chitosan/PEO- 175 £ 76 689 5.4 Potent antioxidant, [77
CeONP anti-inflammatory, and
antimicrobial effects; CeONPs
scavenge ROS, support cell
proliferation
Chitosan/PEO_45S5 170 + 70 1611 + 678 16 +2 Bone regeneration and [50]
antibacterial activity; bioglass
releases ions (Si, Ca, Na) that
stimulate osteoblast activity and

inhibit bacteria
Chitosan/PEO_ 120 + 40 737 + 522 52 +23 Enhanced antimicrobial, [50]
BGMS_2Zn osteogenic, and wound healing;

Zn ions improve immune
response and angiogenesis

7 Chitosan/PEO Electrospinning in Modified Electrospinning Setup

The employment of multiple nozzles, needle-free, and complex setups to produce fibers with unique
characteristics. It allows for the production of core-shell and composite fibers that offer enhanced versatility
and the ability to create multifunctional materials.



J Polym Mater. 2025;42(3) 693

7.1 Needle-Free Electrospinning

Chloramphenicol is a broad-spectrum antibiotic used to treat various bacterial infections, and beta-
glucan is a natural polysaccharide known for its immunomodulatory and wound-healing properties, which
were electrospun using a needle-free electrospinning technique. The average mat thickness ranged from
35 to 86 pum. The elongation at break varied from 3.5% to 8.9%, and they had smoother surfaces. The
nanofibers with chloramphenicol showed a high absorption capacity and a burst release of chloramphenicol.
While preserving chloramphenicol’s antimicrobial activity, nanofibers containing all three active ingredi-
ents (beta-glucan, chitosan, and chloramphenicol) exhibited concentration-dependent anti-inflammatory
properties [49].

7.2 Blend Electrospinning

Vancomycin (VCM) is a naturally occurring antibiotic derived from the Amycolatopsis orientalis bacte-
ria. It effectively combats Methicillin-resistant Staphylococcus aureus (MRSA), a Gram-positive bacterium,
and is specifically used in wound care to prevent and treat serious infections. Glutaraldehyde is a dialdehyde
compound utilized as a crosslinking agent, enhancing nanofibers’ stability and mechanical properties.
Additionally, it is recognized for its antimicrobial properties, making it beneficial for medical applications.
Vancomycin and glutaraldehyde were combined to produce a nanofibrous mat. VMC increased the fiber
diameter. The average fiber diameters were 360 nm for chitosan/PEO, 428 nm for chitosan/PEO/VCM
2.5%, and 823 nm for chitosan/PEO/VCM 5%. Therefore, 2.5% VMC formulation is considered optimal.
Additionally, the 2.5% VCM formulation demonstrated superior mechanical properties, faster wound
healing, enhanced antibacterial effects, and a more controlled release profile. It outperformed traditional
treatments like silver sulfadiazine. Crosslinking with glutaraldehyde vapor improved the nanofibers’ stability
in aqueous environments, preventing rapid dissolution of the hydrophilic fibers [62].

Curcumin (Cur) is derived from Curcuma longa. It exhibits strong anti-inflammatory, anti-infective, and
antioxidant properties, which help in wound healing and reducing inflammation. Collagen (Col), the most
abundant extracellular matrix protein in natural tissues, is widely used in biomedical applications because
of its biodegradability and biocompatibility, allowing it to integrate with the human biological system.
Curcumin and collagen were combined to produce an electrospun mat. The resulting chitosan/PEO/Col and
chitosan/PEO/Col/Cur mats contain smooth, uniform, and bead-free nanofibers. These mats demonstrate
good porosity and high hydrophilicity. The porosity varies with the Cur loading: chitosan/PEO (without
Cur) was 89.35%, chitosan/PEO/Col (without Cur) was 78.02%, chitosan/PEQO/Col/Cur 10% was 61.01%, and
chitosan/PEO/Col/Cur 15% was 80.66%. The chitosan/PEO/Col/Cur 15% mat showed water uptake ability of
up to 827%, indicating high hydrophilicity and absorption capacity suitable for wound exudate absorption.
Additionally, nanofibers with higher Cur concentration (15%) displayed slow-release characteristics over
extended [63].

