
Citation: Taokaew, S.; Chuenkaek, T.

Developments of Core/Shell

Chitosan-Based Nanofibers by

Electrospinning Techniques: A

Review. Fibers 2024, 12, 26.

https://doi.org/10.3390/fib12030026

Academic Editors: Marina Zoccola

and Parag Bhavsar

Received: 26 December 2023

Revised: 28 February 2024

Accepted: 8 March 2024

Published: 12 March 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

fibers

Review

Developments of Core/Shell Chitosan-Based Nanofibers by
Electrospinning Techniques: A Review
Siriporn Taokaew 1,* and Tapanee Chuenkaek 2

1 Department of Materials Science and Bioengineering, School of Engineering,
Nagaoka University of Technology, Nagaoka 940-2188, Niigata, Japan

2 Department of Science of Technology Innovation, Nagaoka University of Technology,
Nagaoka 940-2188, Niigata, Japan; s185002@stn.nagaokaut.ac.jp or c.tapanee@gmail.com

* Correspondence: t.siriporn@mst.nagaokaut.ac.jp or siriporntaokaew@gmail.com

Abstract: This review is focused on the recent development of various chitosan-based nanofibers
(membranes, patches, mats, and scaffolds) that have been designed into core and shell structures using
emulsion and coaxial electrospinning techniques. Chitosan, a promising polysaccharide derived
from natural sources, holds potential for diverse applications, including nanofiber production,
aimed at fostering sustainability. Core/shell chitosan-based nanofibers offer appealing features,
including drug encapsulation and sustained release capabilities, with a higher efficiency than uniaxial
fibers. The fabrication of core/shell chitosan-based nanofibers, including the co-spinning agents
and various spinning parameters, such as spinning voltage, needle size, spinning flow rate, distance
from needle tip to collector, temperature, and humidity, is summarized in this work. The review
also explores updated applications in various fields, such as textiles, medical dressings, drug release
systems, filtration membranes, and food packaging. It highlights the current advancements in
core/shell chitosan-based nanofibers produced via electrospinning techniques. The innovative
insights presented in the recent literature and the challenges associated with these sustainable
materials are thoroughly examined, offering valuable contributions to the field.

Keywords: chitosan; coaxial electrospinning; emulsion electrospinning; nanofiber; core/shell
structure

1. Introduction

The use of biopolymer material alternatives to replace conventional plastics and non-
renewable materials is a key component of the United Nations’ Sustainable Development
Goals (SDGs) [1]. Bio-based products can be used to replace conventional fossil fuel-based
products, such as plastics, in order to transition from a wasteful linear economy to a sustain-
able circular economy [2]. Approximately 98% of single-use plastic products originate from
fossil fuels, with around 85% eventually ending up in landfills or as unregulated waste [2].
In 2019 alone, 6.1 million tons of plastic waste infiltrated aquatic environments, 1.7 million
tons flowed into oceans, and an additional 109 million tons accumulated in rivers [3]. The
accumulation of plastics in rivers suggests a continued flow into oceans for decades to come,
even with substantial reductions in mismanaged plastic waste. Furthermore, the forecasted
growth in greenhouse gas emissions associated with the production, use, and disposal
of conventional petroleum-based plastics is expected to reach 19% of the global carbon
budget by 2040 [2]. However, sustainable alternatives can mitigate the buildup of single-use
plastics in the environment due to biodegradability [1]. Among different biopolymers,
chitosan has been widely considered a good candidate for numerous everyday applications,
e.g., plastic replacement [4,5]. Chitosan is a linear cationic polymer comprising randomly
distributed N-acetyl glucosamine and glucosamine units, derived from the deacetylation
of chitin. Chitin is abundantly found in the exoskeletons of crustaceans, such as crab and
shrimp shells [6,7]. The renewability, biodegradability, biocompatibility, low-cost, and
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antimicrobial properties of chitosan are influential in its selection as a raw material [8,9].
The applications of chitosan include textiles [10–12], medical dressings/scaffolds [13–20],
water/air purification materials [21–27], and food storage products [28–32]. Moreover,
chitosan has a higher solubility than chitin, which is not soluble in water or chemical
solvents because of the higher proportion of N-acetylglucosamine units. The increased
proportion of glucosamine units in chitosan facilitates its solubility in dilute aqueous acidic
solutions below its pKa (pH = 6.5), which includes acids like acetic, formic, and lactic
acids [33]. Due to its solubility, chitosan has versatility in different forms, such as powder,
membranes, sheets, films, and fibers [34].

Utilizing green chemistry for nanomembrane fabrication presents a promising ap-
proach to reducing the reliance on petroleum-based membranes. In the last few decades,
the development of renewable fibrous biopolymeric membranes has expanded significantly
for a wide range of applications [35]. There are various methods to produce fiber materials,
such as gel-state fiber forming, solution blowing, melt-spinning [36], microfluidics [37],
and solution spinning [38]. Spinning techniques include dry-jet wet spinning, dry spin-
ning, wet spinning, gel spinning, melt-spinning, and electrospinning [39]. The forces used
can be classified into pressurized air, centrifugal forces, and electric voltage to eject a jet
of polymer solution or melt from the nozzle tip and to deposit the produced fibers on
the collector [40–42]. Among the spinning techniques used to produce biopolymer fibers,
electrospinning is widely used as a low-cost method for producing submicron and nano-
metric fibers [43]. The cumulative number of publications involving the electrospinning
of chitosan has grown each year in the last decade, as shown in Figure 1A. The data also
show that the electrospinning of chitosan has a wide range of applications in various fields
(Figure 1B). The electrospinning process is influenced by three primary factors: polymeric
solution characteristics, processing conditions, and environmental parameters. In electro-
spinning, the application of a high-electric field amplifies the repulsive forces between
ionic groups within the polymer structure, resulting in the formation of noncontinuous
fibers and beads. Additionally, the formation of a three-dimensional network, supported
by hydrogen bonding, impedes the movement of polymeric chains when subjected to an
electrical field [33]. Therefore, electrospinning of polyelectrolytes, such as chitosan, in
acidic solvents is difficult. To enhance spinnability, chitosan nanofibers have been devel-
oped by blending chitosan with synthetic polymers, such as polyethylene oxide (PEO),
poly(ε-caprolactone) (PCL), polyvinyl alcohol (PVA), polylactic acid (PLA), poly-L-lactic
(PLLA), poly(lactic-co-glycolic) acid (PLGA), and polyvinylpyrrolidone (PVP) [18,44–47].
Moreover, the incorporation of both chitosan and synthetic polymers can yield hybrid
fibers with advantageous properties derived from the strengths of each polymer. This
includes the biological activities inherent in chitosan and the mechanical properties charac-
teristic of synthetic polymers. There are three main electrospinning techniques, namely,
uniaxial electrospinning, emulsion electrospinning, and coaxial electrospinning, based on
how active components are embedded to prepare hybrid chitosan nanofibers. Emulsion
and coaxial electrospinning are two methods used for fabricating hybrid nanofibers with
a core/sheath structure. In this configuration, the outer shell layer can encapsulate and
effectively control the release of active components contained within the inner core [48,49].
Besides higher encapsulation efficiency than uniaxial electrospinning, the enhanced sta-
bility and functionality of encapsulated active components are the main advantages of
these electrospinning procedures [50,51]. With the superior characteristics of chitosan and
the unique characteristics of the core/shell, recent attention has been directed toward this
structure of chitosan-based nanofibers for improved functional performance. Particularly,
the core/shell chitosan fibers have been utilized in various specific applications, including
enhancing the biocompatibility of scaffolds in tissue engineering with a more biocompatible
chitosan shell [52], controlling drug release by tailoring the core and shell matrices [53],
and protecting sensitive biomolecules used for food packaging [54].
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Recently, numerous efforts have been undertaken to technically advance the devel-
opment of innovative and sustainable core/shell chitosan-based nanofibers using electro-
spinning techniques. A series of co-spinning agents and spinning parameters have been
proposed, and their high applicability in biomedical, pharmaceutical, environmental, and
food packaging applications has been proven. This review provides a comprehensive
overview of the latest advancements in core/shell chitosan-based nanofibers fabricated via
electrospinning techniques. It aims to offer innovative insights by synthesizing new find-
ings from recent research, focusing particularly on studies conducted in the past five years.