7.3 Coaxial Electrospinning

Thymol, a component of thyme essential oil (Thymus vulgaris), exhibits broad-spectrum antibacterial
activity against molds, yeasts, fungi, and bacteria. Therefore, it is useful for preventing microbial growth in
food and potentially in medical settings. The prepared nanofiber mats of chitosan/PEO with encapsulated
Thymol via coaxial electrospinning are smooth and free from beads or defects. Thymol was encapsulated
in the core, with the chitosan/PEO forming the shell, enabling controlled release. The average fiber
diameter ranged from approximately 117 to 130 nm. Crosslinked nanofibers demonstrated improved tensile
strength and elasticity, making them durable for handling and packaging applications. The core-shell design
allows slow, sustained release of Thymol, extending antibacterial effects over time. The nanofiber mats
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successfully inhibited the growth of E. coli and S. aureus, confirming their potential for antimicrobial
packaging. Crosslinking with genipin increased hydrophobicity (higher contact angles), which enhances
water resistance and stability in humid environments [64].

Rosuvastatin is mainly used to promote bone regeneration by encouraging stem cell differentiation.
Polycaprolactone is a biodegradable, biocompatible polyester with excellent mechanical properties. It
functions as the shell material in core/shell fibers, providing structural support while affecting degradation
and drug release profiles. Rosuvastatin was incorporated into the core with polycaprolactone forming the
shell using a coaxial electrospinning technique. The resulting chitosan/PEO-Rosuvastatin nanofiber mats
produced through coaxial electrospinning are uniform and free of beads. The core diameter was about
370 nm, and the shell thickness was approximately 70 nm. Thermogravimetric analysis showed the fibers
had good thermal stability, with degradation behaviors related to their polymers and the incorporated drug.
Plasma treatment increased the hydrophilicity of the mats, improving cell adhesion and water absorption. It
can sustain drug release for up to 90 days [65].

7.4 Modified Free Surface Electrospinning (MFSE)

Higher solution conductivity and lower viscosity produced the finest nanofibers, with an average
diameter of 100 + 4.18 nm, at 40 wt% acetic acid and 6 wt% chitosan/PEO concentration. A high nanofiber
yield of 3.052 g/h at 62 kV was achieved using the modified free surface electrospinning (MFSE) technique
with optimal solution conditions of 60 wt% acetic acid and 4 wt% chitosan/PEO. The maximum radial
electric field intensity (Emax) from MFSE was 2.87 x 10”6 V/m, while the axial Emax was 5.05 x 10"6 V/m.
The average values were 9.64 x 10"5 V/m (radial) and 8.37 x 10"5 V/m (axial). MFSE exhibited a more uniform
electric field distribution, indicating superior ordering characteristics of the prepared nanofiber [66].

8 Application

Chitosan/PEO nanocomposite mats are versatile materials with a wide range of applications across
biomedical, environmental, and commercial fields. They have quite a few unique properties, such as biocom-
patibility, biodegradability, antibacterial, and antimicrobial activity, which make them particularly valuable
in advancing technologies in wound healing, tissue engineering, controlled drug delivery (Fig. 3), active
food packaging, filtration, and more. Tables 7 and 8 below list the potential applications of chitosan/PEO

Healing burn
injuries

Chronic wound
healing

nanofibrous mats.

Drug delivery

Antibacterial
wound dressing

o = Anticancer
therapy
Biomedical

SKkin tissue

regeneration
Nerve tissue ) applications = Real-time wound
engineering A " ** ' pH monitoring

Oral insulin
delivery

Bone tissue
engineering

Figure 3: Biomedical applications of the electrospun chitosan/PEO nanofibers
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Table 7: Biomedical applications of the chitosan/PEO nanofiber mats
Methods Structure Additive used Applications Performance Ref.
Porous (48.3% to ~ Mupirocin and Healing Burn injuries. Rapid wound healing ~ [47]
56.6%), uniform PVA Controlled release of (21 days).
and smooth mupirocin to prevent Strong antibacterial
and treat infections. action (ZOI: 7-9 mm
Use in scaffolding for for S. aureus & E. coli).
tissue regeneration Controlled drug
and repair. release (80% in 24 h).
Excellent biocompati-
bility.
Conventional Porous (>90%), Terpinen-4-ol Construct a Near-complete [48]
electrospinning smooth, microenvironment bacterial eradication.
bead-free, and suitable for chronic >99.95%
round nanofibers wound healing. bacterial inhibition.
Could be used in drug Ideal

Round,
well-aligned,
smooth, beads
free,
unidirectional
arrays

Manuka Honey,
Propolis,
Calendula
officinalis
extract, Insulin
and L-Arginine

delivery systems and
tissue
engineering scaffolds.

To manage wound
moisture and

prevent infection.
For reducing oxidative
stress at wound sites.
Improved
physiological liquid
uptake and tissue
regeneration
processes, such as
angiogenesis,
granulation tissue
production, and
epithelialization, vital
for effective

wound closure.

moisture balance.
Skin-like mechani-
cal properties.

70.1% biodegradation
in 8 days.

Low cytotoxicity (97%  [67]
viability).

Strong antioxidant
activity (65%-97%
radical scavenging).
Broad-spectrum
antimicrobial effects.
Optimal
hemocompatibility
(2.92% hemolysis).
Loses 60% mass in

4 weeks.

Extreme swelling
capacity (509%) to
absorb

wound exudate.

(Continued)
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Table 7 (continued)

Methods Structure Additive used Applications Performance Ref.
Bilayered, PCL & A. These nanofiber mats Non-toxic to human [70]
porous, euchroma are used for burn dermal fibroblasts.
nanofibrous, wound treatment and Adequate tensile

round with a
rough texture

Microporous
(pore size < 2
nm) and
nanofibrous

Porous (91% with
60% PEO),
conductive
scaffold and
nanofibrous

2-Formylphenyl
boronic acid &
Lysozyme

PCL & THPC

skin

tissue regeneration.
The scaffolds serve as
advanced dressings
that can protect
wounds from
infection, promote
healing, and
potentially deliver
therapeutic agents in a
controlled manner.
The scaffolds can act
as carriers for natural
extracts, such as A.
euchroma, to provide
sustained release
directly at the wound
site, enhancing their
therapeutic

efficacy.
Antimicrobial and
bio-absorbable
wound dressings.
Taking advantage of
tailored porosity,
biodegradability, and
functionalization for
specific therapeutic
uses, it could be used
as an advanced
biomedical device.

These mats could be
used in nerve tissue
engineering. Gold
nanoparticles’
electrical conductivity
can promote electrical
stimulation,
improving axonal
development and
brain cell function.
Conductive scaffolds
can serve as platforms
for electrical
stimulation therapies
in peripheral

nerve repair.

strength for

wound dressings.
Antibacterial efficacy
up to 59.5% (8.
aureus).

11%-35% drug release
within 5 h followed by
sustained release (up
to 41% at 96 h).
Controlled
degradation
(10%-28% weight loss
in 28 days).

Swelling up to 72%.

Strong inhibition
against S. aureus, C.
albicans, A.
brasiliensis.
On-demand release of
the

antimicrobial agent.
No biofilm formation.
Complete degradation
in 3 days at pH 5.5.
Supports

fibroblast adhesion.
Cell proliferation at
48 h.

Enhanced
Conductivity (4.44
S/m).

Improved
Hydrophilicity (77.8°
contact angle).

No cytotoxicity.
Good biocompatibil-
ity.

(71]

(51]

(Continued)
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Table 7 (continued)
Methods Structure Additive used Applications Performance Ref.
Bilayered RGD peptides - Facilitate nerve cell Promoted oriented [72]
scaffold: Inner and PLGA-PEG regeneration axon growth.
oriented membranes and recovery. B-TCP neutralized
nanofibers and - Porous and acidic
Outer porous hydrophilic structure PLGA byproducts.
membrane to facilitate nutrient Non-cytotoxic.

exchange, cell Enhanced cell

infiltration, and proliferation (RGD +

support a conducive B-TCP).

microenvironment for Aligned nanofibers

tissue outperform

regeneration. random ones.