2. Overview of Electrospinning of Chitosan

Electrospinning is a spinning method that uses the power of an electric field to produce
continuous, fine fibers from a polymeric solution while also controlling the deposition of
these polymer fibers onto target substrates [55]. It has become a fast-growing technique for
fabricating nanocomposites at the nanoscale [56]. Fabrication of nanofibers, with average
diameters spanning from tens to hundreds of nanometers, is affected by electrospinning
parameters [57]. Those parameters are electric field, spinning distance from the needle
to the collector, needle diameter, flow rate, collector type, solution (solvent type, solvent
volatility, concentration of polymer, molecular weight/branching of polymer, solution
conductivity, viscosity, and surface tension), and the surrounding environment (such as
temperature, air flowrate, and relativity humidity (RH)) [58–61].

Electrospinning devices typically consist of a syringe pump, an electrically conductive
spinneret, a grounded collector, and a high-voltage power supply (Figure 2). These key
components can be configured in either a horizontal or vertical orientation [55]. Before
spinning, the polymer, such as chitosan, is dissolved in a volatile solvent and added to the
syringe. The solution(s) flow through needle(s) connected to a voltage source, which is
simultaneously linked to a collector. The flow rate and volume of the polymer solution are
manipulated by the syringe pump and the flow rate controller [62]. Chitosan nanofibers
are formed as the solvents evaporate while the liquid jet travels through the air and are
collected as electrospun nanofibrous membranes on an electrically grounded target [63].
The collector plays a crucial role in electrospinning. Choosing an appropriate collector
is essential, with options including drum, plate, parallel plate, cocoon, disc, and conic
collectors, and primarily depends on the applications of the nanofibers. For the fabrica-
tion of chitosan nanofibers, two collector geometries, namely, a rotating metallic drum
and a metallic plate collector, are commonly employed to obtain nanosized fibers [14,16].
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Chitosan nanofibers produced using the flat plate collector exhibit a distribution with
random orientation. The rotating drum setup facilitates controlled and organized fiber
deposition, allowing the production of desired nanofiber characteristics, including both
random and aligned configurations, by adjusting the rotation speed [52]. A common setup
is a syringe containing a homogeneous spinning solution and a needle serving as the
spinneret, also known as “uniaxial electrospinning” or “blend electrospinning”, to form
monoaxial nanofibers [59]. When emulsion is used as the polymer solution loaded in a
syringe or “emulsion electrospinning”, core/shell nanofibers are formed [64,65] (Figure 2A).
Two syringes/nozzles for “coaxial electrospinning” are also used to fabricate the core/shell
structure by loading core and shell materials into the different syringes [53,66] (Figure 2B).
A method of “side-by-side electrospinning” (Figure 2C) to create a dual-compartment
system to prepare Janus chitosan nanofibers has not been found [67].
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Figure 2. Diagram depicting electrospinning apparatus. Blend electrospinning and emulsion electro-
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and side-by-side electrospinning (C) (reprinted from Ref. [70], open access, Copyright© 2019 by the
authors, licensee MDPI).

For pure chitosan, the electrospinnability is restricted by the strong intramolecular
hydrogen bonding and the sparse entanglement of chains during electrospinning. Due to
the polycationic nature of chitosan in solution, a rigid chemical structure is formed [71].
Methods exist to enhance the spinnability of chitosan, such as employing highly acidic
excipient concentrations to decrease the surface tension of the chitosan solution, a critical
factor in electrospinning. However, high acid concentrations present drawbacks such as
eco-unfriendliness and cytotoxicity in vitro, leading to a reduction in the applicability of
the resulting nanofibers in tissue engineering [72]. The second method is to increase the
spinnability by mixing chitosan with other polymers, e.g., PEO, PCL, polyurethan (PU),
PLA, and PVA. These co-electrospun polymers can be mixed into a single fluid prior to
electrospinning or while electrospinning. Table 1 summarizes electrospinning approaches
in the preparation of chitosan nanomembranes for various applications. The chitosan
solution is blended with co-spinning polymers to improve spinnability. A third solution is
to modify chitosan and use the resulting chitosan derivatives to develop this solution.

Table 1. Electrospinning techniques, co-spinning agents, and applications of chitosan-based electro-
spun nanofibers.

Techniques Co-Spinning Agents Applications Ref.

Uniaxial electrospinning

(Blend electrospinning) PEO
Air filtration [45]

Food packaging [73–75]
Biomedical/pharmaceutical

products [76–78]

PEO/tea tree oil liposomes Food packaging [79]
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Table 1. Cont.

Techniques Co-Spinning Agents Applications Ref.

PEO/bromelain liposomes Wound dressing [80]
PEO/gelatin Wound dressing [81]
PEO/melittin Acne treatment [82]

PEO/platelet-derived
growth factor Wound dressing [83]

PEO/Pluronic® F-127/
Hydroxyapatite

Wound dressing [84]

PEO/urushiol Antibacterial membrane [85]

PCL Wound dressing,
separation membrane [86,87]

PCL/chlorogenic acid-loaded
halloysite nanotube Food packaging [88]

PCL/pectin Wound dressing [89]
PU Air filtration [90]

PU/carbon nanotubes Cardiac tissue engineering [91]
PLA Food packaging [92]

PLA/SiO2 Air filtration [93]
PLA/cinnamon essential oil Food packaging [94]

PLA/PCL/gelatin Tissue engineering [95]
PVA Antibacterial membrane [96]

Air filtration [97]
PVA/indocyanine green Wound dressing [98]

PVA/sodium silicate Separation membrane [99]
PVA/collagen/Fe3O4 Antibacterial membrane [100]

PVA/baicalin liposomes Food packaging [46]

PVA/PVP Separation membrane,
medical purpose [101,102]

PVA/gelatin Wound dressing [103]
PVA a Air filtration [104]

Food packaging, wound dressing [105,106]
PVA a/tea tree oil Food packaging [107]

Collagen and fibroin Wound dressing [108]
Kefiran Tissue engineering [109]

Pectin/cyclodextrin/curcumin Biomedical products [110]
Gum Arabic/anthocyanins Food packaging [111]

Oleamide Culture medium of C1 gas
utilizing microorganism [112]

Emulsion
electrospinning

PCL Wound dressing [64,65]
PCL/alginate b Bone tissue engineering [113]

PCL/PVA Wound dressing [114]
PVA Cosmetics and pharmaceuticals [115]

PVA/aloe vera Wound dressing [116]
PVA b Wound dressing [117]
PLA Periodontal tissue engineering [118]
PLA Drug delivery [119]

Poly(hydroxyalkanoate)/cellulose Separation membrane [120]
Coaxial electrospinning

PEO Bone tissue engineering [53,66]
Surgical antimicrobial membrane [121]

Drug delivery/controlled
drug release [122,123]

PEO b Controlled drug release
Food packaging

[51]
[54]

PCL Separation membrane [124]
Controlled drug release [52,125–129]

Tissue engineering
Controlled drug release [130,131]
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Table 1. Cont.