Porous PLGA-PEG
outer layer allowed
nutrient exchange.
Porous, Quaternary - Wound Dressing for Antibacterial rate [74]
homogeneous, Ammonium Acute and ~80% at 32 mg/mL
and bead-free, Chitosan and Chronic Wounds. against S. aureus.
three- Carbon Dots - Real-Time Wound CDs generate reactive
dimensional pH Monitoring. oxygen species to
network - Antibacterial damage
structure Wound Management. bacterial DNA.
- Biocompatible and Complete healing in

Non-Toxic Medical 14 days.

Material. Smart sensing via
pH-responsive fluo-
rescence.

Cell Viability is
around 95% after 24 h
(non-toxic).
Hemolysis Rate is
<5% (safe for blood
contact).
Randomly DOXH, Ag, HA -  These nanofibrous Long-term drug [76]
oriented, round & Si mats could be used as delivery (9 days)
uniform, an antibacterial reduces
bead-free, wound dressing and dosing frequency.

semi-permeable
with a smooth
surface

an antimicrobial
coating for

dental implants.

The hybrid nanofibers
could be utilized as
scaffolds in tissue
engineering
applications,
particularly in
regenerating dental or
periodontal tissues.

Dual antibacterial
action combats
biofilm resistance.
Biocompatible and
non-cytotoxic for
gingival tissues.
>100% cell viability.
Controlled
degradation (33% in
24 h) ensures
prolonged retention.
Swelling Capacity
542%.

(Continued)
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Table 7 (continued)

Methods Structure Additive used Applications Performance Ref.
Nanofibrous flat CeONPs Chitosan/PEO- CeONPs delayed [77]
mats with high CeONP mats are degradation (90 days),
porous structure primarily intended for prolonging scaffold
wound dressings and stability supports
tissue tissue regeneration.
engineering scaffolds. Higher swelling (5.2
g/g) improves
exudate absorption.
CeONPs reduced
fiber size.
Porous, Bioactive Glass The mats could be Non-cytotoxic, [50]
homogeneous, Particles used as scaffolds for confirming
non-woven mat soft tissue repair. biocompatibility for
The mats could serve soft
as advanced wound tissue applications.
dressings that provide Therapeutic
a moist Ion Release.
environment. Flexible yet mechani-
cally reinforced.
Papaya leaf Anticancer The Ch:PEO:Pap [69]
extract therapies. nanofibers exhibited
Antibacterial applica- cytotoxicity against
tion. MDA-MB-231 breast
cancer cells, with a
half-maximum
inhibitory
concentration (IC50)
of 60.37 + 2.6 pg/mL.
Induced apoptotic cell
death in breast
cancer cells.
Significant
antibacterial activity
against both
Gram-negative and
positive
bacterial strains.
Porous and Insulin Oral delivery of Release of insulin [44]
fibrous, maybe insulin for dependent on the
layered diabetes management. chitosan:PEO ratio.

Improving patient
comfort those who
struggle with the pain
and inconvenience

of injections.

pH-dependent
insulin release.
Layered mat release in
two phases (Burst and
sustained).

(Continued)



J Polym Mater. 2025;42(3) 699
Table 7 (continued)
Methods Structure Additive used Applications Performance Ref.
Needle-free Flat, non-woven,  Chloramphenicol -  These mats could be Swelling indices [49]
electrospinning  uniform, porous,  and Beta-glucan applied locally to burn ranging from 779% to
beadless wounds and other 1055% displayed high
infected, oozing fluid absorption.
wounds as bandages. Bacterial Reduction
against E. coli and S.
aureus.
Non-toxic to key
wound-healing cells.
Significant NO
reduction (up to
~50%).
Blend electros Randomly Vancomycinand -  The nanofiber mats Initial burst release [62]
pinning arranged round, Glutaraldehyde were used to heal (~43-62% in
smooth and full-thickness 4 h), followed by
bead-free skin wounds. prolonged release (up
nanofibers, to
porous 72 h).
Strong Inhibition.
Non-Toxic.
Accelerate
Healing.
Porous Curcumin and - These nanofibers are Accelerated wound [63]
(61%-81%), Collagen suitable as advanced closure (97% in 20
bead-free, wound dressings days).
flexible, flat and supporting cell Sustained release over
randomly attachment, 3 days.
oriented proliferation, and Enhanced cell
nanofibers tissue regeneration. proliferation (up to
- These could be used in 132% viability).
full-thickness High absorption
wound healing. capacity (up to 666%).
No cytotoxicity.
Coaxial Core/shell, Rosuvastatin - The nanofibers Controlled, sustained [65]
electrospinning uniform, (RSV) and provide a clinically release of RSV over 90
non-porous polycaprolactone feasible and scalable days for long-
surface option for bone term osteogenesis.
tissue engineering. High drug loading

The nanofibers, with
their sustained release
profile of RSV, can
serve as effective
carriers for targeted
drug delivery directly
to damaged or
deficient bone sites.

(~87%) due to the
core/shell structure.
RSV release was
within a safe range,
promoting cell growth
without toxicity.
Enhanced

bone formation.
Plasma treatment
improved
hydrophilicity
(contact angle
~40°-70°).

(Continued)
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Table 7 (continued)

Methods Structure Additive used Applications Performance Ref.
MFSE Round, uniform - Biomedical The porous, [66]
and beads free applications include high-surface-area
tissue engineering, structure could enable
wound dressings, and controlled release
drug delivery systems. of antimicrobials.
Table 8: Environmental applications of the chitosan/PEO nanofiber mats
Methods Structure Additive used Applications Performance Ref.
Porous, uniform,  Melissa officinalis -  These mats could be ME-loaded nanofibers  [68]
bead-free, and extract used for active food exhibited 90-96%
smooth structure packaging because antioxidant activity.
with an average they prevent the Inhibition zones of
diameter of 157.7 spoilage and 11.7 mm against
nm deterioration of Candida albicans.
food quality. Delayed spoilage for
- Also, as a preservative 6 days.
for edible mushrooms. Retained fibrous
structure after 24 h
water immersion.
Water vapor
permeability reduced
by 43% after
cross-linking.
Conventional Bilayer, Titanium-coated -  Dual-purpose water High chemical [73]
electrospinning hierarchical track-etched filtration systems. stability in harsh
pore, non-woven membranes - Durable in extreme pH conditions.
nanofiber mat on pH conditions. Highest swelling in
a metallized - Biomedical use, acidic (pH 4.01,

membrane
support with an
average fiber
diameter of
156.55 nm.

Round and
porous with an
average diameter
of 89 £ 19 nm

Glacial acetic
acid

especially
drug delivery.

The nanofiber mats
could be used in water
remediation,
especially for
eliminating organic
pollutants

like ibuprofen.

85.72%), moderate in
neutral, and lowest in
alkaline conditions.
Biocompatible at
lower concentrations.
Tunable porosity

for filtration.

Strong adhesion to
metallized
membrane support.
Maximum sorption [34]
capacity was 141.21 mg
ibuprofen per gram
of nanofiber.

70% removal of
ibuprofen within

20 min.

Higher temperatures
reduced adsorption.
Best performance at
pH 4-5.

(Continued)
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Table 8 (continued)
Methods Structure Additive used Applications Performance Ref.
Round, Activated carbon -  The membrane is Superior adsorption 75]
nanofibrous, and appropriate for use in capacity (highest for
highly porous wastewater treatment, Cr(VI): 261.1 mg/g).
structure with industrial effluent Excellent reusability
integrated purification, and (Retained >80%
activated carbon water purification efficiency after 5
procedures targeted at cycles).
lowering heavy metal Fast kinetics
pollution because it is (equilibrium in 11
made to adsorb and min).
remove dangerous High removal
heavy metals from efficiency (>80% for
water sources. all tested metals).
Uniform, Pomegranate - Meat preservation. Controlled release of [78]
thread-like fibers Peel Extract - Natural Preserva- PE, which effectively

with a smooth tion Alternative. inhibited

and non-porous - Active bacterial growth.

surface Packaging Material. Reduction of E. coli up

to 2.96 log CFU/g at
4°C after 10 days.
Higher CS content
reduced
water solubility.
Excellent thermal
stability up to 400°C.
Preserved meat
maintained acceptable
sensory qualities
(color, odor)
during storage.

Porous, round, None - Purifying industrial High pigment removal  [79]
continuous crude glycerol by capacity (180.9 g™ ).
electrospun removing Best performance was

fibers with an glycerol pigments. at 60°C.
average diameter - Bio-based adsorbents Process is exothermic.
0f 526 + 101 nm to replace Spontaneous and

activated carbon.

exothermic biosorp-
tion.