Techniques Co-Spinning Agents Applications Ref.

PCL/PVA b Controlled drug release [50]
PCL-Diol-b-PU c Controlled drug release [132]

PLA Controlled drug release [47]
PLLA Patch graft in carotid endarterectomy [133]

PVA Drug delivery/controlled
drug release [134–136]

PVA b,d Drug delivery [137]
PVA/PVP

Gelatin
Separation membrane

Food packaging
[138]
[139]

PU/gelatin Wound dressing [140]

Cellulose Anode materials for lithium-ion
batteries [141]

Collagen/essential oils Wound dressing [142]
Origanum minutiflorum oil Biomedical products [143]

Extracellular matrix components Articular cartilage tissue
engineering [144]

a Co-spinning with quaternary ammonium chitosan; b co-spinning with carboxymethyl chitosan; c co-spinning
with poly(N-isopropylacrylamide)-grafted chitosan; d co-spinning with sodium carboxymethyl chitosan.

In a study by Chen et al. (2022) [72], chitosan electrospun fibers were prepared using
2% w/w acetic acid, 2% w/w succinic acid, and 5% w/w citric acid as solvents by blending
chitosan with PVA to study the effects of various kinds of organic acids on the characteristics
of nanofibers. Under a controlled condition (0.9 mm needle size, 0.4 mL/h spinning rate,
18 kV, room temperature, and 10 cm collection distance from the needle tip to the rotating
collector), these low concentrations of organic acids provided good spinnability comparable
to a high concentration of glacial acetic acid (80% v/v). The use of succinic acid and citric
acid produced smaller-diameter nanofibers with average diameters of 337 and 324 nm,
which were slightly smaller than the use of acetic acid (342 nm) [72]. Nanofiber mats
produced by acetic acid or succinic acid were found to be flexible, white, and airy, but the
mats produced using citric acid were rigid and fragile with fused morphology because of
the higher boiling point of citric acid [72]. Moreover, suitable viscosity and conductivity of
the polymer solution lead to efficient polymer stretching into continuous, uniform chitosan
nanofibers that are related to the fiber diameter [145,146]. The smaller diameters produced
when citric acid and succinic acid are used cause increased conductivity and a lower
viscosity of the polymeric solution, leading to a single jet dividing into multiple filaments
as a result of heightened repulsion forces during the spinning process [145,146].

An increase in solubility by chitosan derivatization is another approach to enhancing
the spinnability of chitosan. To enhance solubility and improve rheological properties,
oxidation resistance, and thermal stability, the chitosan structure is chemically modified on
the hydroxyl groups at the C3 and C6 positions, the amino group at C2, or both amino and
hydroxyl groups. These modifications result in the formation of O-, N-, or N,O-modified
chitosan derivatives [147]. For instance, quaternary ammonium chitosan, or N-(2-hydroxyl-
3-trimethylammonium) propyl chitosan chloride (HTCC), is a type of chitosan derivative
characterized by the presence of quaternary ammonium groups [148]. This chitosan deriva-
tive has higher water solubility and possesses higher antibacterial [104] and antiviral [149]
activities compared to chitosan in its original form. Therefore, membranes containing
HTCC nanofibers are appealing for various applications in which antibacterial [104,105]
and antiviral [150,151] properties are in high demand.

HTCC synthesized from chitosan and 2,3-epoxypropyl trimethyl ammonium chloride
and blended with PVA using water as a solvent was studied by Wang et al. (2019) [104].
The HTCC/PVA solution was spun through a metallic needle with an inner diameter of
0.86 mm and a feed rate of 0.656 mL/h under an electric potential fixed at 16.45 kV. The
collection distance was 14 cm on the grounded metal plate encased in aluminum foil. The
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electrospun nanofiber membranes comprising HTCC/PVA had diameters ranging from
300 to 400 nm [104]. Increasing the electrospinning voltage to 25 kV resulted in a reduction
of the fiber diameter to 240 nm [106]. However, increasing the voltage beyond the critical
value resulted in the bead formation of HTCC/PVA fibers [106]. The occurrence of beaded
nanofibers at elevated voltages was linked to the reduction in the size of the Taylor cone
and the simultaneous increase in jet velocity under consistent flow rates [58]. The pore size
of the fibrous membrane increased with increasing HTCC concentrations. With increased
HTCC content, the thermal stability of the nanofiber membrane also improved due to
intermolecular and intramolecular hydrogen bonding in the HTCC/PVA structure; hence,
the nanofiber was more stable. The PVA/HTCC nanofibers decomposed at ~360 ◦C, while
the neat PVA nanofibers decomposed at ~315 ◦C [104]. The antimicrobial efficacy of the
HTCC/PVA membrane surpassed that of the chitosan/PVA membrane. Specifically, when
the mass ratio of HTCC/PVA was 4:6, the membrane exhibited antibacterial activity against
Staphylococcus aureus and Escherichia coli, achieving about 99% inhibition [104]. How-
ever, the significant hydrophilicity of PVA/HTCC nanofibers impedes their application
in aqueous environments. This challenge can be overcome by crosslinking [105]. Blend
electrospinning was used to fabricate HTCC/PVA nanofiber membranes, followed by
crosslinking with blocked diisocyanate (BI) to enhance water stability [105]. The electro-
spinning condition was fixed at 25 ◦C using a 21-gauge needle size, a 1.2 mL/h polymer
solution feed rate, a 15.8 cm distance from the nozzle tip to the collector, and a 15 kV electric
potential. The composite nanofibers were collected on polyethylene terephthalate (PET)
fabric attached to a ground steel drum. The average diameter of crosslinked fibers was
about 216 nm. The decrease in diameter of PVA/HTCC/BI nanofibers, compared with
the non-crosslinked fibers, was attributed to the reduced viscosity of the polymer solution
following the addition of BI. Moreover, higher BI content enhanced the water resistance
and mechanical properties of the crosslinked nanofibers. Additionally, the thermal stability
of the crosslinked PVA/HTCC nanofibers was improved to 431.82 ◦C [105].

Besides electrospinning using a blended solution passed through a single nozzle
that produces a uniaxial fibrous membrane, more advanced multi-fluid electrospinning
technologies have been developed. These methods enable the production of nanofibers
with distinct properties, allowing for the creation of electrospun nanofiber membranes
with a wide range of functionalities [152]. For instance, the use of core/shell nanofibers
is compelling to enhance the properties of materials by combining the advantages of
the core and the shell materials [64,65]. Moreover, sensitive active components or drugs
can be protected in the core or both the core and shell [53,66]. The release behavior
can then be controlled by the degradation of shell and core materials to release the active
components [122,123]. In comparison, the active components incorporated into single fibers
are distributed either within the fiber matrix or positioned near the surface of the fiber due
to phase separation within the fiber. Therefore, the bioactivity of active components or
biomolecules cannot be protected, and the release of the active components or biomolecules
from such single-layer fibers is not controllable [122,123].