Efficient

multilayer adsorption.

(Continued)
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Table 8 (continued)

Methods Structure

Additive used

Applications

Performance Ref.

Cylindrical,
smooth, porous

Free-surface
electrospinning
technique

Sponge, highly
porous (99.59%)
with a diameter

0f163 + 41 pm

Round, smooth,
core-shell
nanofibers with
an average
diameter of 117
to 130 nm.

Coaxial
electrospinning

Metal-organic -
framework-5 -

Zein -

None -

Thymol and -
Genipin

Air filtration.
Face masks.
Window screens.
Portable indoor
air purifiers.

Carriers of

natural pigments.
Encapsulation and
stabilization of
bioactive compounds.

Microplastic removal
from aqueous envi-
ronments.

These can be used for
bioactive antibacterial
and antioxidant
food packaging.

PM2.5 Removal 2]
Efficiency was 99.95%.
Pressure Drop to 44
Pa at a flow rate of 3.4
m*/h.

Low breathing
resistance and good
air permeability.
Maintained >99%
weight after 500
deformations and
rubbing tests.

Good

dust-holding capacity.
Natural pigments [55]
were success-

fully incorporated.
Controlled release
system for these
bioactive compounds.
The fiber diameter
was not significantly
affected by the
addition of the
natural pigments.
Excellent filtration [3]
efficiency (~99.5%).
Filtration process
decreased over time
due to clogging.

80.1 + 1.5% of the
PET-MP turbidity was
removed, and 91.9 +
0.3% of the Arizona
test dust turbidity was
reduced after 4000
compression cycles.
0.7% GP [64]
concentration
balanced mechanical
strength, sustained
release, and
antibacterial efficacy.
Max inhibition
(31.97% for E. coli,
27.32% for S. aureus).
Thy disrupted
bacterial membranes.
Minimal cytotoxicity.
Delayed

bacterial growth.
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9 Limitations and Future Directions

Chitosan/PEO composites electrospun for biomedical and environmental applications show promise,
however there are a number of drawbacks that require more research and development. Fig. 4 shows a
schematic illustration of these challenges and future prospects.
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Figure 4: Challenges and future directions of chitosan/PEO electrospinning and developed nanofibers

The interaction between the electrospun nanofibers and functional components is one of the main
issues. Additives may weaken the nanofibrous structure by altering the viscosity, spinnability, or surface
energy, even though they are often used to improve biological or chemical performance. For instance, adding
natural additives like lawsone may significantly lower the nanofiber mats’ surface angle, which may prevent
cells from adhering. The surface angle for nanofiber materials drastically decreased to 37° for nanofibrous
mats containing 10%wt/V lawsone, which is inappropriate for cell adhesion. The uniformity and quality of the
fibers, which are necessary to guarantee their stability and usefulness in a variety of applications, may also be
diminished by the inclusion of these additives. These interactions show that in order to preserve the integrity
of the electrospun fibers, additive amounts must be carefully optimized. Additionally, the Staphylococcus
aureus bacteria were still not completely under control after eight hours, and the number of their colonies
continued to decline. Moreover, the analysis in vitro, as opposed to in-vivo limits the understanding of
real-world challenges [13].

Crosslinking chemicals like glutaraldehyde provide new difficulties even if they are helpful in main-
taining the chitosan/PEO nanofibers. The cytocompatibility of the nanofibers may be impacted by these
crosslinkers, resulting in a trade-off between cellular toxicity and structural integrity. Even though chi-
tosan/PEO electrospun mats are usually regarded as safe for clinical usage, little is known about their
long-term consequences, particularly with regard to material degradation and human skin contact. It will
be necessary to create less toxic crosslinking chemicals or alternative stabilizing approaches in order to
strike a compromise between maintaining structural strength and lowering toxicity. This will guarantee the
nanofibers’ long-term safety and efficacy in biological applications. Nonetheless, prior research indicates that
chitosan/PEO electrospun patches have been documented as safe for use in clinical settings. It has not been
discussed how it affects human skin or how long it lasts (>15) [80].

The effectiveness of medication encapsulation, especially with cationic medicinal agents, is another
significant drawback of the chitosan/PEO electrospinning technique. The effectiveness of encapsulation may
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be hampered by the electrostatic interactions between charged drug molecules and the polymer matrix,
particularly for positively charged medicines. For instance, electrostatic repulsion between the drug and
chitosan was shown to result in decreased encapsulation efficacy in the case of teicoplanin-loaded nanofibers.
This restriction hinders the wider use of chitosan-based drug delivery systems and reduces their adaptability.
Advanced drug-loading strategies that might reduce electrostatic interactions and increase drug loading
capacity, including core-shell fiber designs or surface immobilization techniques, would be needed to
overcome this obstacle [81].

Certain natural additives can reduce fiber quality and mat uniformity, especially when their concentra-
tions are not optimized. An increase in nanofiber diameter was observed with lanolin addition, but this effect
was diminished with smaller amounts of lanolin. The chitosan/PEO solution exhibited poor spinnability
and low productivity, yielding a mat weight of approximately 7.0 g/m?. The chitosan/PEO/lanolin composite,
however, produced a much thinner mat, weighing only 1.88 g/m?, with insufficient thickness and inadequate
absorbency due to PEO dissolution [82].

The scalability of the electrospinning process is often constrained by the intrinsic viscosity of chitosan,
especially in high molecular weight forms with significant degrees of deacetylation. Low productivity,
frequent drying at the needle tip, and trouble pumping are all consequences of high viscosity caused by
chitosan’s medium molecular weight and 75%-85% deacetylation degree. The process’s capacity to be scaled
up for industrial purposes is greatly impacted by these issues. Future studies should look at methods to
improve the formulations of chitosan/PEO solutions and examine the usage of various grades of chitosan
that may increase spinnability without sacrificing the fibers’ mechanical and functional qualities. This might
result in electrospinning procedures that are more effective and fruitful, increasing the viability of producing
chitosan/PEO nanofibers for large-scale uses [82].

Many of the successful in vitro outcomes of chitosan/PEO nanofibers have not been confirmed in vivo,
especially when it comes to the long-term impacts on tissue regeneration, immunological responses, and
biodegradation. Studies using IMD-embedded chitosan nanofibers, for example, have shown early-stage
wound healing but have not adequately addressed problems like immunological responses, scarring, or
chronic wound closure. Furthermore, nothing is known about the rates of biodegradation and the possibility
of leftover pieces at the wound site that might lead to irritation or slowed healing. Additionally, while the
structure of the IMD was mentioned, its in-vivo or PBS-based degradation behavior was not thoroughly
investigated. It remains unclear how long the dressing persists at the wound site or whether it leaves
residual fragments that could cause inflammation or delayed healing. To fully comprehend the long-term
functionality of chitosan/PEO nanofibers and their therapeutic significance, especially in the areas of tissue
regeneration and chronic wound care, more thorough in vivo research is needed [18].

Investigating the addition of laccase to gluten networks to enhance the functional and sensory qualities
of baked goods is a viable avenue for further study. To further improve the quality and stability of fruit juices,
the immobilized form of laccase may also be used in fruit juice processing to stop the production of protein—
polyphenol haze. To preserve a targeted scientific approach, these developments should be investigated in
specialized research, apart from other uses such as electrospinning [82,83].

The biocompatibility of chitosan/PEO nanofibers is another area that needs further research, partic-
ularly when functional additives like lanolin are included. Certain compounds enhance the properties of
fibers, but it is unknown how they impact cell survival, tissue contact, and immune responses. It will be
crucial to investigate the long-term effects of these additives to ensure that chitosan/PEO nanofibers are
safe for clinical use in tissue engineering and wound healing applications. This will include assessing their
potential toxicity, immunological response, and overall biocompatibility in increasingly complex biological
systems. Enhancing encapsulation efficiency is a major area of attention for future approaches. Advanced
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drug-loading strategies such core-shell fiber topologies or other polymers may be used to overcome the
electrostatic repulsion between drug molecules and the polymer matrix. The development of non-toxic
crosslinkers or other stabilizing techniques will also be essential to reduce toxicity while maintaining the
structural integrity of the nanofibers. It is crucial to validate the long-term performance of the nanofibers in
vivo. Research should focus on wound healing, tissue regeneration, immunological response, and biodegra-
dation to ensure therapeutic usefulness of the materials. Additionally, improving the electrospinning process
would be vital for industrial applications in order to boost reproducibility and scalability. Coaxial and needle-
free electrospinning are two new electrospinning methods that could be able to overcome current limitations
and improve the quality and quantity of fiber produced. Investigating the incorporation of extra functional
additives that enhance fiber properties without compromising spinnability or uniformity is an intriguing
avenue for further research. Chitosan/PEO nanofibers may be further enhanced for usage in a variety of
biomedical and environmental applications by tackling these biological and technological obstacles.