In a study by Deng et al. (2022) [53], an electrospun chitosan/PCL-guided bone
regeneration (GBR) membrane having a core/shell structure loaded with simvastatin
and calcium–phosphorus compounds in the core and shell, respectively, was developed.
The calcium–phosphorus compounds in the core effectively enhanced swelling of the
GBR membrane and enhanced in vitro mineralization ability. The sustained release of
simvastatin loaded in the outer layer, containing multilayered materials of chitosan/PEO
and PCL, was expected to be beneficial to the long-term bone generation process. Compared
to the uniaxial pure PCL, there was no significant burst release of simvastatin, and the total
cumulative release was lower [53]. This study demonstrates that incorporating chitosan
into the shell layer can slow down the release rate of active components and prevent high
local drug concentrations resulting from a burst release, which aligns with findings from
other studies on the core/shell structure of chitosan composite nanofibers [52,123,128,137].
Appropriate selection of the shell and core materials is necessary to achieve the desired
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release rate for a specific active component and an application. In the study by Ghasemvand
et al. in 2023 [122], rosuvastatin, which has a beneficial effect on osteogenesis and the
generation of new bone tissue, similar to simvastatin, was loaded in the core layer with
chitosan/PEO, and PCL was used as the shell layer to enhance human mesenchymal stem
cell osteogenesis. Utilizing the hydrophobic characteristics of PCL as a shell barrier while
incorporating rosuvastatin into the core layer containing chitosan/PEO facilitated sustained
release over 90 days with a lower initial release. These rosuvastatin-loaded nanofibers
demonstrated improved proliferation and osteogenic differentiation of the stem cells [122].
Modifying the thickness or composition of the shell and core layers allows control over
complex internal structures and drug release behavior. This capability can address the
limitations of conventional electrospinning of chitosan in various biomedical applications,
such as drug delivery and tissue engineering [153].

The primary limitation of traditional needle electrospinning is its low yield of chitosan
fibers [154]. Needleless electrospinning was developed to enhance chitosan nanofiber
production. In a study by Wang et al. (2016) [154], the production rate of composited
chitosan nanofibers containing Ag and TiO2 nanoparticles reached 50 g/h using needleless
electrospinning, surpassing the 0.02–1 g/h achieved by the conventional single-needle
electrospinning method. This needleless technique necessitates its own unique set of op-
timal parameters that differ from the needle process. Most of the experimental set-ups
in needleless electrospinning of chitosan are based on the technology of Nanospider®

using rotating spinnerets [154–158], as seen in Figure 3. Simultaneously, multiple Taylor
cones and solution jets emerge on the surface of the rotating spinning electrode, which is
submerged in a container filled with the polymeric solution. High voltages of 20–75 kV are
applied as the chitosan and co-spinning solution volumes are increased to obtain higher
productivity [154,155]. At low voltage levels, the volume of jet flow is lower compared
to high voltage settings. Conversely, excessively high applied voltage can lead to elec-
trical sparking, resulting in reduced productivity, discontinuous electrospinning [154],
and the formation of beads [159]. In the recent publication by Mouro et al. (2023) [158],
chitosan–PVA/PLLA nanofibers containing Hypericum perforatum L. extract were pro-
duced using emulsion electrospinning based on Nanospider®. The polymeric emulsion
was prepared by homogenizing the chitosan–PVA aqueous solution and PLLA in chlo-
roform/dimethylformamide (DMF). The electrospun fibers, in the absence of the herbal
extract, exhibited uniform distribution and random orientation, with a mean diameter of
173 ± 41 nm. The addition of the extract reduced the viscosity of the electrospun solution,
leading to a decrease in the average fiber diameter to approximately 120 nm. This approach
was productive, but it required a higher voltage of 80 kv [158].
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Despite the relatively high production rate of chitosan nanofibers, a few of them have
been shown to be capable of producing chitosan nanofibers with a core/shell morphology.
This is why this review focuses on needle-based electrospinning.

3. Emulsion Electrospinning

Emulsion electrospinning involves utilizing water-in-oil (W/O) or oil-in-water (O/W)
emulsions with ordinary blend electrospinning equipment [114]. In electrospinning, the
W/O type emulsion is typically utilized. Here, the polymer is dissolved in an oily solvent
to generate an oil-phase solution, while chitosan is dissolved in an aqueous solution to pro-
duce a water-phase solution [113,114]. The method has been effectively employed for drug
encapsulation within the core of nanofibers. Another benefit of emulsion electrospinning is
its capability to produce nanofibers from diluted polymer solutions, enabling large-scale
production of drug-loaded nanofibers [160]. Ensuring the stability of electrospinning emul-
sions is crucial. This stability can be achieved by incorporating surfactants such as Span
80 [113,118] and Tween 80 [114,120] as emulsifiers. The hydrophilic heads of surfactant
molecules reside within the core, while the hydrophobic tails form an array in the shell. As
a result of charge repulsion, the remaining surfactants migrate from the droplet phase to
the outer surface, distributing themselves on the fiber surface with their hydrophilic groups
facing the air [161]. Under the high voltage of the electrospinning process, the flow causes
the dispersed droplets to move inward during the flow. This phenomenon results in the
formation of the core of the fiber, while the continuous phase forms the shell [161]. After
evaporation of the solvent, such as DMF/dichloromethane (DCM), nanofibers with core
and shell structures are formed by water and oil phases, respectively [119]. The inclusion
of the hydrophilic group enhances the surface wettability of the fibers. Thus, the emulsifier
used in emulsion electrospinning can enhance the hydrophilicity of nanofibers produced
from hydrophobic polymers [162]. Surfactants with electrostatic and hydrogen bonding
effects can also influence nanofiber morphology [113,118]. The nanofiber size depends
on concentrations of chitosan and co-electrospinning polymers as well as the spinning
condition (Table 2).

Table 2. Emulsion electrospinning to prepare core/shell chitosan-based fibers with different co-
spinning agents.

Emulsifier/
Stabilizer Water Phase Oil Phase Condition Fiber Diameter

(nm) Ref.

Span 80
Carboxymethyl chitosan

and alginate (1:1) in
distilled water

PCL
8 mm (syringe), 15 cm b,
16 kV, 0.6 mL/h c, 25 ◦C,

55% RH,
~2380 [113]

Span 80

Chitosan in 2%
acetic acid

(electrospinning on
the surface of PLA

fibers)

PLA emulsion
(dissolved in
chloroform)

0.838 mm a, 15 cm b,
17 kV,

0.012 mL/min c
About 200 [118]

Span 80
Chitosan (dissolved in
2% acetic acid)/PVP in

DMF/DCM (3:7)
PLA

0.838 mm a, 15 cm b,
23 kV,

0.8 mL/h c, 20 ± 2 ◦C,
25 ± 5% RH,

N/A [119]

Tween 80

10% w/v PVA
mixed with

4% w/w chitosan in
14% acetic acid

PCL solution (8% w/v in
chloroform/DMF, 30:20)
with addition of eugenol

(5% w/w based on
weight of PCL)

13 cm b, 75.0 kV, 60 Hz,
25 ◦C, 35% RH

200–387 ± 179 [114]
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Table 2. Cont.

Emulsifier/
Stabilizer Water Phase Oil Phase Condition Fiber Diameter

(nm) Ref.

Tween 80
Nanocellulose and

0.5% chitosan in
pH 4 acetic acid

10%
poly(hydroxylalkanoate)

(dissolved in
chloroform)

10 cm b, 20 kV, 4 mL/h c,
25.5 ± 0.5 ◦C,
55 ± 5% RH

N/A [120]

Soybean lecithin 0.75% w/v chitosan in
0.75% v/v acetic acid

0.75% w/v PVA with
addition of

7.5% v/v Mentha piperita
essential oil, crosslinked
by w/v sodium citrate

10 cm b, 18 kV,
0.4 mL/minc 300–400 [115]

Sodium
tripolyphosphate

5% aloe vera in
PVA (10% w/v)/

1% chitosan emulsion in
1% acetic acid)

10% w/v PVA
0.6 mm a, 16.5 cm b,

15 kV,
0.083 mL/min c

180–366 [116]

β-CD-citral
inclusion

complexparticles

Carboxymethyl
chitosan/PVA Citral

12 cm b, 12 kV,
0.07 mL/min c,

25 ± 5 ◦C, 50 ± 5% RH
268 ± 62 [117]

– 4% w/w chitosan in
90% acetic acid

10% w/w PCL in 3:1
chloroform/methanol

0.260 mm a, 10 cm b,
22 kV, 3 µL/min c,
room temperature,

413–3770 [64]

– PCL/chitosan in
formic acid/DCM

Formic acid/DCM by
varying volume ratio of

7/3, 5/5
and 3/7 (v/v)

3.810 mm a, 18 cm b,
13 kV,

0.3 mL/h c, 35 ◦C
143 ± 49 [65]

a Inner diameter of needle; b distance from needle tip to collector; c feeding rate.

The formation of electrospun fibers of two hydrophilic polymers, such as carboxymethyl
chitosan and sodium alginate, is challenging due to their elevated surface tension and
inadequate chain entanglement [113]. Therefore, the addition of an emulsifier, e.g., Span
80, to facilitate the dissolution of these two hydrophilic polymers in organic solvents
for emulsion electrospinning is a way to fabricate fibers [113]. In a study by Tao et al.
(2020) [113], core/shell fibers comprising carboxymethyl chitosan–sodium alginate/PCL
were fabricated using emulsion electrospinning. The fibers were smooth and randomly
oriented with a broad diameter range in microns (~2000 nm), which were much larger than
the electrospun fibers in other studies (Table 2). It was reported that the inclusion of Span
80 led to an increase in the fiber diameter. Moreover, the swift evaporation of the organic
solvent 1,1,1,3,3,3-hexafluoro-2-propanol used in this study diminished the stretching effect
on the spinning fluid jet, leading to an enlargement in fiber diameter [113]. Compared to
the use of chloroform/DMF, an organic solvent with lower volatility, the fiber diameter
was about 10 times smaller (~200 nm) in the system of chitosan–PVA/PCL and Tween 80.
However, the fibers displayed bead-on-a-string morphology [114].

Using the emulsion electrospinning approach, drugs or other active components lo-
cated in the chitosan core layer are shielded from potential activity loss induced by external
environmental factors and organic solvents [160]. Furthermore, the coating structure cir-
cumvents issues related to drug dispersion and abrupt release encountered in traditional
electrospinning. Recent research indicates that nanofibers produced via emulsion electro-
spinning enhance the encapsulation efficiency, bioavailability, and stability of bioactive
compounds while also improving barrier properties compared to conventional electrospin-
ning techniques [163]. Zhang et al. (2023) [119] encapsulated a hydrophilic drug (such as
Astragalus polysacharin) and a hydrophobic drug (such as camptothecin) into the chitosan
core and PLA shell of nanofiber by emulsion electrospinning (Figure 4A,B). When Span
80 was used as an emulsifier, an increase in the volume ratio of the aqueous phase to the
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organic phase in the W/O emulsion resulted in a reduction in the average diameter of
the nanofibers. Under low concentrations of PLA, the nanofiber membranes exhibited
a bead-in-string structure (Figure 4C). These membranes could serve as multi-drug car-
riers capable of loading drugs with varying solubilities [119]. In a study by Soon et al.
(2019) [120], biocomposite nanofibers comprising poly(hydroxyalkanoate), nanocellulose,
and chitosan were developed using pickering emulsion electrospinning. The pickering
emulsion, stabilized by Tween 80, facilitated the formation of a homogeneous mixture of
poly(hydroxyalkanoate), nanocellulose, and chitosan prior to electrospinning. Chitosan and
nanocellulose were the colloidal particles for the W/O or O/W emulsion that rendered a
stable and uniform emulsion. Poly(hydroxyalkanoate) in highly volatile chloroform crystal-
lized more rapidly than nanocellulose and chitosan, resulting in the formation of a porous
matrix that entrapped the adsorbents for Congo red removal. The poly(hydroxyalkanoate)
nanofibers had less entangled straight fibers with micro-sized beads, resulting in weakened
mechanical strength attributed to a decrease in intersection points among fibers [120].
After the incorporation of 2% w/w nanocellulose or 2% w/w chitosan, a high density of
intersecting regions was found, resulting in better mechanical strength. However, when
loading poly(hydroxyalkanoate) with 3% w/w nanocellulose and 1% w/w chitosan, the
fibrous membrane had a high amount of irregular-shaped fillers linked together by thick
poly(hydroxyalkanoate) fibers [120]. Pickering emulsion electrospinning was also proposed
by Li et al. (2022) [117] to encapsulate high-loading citral, the highly volatile citrus essential
oil. Citral served as the oil phase in the core, and a carboxymethyl chitosan/PVA solution
was employed as the water phase in the shell. Cyclodextrin (CD) was also applied in the
study. Because of the hydrophobic inner cavity, non-covalent complexes form between β-
CD and lipophilic molecules like citral. The β-CD–citral inclusion complex was applied for
stabilization of the O/W emulsion, and because of the interfacial area reduction of the O/W
emulsion, particles of nanoscale or microscale spontaneously adhered to the interfaces
of the emulsion. The resulting electrospun nanofibers, without citral loading, displayed
a uniform and randomly distributed fiber structure with an average diameter of about
268 nm. After loading citral, the fiber diameters increased with the β-CD–citral complex,
ranging from 1 to 10 µm. The increase in fiber size was caused by the increased viscosity of
the emulsion. The instability of the jet was then reduced, leading to lower drawing forces
and larger fiber diameters [117]. Similarly, Lamarra et al. (2023) [115] studied peppermint
essential oil (Mentha piperita) encapsulation within nanostructures comprising chitosan,
PVA, and soy lecithin. Soy lecithin was applied as a stabilizer by reducing interfacial
tension between the oil and water phases in an O/W emulsion, adsorbing on the droplet
surface, and inducing a negative surface charge to create repulsive forces that counteract
destabilization [164]. The hydrophilic nature of both chitosan and PVA contributed to
the hydrophilic characteristic observed in the O/W emulsion. However, the inclusion of
essential oil and lecithin on the surface of the fibers rendered the electrospun material more
hydrophobic. As the concentration of emulsion incorporated into the PVA matrix increased,
an increasingly aligned pattern and reduced diameter of electrospun fibers were noted. The
fibers exhibited diameters ranging between 300 and 400 nm [115]. The combined action of
the essential oil and lecithin facilitated an increase in the elongation of the nanofibrous mat.
This indicated a plasticizing effect from these components [115].