Lastly, in addition to increasing functionality, future studies should concentrate on boosting system
stability, drug release control, and repeatability in a variety of biological models. In future studies, the
development of Ti;C, Ty/polymer composites will be pursued for applications beyond catalysis, including
adsorbents, biomedical scaffolds, and wearable dressing materials [84]. To address the burst release observed
in teicoplanin-loaded fibers, alternative polymers may be employed, and advanced drug-loading methods
such as surface immobilization or core-shell fiber architectures will be considered. The biocompatibility
of lanolin-incorporated CA and TPU nanofibers will be assessed using 1.929 fibroblasts and HS2 epithelial
cells [81]. Additionally, porosity, air and water vapor permeability, and the effects of lanolin concentration
and deposition time will be evaluated.

10 Conclusions

Electrospinning, a powerful technique to fabricate nanofibrous materials with high surface area, tunable
porosity, and structural similarity to the natural extracellular matrix. Incorporating biocomaterials such as
chitosan in electrospinning to produce nanofibers, is both biocompatible and biodegradable. Developing
materials from biodiversity for use in biomedicine (tissue engineering, wound care, medication adminis-
tration) and environmental protection (food packaging, water and air filters) represents a promising field.
However, electrospinning of chitosan without any other coagent is very challenging, due to high viscosity,
strong hydrogen bonding, and limited solubility, which is why they often results in bead formation. To
counter these problems, the most common technique for electrospinning clean chitosan fibers involves
blending with a co-spinning agent, such as poly (ethylene oxide), which provides complementary properties
for specific applications and facilitates easier electrospinning. The resulting chitosan/PEO nanofibers showed
improved mechanical integrity, controlled porosity, and favorable interactions with biological tissues,
making them excellent candidates in medical applications. It was found that, nanoparticles and glass particle-
assisted electrospun mats have higher mechanical strength than others. whereas, synthetic chemical assisted
electrospun mats have lower fiber diameters than natural ingredient assisted electrospun mats.

There are also significant drawbacks that need more research despite these benefits. The addition of
functional additives or bioactive substances may harm mechanical performance, spinnability, or fiber homo-
geneity. Large-scale deployment and clinical translation are hampered by issues including poor scalability,
inconsistent fiber homogeneity, low encapsulation efficiency, and insufficient in vivo validation, despite
advancements in electrospinning. Glutaraldehyde and other crosslinkers may be cytotoxic, and leftover
solvents can make medical usage unsafe. The necessity for thorough optimization is further highlighted by
the possibility that some additives could impair cytocompatibility or cell adhesion. Furthermore, because
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chitosan is polycationic and electrostatically repels positively charged pharmaceuticals, encapsulation effi-
ciency is still a bottleneck. Looking forward, future research should focus on developing biocompatible
and non-toxic crosslinkers, improving drug encapsulation techniques (e.g., core-shell fibers or surface
immobilization), and refining process parameters to enhance reproducibility and scalability. Coaxial and
needle-free electrospinning methods may offer promising avenues to increase yield and fiber quality.
Additionally, incorporating functional materials like Ti;C, Ty or cellulose nanocrystals could further extend
the utility of chitosan/PEO nanofibers across biomedical, environmental, and industrial domains.

In summary, while electrospun chitosan/PEO nanofibers present exciting possibilities across multiple
sectors, addressing their current limitations through advanced formulations, improved process engineering,
and in-depth biological validation will be essential to realize their full potential in real-world applications.
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