Some studies have concentrated on stable emulsion electrospinning without the use
of surfactants. Without an emulsifier, emulsion can be formed by mixing two immiscible
solutions, such as PCL and chitosan solutions [64,65]. PCL is wildly used as a biopolymer
due to its good mechanical properties and biological compatibilities, but it has limited
compatibility with hydrophilic polymers like chitosan. Thus, it can be used to form an
emulsion with chitosan under high stirring conditions [64,65]. The different morphology
(fiber size and mesh size) comprising chitosan in the core and PCL in the shell is linked
to the melting and drying processes of PCL [64]. In a study by Ma et al. (2019) [65], a
surfactant-free W/O emulsion system was prepared in immiscible formic acid/DCM as
the solvent to obtain PCL/chitosan core/shell fibers by emulsion electrospinning at a
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relative moderate electrospinning voltage of 13 kV (Figure 4D). Intact nanofibers were
achieved by washing the shell with tetrahydrofuran. They found that the properties and
morphologies of the fibers were altered by the polymer contents (Figure 4E–J). When
increasing the chitosan content in the emulsion, the viscosity decreased, but the electrical
conductivity increased. This generated a small fiber (diameter of 214 ± 90 nm) because
the diameter of aqueous dispersed droplets increased. To prepare controllable core/shell-
structured fiber by emulsion electrospinning, this work suggested that a component with
electrical conductivity should be chosen as a core part [65]. Compared to the use of
Span 80 as the emulsifier to prepare W/O emulsions of carboxymethyl chitosan/PCL
and carboxymethyl chitosan/PCL/sodium alginate emulsion, the fiber diameters were
2.28 ± 1.23 and 2.38 ± 1.06 µm, respectively. Therefore, Span 80 significantly increases the
spun fiber diameter [113].
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Figure 4. Emulsion electrospinning of chitosan-based nanofibers. Emulsion formation process (A);
mechanism of core/shell fibers (B) and beaded-structure fibers (C) (reprinted with permission from
Ref. [119], Copyright© 2023 Elsevier); and morphological appearances under transmission electron
microscope (TEM) of nanofibers with different PCL/chitosan weight ratios of 6:2 (D), 8:2 (E), and
10:2 (F) dissolved in formic acid/DCM (reprinted with permission from Ref. [65], Copyright© 2019
Elsevier) and PCL/chitosan volume ratios of 1:2 (G), 1:1 (H), 2:1 (I), and 3:1 (J) when 10% w/w
PCL in chloroform/methanol and 4% w/w chitosan in acetic acid were prepared and visualized by
morphological appearances under a scanning electron microscope (SEM) (reprinted with permission
from Ref. [64] Copyright© 2017 American Chemical Society).
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4. Coaxial Electrospinning of Chitosan

Coaxial electrospinning is a technique to prepare nanofibers with a core/shell structure
by generating coaxial jets from two immiscible liquids, unlike emulsion electrospinning,
which relies on a single jet [165]. Nanofibers fabricated by coaxial electrospinning also show
the potential to shield sensitive drugs or active components from harsh environments by
loading in the core. The release of the active compounds is controlled by altering the shell
thickness and polymer type. Due to its hydrophobic nature, PCL has been used to prepare
core/shell nanofibers with chitosan in coaxial electrospinning. To increase biocompatibility
for use as a scaffold in tissue engineering, a more biocompatible material is selected for
use as the shell [165–167]. Therefore, the versatility of nanofibers as carrier materials
in controlled and sustained delivery systems has been extensively studied to enhance
therapeutic efficacy. Due to degradation through changes in mass and morphology, it is
anticipated that these core/shell-structured fibers will demonstrate characteristics favorable
for controlled delivery of drugs or other active components, as summarized in Table 3.
The size of bead-free nanofibers depends on the flow rate settings. Table 3 illustrates that
the average diameters of core/sheath nanofibers increase with higher inner and/or outer
solution flow rates, while the inclusion of drugs into the polymer solution has minimal
impact on fiber diameter. The marginal difference in fiber diameter observed in fibers
incorporating the active compound may be due to the low concentration of the drug
compared to that of the polymer [129]. A crucial requirement for forming the core/shell
structure is the creation of a consistent two-component Taylor cone. If the core solution
is not adequately integrated within the Taylor cone, the core/shell structure cannot be
achieved [127]. Furthermore, a higher shell feed rate results in increased polymer content,
leading to a larger Taylor cone and enhanced miscibility between the two solutions within
the cone. This increase in Taylor cone size allows more time for the core solution to be in
close proximity to the shell solution [127].

Table 3. Coaxial electrospinning to prepare core/shell chitosan-based fibers with different co-spinning
agents and active components.

Polymers
in Core

Polymers
in Shell

Active
Components

in Core
Condition Fiber Diameter

(nm) Ref.

12% w/v PCL in
trifluoroethanol

2% w/v chitosan in
1:1 v/v of 3% w/v

acetic acid/
trifluoroethanol

Ciprofloxacin
0.92/1.64 mm orifice a,

15 kV,
15 cm b, 150–1000 rpm c

180–340 nm [52]

13% w/v PCL in
trifluoroethanol

4% w/v chitosan/PEO
(8:2 w/w) in

trifluoroacetic acid

Simvastatin
(calcium

phosphate
in shell)

0.5/1.2 mm nozzle a,
room temperature,
30–40% RH, 23 kV,

15 cm

254.2 ± 34.5 nm
core

103.6 ± 10.7 nm
shell thickness

[53]

7:3 w/w chitosan/PEO
in 1:1 v/v acetic acid

10% w/v PCL in
9:1 v/v chloroform/

DMF
Rosuvastatin 16–20 kV, 0.5 mL/h,

10–12 cm b

187–741 nm core
70 nm shell
thickness

[122]

8% w/v cyclodextrin,
5% w/w triclosan, and

2% w/w PEO in 50% v/v
acetic acid/water

3.5% w/w of chitosan
and PEO (9:1) in

90% v/v acetic acid/
water

Triclosan loaded
into

cyclodextrin

0.514/1.372 mm orifice a,
20 ◦C,

35% RH, 15–20 kV,
0.4–0.9 mL/h (shell),

0.3 mL/h (core), 20 cm b,
100 rpm c

138–397 nm core
14–87 nm shell

thickness
[123]
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Table 3. Cont.

Polymers
in Core

Polymers
in Shell

Active
Components

in Core
Condition Fiber Diameter

(nm) Ref.

8:2 of 5% w/w
carboxymethyl chitosan/

5% w/w PEO in water
10% w/w PU in DMF

Doxorubicin and
folic acid

incorporated
into the UiO-66

0.635/1.27 mm orifice a,
25 ◦C,

50% RH, 25 kV,
0.3–0.8 mL/h (shell),

0.5 mL/h (core), 15 cm b,
200 rpm c

220–490 nm
fiber diameter [51]

8:2 of 4–6% w/w
carboxymethyl chitosan/
10% w/w PVA in water

8–12 w/w PCL in
80:20 v/v DCM:DMF

Doxorubicin
loaded into

nickel ferrite
nanoparticles

0.635/1.27 mm orifice a,
25 kV,

0.5 mL/h (core),
10–16.7 cm b

305–495 nm
fiber diameter [125]

12% w/w PCL in
70:30 v/v formic acid/

acetic acid

2:1–1:2 v/v of 12% w/w
PCL and 12% w/w

chitosan in 70:30 v/v
formic acid/acetic acid

5FU and Fe3O4
nanoparticles

0.413/1.194 mm orifice a,
15 kV,

0.08–0.1 mL/h (shell),
1.25–2 feeding ratio of

shell/core,
14 cm b, 200 rpm c

272–468 nm
fiber diameter [126]

2% w/w chitosan in
80% v/v acetic acid

15% w/w PCL in
90% v/v acetic acid

Tetracycline
hydrochloride

0.4/1.7 mm orifice a,
25 ◦C,

65% RH, 15 kV, 1 mL/h,
15 cm b, 500 rpm c

285 ± 75 nm
fiber diameter [127]

6% w/v PCL in
DCM

6% w/v chitosan in
80% v/v acetic acid Rosuvastatin

0.35/1.1 mm orifice a,
25 ◦C,

46% RH, 20 kV,
0.5 mL/h,
10 cm b.

180–270 nm fiber
diameter (120 nm

core, 60 nm
shell thickness)

[128]

2% w/v chitosan in
90% v/v acetic acid

15% w/v PCL in 1:1
v/v

DCM/
ethanol

Resveratrol
(ferulic acid in

shell)

0.5/0.83 mm orifice a,
24 ◦C,

68% RH, 25 kV,
0.4 mL/h (shell),
0.2 mL/h (core),

10–12 cm b

240 ± 50 nm [129]

2:8 v/v of 5% w/w
carboxymethyl chitosan

and 10% w/w PVA

10% w/w PCL in 80:20
v/v DCM/DMF Doxorubicin

0.21/1.6 mm orifice a,
24 ◦C,

68% RH, 25 kV,
0.5 mL/h (shell),
0.5 mL/h (core),

12 cm b, 1000 rpm c

410 nm [50]

4% w/v polyvinyl
pyrrolidone K90 and

12.5% w/v
phospholipids

in absolute ethanol

3.5% w/v
carboxymethyl

chitosan
in 1:2 ethanol/water

and 10% w/v in
1:1 ethanol/water

Carvedilol

0.413/1.067 mm orifice a,
20 ◦C,

35% RH,12.5 kV,
0.4 mL/h (shell),
0.13 mL/h (core),

10 cm b

118–188 nm [137]

a Inner diameter of needle; b distance from coaxial nozzle tip to collector; c speed of rotating collector.

Controlling the rotation speed of the collection drum allows for the production of both
aligned and random core/shell fibers [52]. Cui et al. (2022) [52] studied PCL/chitosan
core/shell nanofibrous membrane with both random and aligned fiber structures to facili-
tate a controlled release of ciprofloxacin, an antibacterial agent in healing wound infections,
and to guide skin fibroblast arrangement (Figure 5). Various concentrations of ciprofloxacin
were incorporated into the PCL solution to create different drug-loaded PCL/chitosan
membranes. The prepared fibers possessed diameters ranging from 180 to 340 nm after
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coaxial electrospinning using a nozzle (the inner diameters of the inner and outer tubes
were 0.9 and 1.6 mm, respectively) operating at 15 kV, and the distance from the coaxial
nozzle to the collector was set at 15 cm. Due to the elongation of the deposited fibers
on the rapidly rotating collector, it was found that the aligned fibers exhibited a smaller
diameter compared to the random ones. Their findings suggested that the PCL/chitosan
membrane with aligned fibers loaded with 2% w/w ciprofloxacin having a diameter of
about 230 nm with a 464 nm mesh size and 90% porosity showed antibacterial properties
and biocompatibility to accelerate in vitro wound healing [52].
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Figure 5. SEM images of random (R) and aligned (A) fiber structures of ciprofloxacin (cip)-
encapsulated chitosan (CS)/PCL core/shell electrospun membranes prepared by coaxial electrospin-
ning. Ciprofloxacin at concentrations of 2 and 5% w/w was loaded in the core with PCL. Controlling
the rotation speed (ranging from 150 to 1000 rpm) of the collection drum allowed for the production
of both aligned and random shell/core fibers (reprinted with permission from Ref. [52], Copyright©
2022 Elsevier).

A PCL/chitosan–PEO coaxial fibrous membrane crosslinked by fumigation with a
50% w/w glutaraldehyde having a core/shell structure with a shell thickness of 103 nm
and a core diameter of 254 nm was obtained in [53]. Fibers that were smooth, round, and
without beads were obtained using a coaxial electrospinning nozzle (inner diameters of
inner and outer tubes were 0.5 and 1.2 mm, respectively) operating at room temperature
under 30–40% humidity, 23 kV, and a distance from the coaxial nozzle to the collector of
15 cm. These findings are consistent with those reported in the study by Ma et al. (2019) [65].
In this study, the fabrication of PCL/chitosan core/shell nanofibers involved utilizing a
stable emulsion system, yielding nanofibers with an average size within the range of
200 to 700 nm. However, inconsistent fibers and beads were present under emulsion
electrospinning [65]. In the controlled release test of simvastatin loaded in the core to
guide bone regeneration, the core/shell fibrous membranes exhibited a weight reduction of
approximately 13% after three days, attributed to PEO dissolution. In comparison, the PCL
uniaxial fibrous membrane showed minimal degradation yet released 45% of simvastatin
within one day and approximately 80% after 14 days, without the protection of the shell
layer [53]. In other words, a substantial release rate observed during the initial hours is
commonly referred to as a burst release, a phenomenon documented in other studies [128].

For chitosan and PEO/PCL core/shell nanofibers with the loading of rosuvastatin,
the shell thickness is thinner (ca. 70 nm), but the core sizes (187–741 nm) vary depending
on the applied voltage (16–20 kV) and the distance from the coaxial nozzle to the collector
(10–12 cm) [122]. On average, the fibers have a size of about 370 nm, with no micro-
or nanoparticles present, confirming the formation of the core/shell structure. Ozkan
et al. (2018) [168] reported a similar observation in coaxial chitosan/PCL nanofibers,
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as inferred from TEM images. The chitosan core was covered by the PCL layer, with a
distinct boundary observed between the core and shell materials [168]. For the release
test, the burst release of rosuvastatin was found for chitosan and PEO membranes owing
to the high dissolution rate of PEO and chitosan in phosphate-buffered saline (PBS) of
pH 7.4 used as the releasing medium [122]. The drug was fully released within a 30-day
period. In contrast to chitosan and PEO as a core with PCL as a shell, there was no
rapid degradation observed in PBS. In addition, plasma treatment on this chitosan and
PEO/PCL core/shell nanofiber mats enhanced the sustained release profile of rosuvastatin
over 90 days. The plasma treatment acted as a barrier against rapid degradation, while
the modified PCL enabled water penetration into the core [122]. On the other hand, for
PCL/chitosan core/shell nanofibers with loading of rosuvastatin, the average diameter
of the PCL core was approximately 120 nm, with the chitosan shell exhibiting a thickness
of about 60 nm under coaxial electrospinning (inner diameters of inner and outer nozzle
tubes were 0.35 and 1.1 mm, respectively) operating at room temperature, 46% humidity,
20 kV, and the distance from the coaxial nozzle to the collector of 1 cm [128]. In this study,
chitosan was used as a shell material instead of PCL due to its hydrophilicity and its ability
to enhance the biocompatibility of PCL. The pH-responsive nature of the chitosan shell led
to an increase in the release of rosuvastatin as the pH value of the PBS solution decreased.
For instance, approximately 22, 64, and 84% of rosuvastatin were released after 48 h for pH
values of 7.4, 6, and 4, respectively [128].

Carboxymethyl chitosan, as a biocompatible pH-sensitive polymer, has been used in
coaxial nanofibers for controlled delivery of anticancer drugs such as doxorubicin [51]. At
physiological pH, the amine functional groups of carboxymethyl chitosan are not ionized,
which impedes the diffusion of PBS into the nanofibers and prolongs the release of the
drug. At an acidic pH, these functional groups are protonated, leading to an increase in
electrostatic repulsion between the carboxymethyl chitosan chains, greater swelling of the
carboxymethyl chitosan chains, and acceleration of the drug release from nanofibers [125].
The carboxymethyl chitosan can also chelate to the metal oxides, and carboxymethyl
chitosan functionalized with magnetic ferrite nanoparticles has been used for targeted
delivery of drugs [125]. To facilitate the electrospinning of carboxymethyl chitosan, blends
of PVA and PEO have been incorporated into carboxymethyl chitosan solutions. The
carboxymethyl chitosan cores are then coated with hydrophobic polymers, such as PCL
and PU [50,51,125] (Figure 6). Abasalta et al. (2021) [125] studied the integration of doxoru-
bicin into carboxymethyl chitosan–nickel ferrite nanoparticles/PCL core/shell nanofibers,
aiming for controlled release of doxorubicin against MCF-7 breast cancer cells. Under
optimal conditions of carboxymethyl chitosan and PCL concentrations of 4.9 and 9.6%,
respectively, and an applied voltage-to-distance ratio of 2.1 kV/cm, thinner fibers with
an average diameter of 300 nm were formed [125]. The fiber diameter was decreased
from 460 and 360 to 280 nm as the PCL solution flow rate decreased from 0.8 and 0.5
to 0.3 mL/h, respectively [125]. This diameter range is similar to that in the study of
doxorubicin/folic acid/UiO-66 nanoparticles loaded in carboxymethyl chitosan–PEO/PU
core/shell nanofibers at the same shell flow rate [51]. Because of the reduced fiber diame-
ter, the rate of drug release from the magnetic core/shell nanofibers exhibited a gradual
decrease compared to that from the larger fibers and the carboxymethyl chitosan/PCL
nanofibers alone [50]. This was because nickel ferrite nanoparticles filled in some pores,
and the diffusion from the magnetic carboxymethyl chitosan matrix of the drug molecules
was therefore difficult [125].
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Figure 6. TEM images of core/shell chitosan electrospun nanofibers with drug-loaded metals in
the core layer. Carboxymethyl chitosan/PEO/PU core/shell nanofibers (A) without (left) and with
(right) loaded doxorubicin/folic acid/UiO-66 (reprinted with permission from Ref. [51], Copyright©
2020 Elsevier). TEM images of carboxymethyl chitosan/PCL core/shell nanofibers loaded with dox-
orubicin/nickel ferrite (B) prepared at shell flow rates of 0.3 (left), 0.5 (middle), and 0.8 (right) mL/h
(reprinted with permission from Ref. [125], Copyright© 2021 Elsevier).

The use of inclusion complexes of active compounds and CD before incorporation
in electrospun fibers to provide a high loading efficiency and prolonged release has been
studied [123]. Inclusion complexation has been proven to be an effective method for en-
hancing the bioavailability and aqueous solubility of non-water-soluble active compounds.
A derivative of CD, such as β-CD, which has a lipophilic cavity to host nonpolar molecules,
can be used as a complex with tea tree essential oil [107]. The tea tree essential oil serves
as a natural preservative in foods, but it is highly volatile and cannot exert long-term
antioxidant and antibacterial effects. Complexation with β-CD can reduce the evaporation
of tea tree essential oil in nanofiber electrospinning with HTCC and PVA (Figure 7A) [107].
Hydroxypropylated derivative of γ-CD or hydroxypropyl-γ-CD has higher aqueous sol-
ubility compared to β-CD and is used as a carrier matrix of curcumin in chitosan/pectin
electrospun nanofibrous films (Figure 7B–D) [110]. The ultimate nanofibrous films have
∼89% curcumin loading efficiency and demonstrate a pH-responsive release profile of
curcumin in pH 5.4 and 7.4 media, alongside their high swelling capability. However, an
initial rapid release occurs during the initial 30 min due to the uniaxial fiber, followed
by a sustained release until reaching a plateau after 2 days [110]. The burst release may
occur due to the diffusion of curcumin near the surface of the fiber. The sustained release is
attributed to the coating (shell), which prolongs the release time of the curcumin [135]. The
core/shell nanofibers display sustained-release profiles for curcumin for >48 h based on
graphene-g-β-CD/chitosan nanofiber [135]. In the study by Ouerghemmi et al. (2022) [123],
the coaxial electrospinning of β-CD loaded with triclosan/chitosan–PEO nanofibers was
studied (Figure 7E). The carboxylic groups of CD that were protonated in concentrated
acetic acid did not interact with the ammonium groups of chitosan, leading to the preven-
tion of the formation of a polyelectrolyte complex at the needle output. The formation
of aggregates due to the polyelectrolyte complex could inhibit the stretching of the jet. A
smaller diameter (274–325 nm) and more homogeneous diameter ranges of the core/shell
nanofiber increased with higher flow rates of the inner and/or outer solutions. Raising
the voltage to 20 kV resulted in heightened electrostatic charges on the surface, promoting
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increased stretching of the jet and the production of thinner nanofibers [123]. For the release
of tricosan, the burst effect was observed within the first 4 h for the monolithic nanofibers.
The core/shell nanofibers with a small diameter (<300 nm) released about 40% of tricosan
after 4 h. However, due to the inhomogeneous thickness, no direct correlation was observed
between the release and the thickness of the shell [123].
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trin, and active components such as tea tree essential oil (TTO) (A) (reprinted with permission from
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licensee MDPI).
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5. Applications
5.1. Textiles, Medical Dressings, and Scaffolds

The integration of nanomaterials into textiles has seen significant growth, largely
owing to their customizable properties. This advancement has paved the way for the
creation of smart textiles by incorporating nanomaterials with specific functionalities.
Due to its antibacterial activity, high moisture absorption, and biodegradability, some
textile products, e.g., sport apparel, pajamas, and underwear, that utilize chitosan blends
have become readily available in the market, such as Craybon® (SWICOFIL AG) and
Chitopoly® (Fuji-Spinning) [169]. Despite the availability of these commercial products for
over a decade, research on the utilization of chitosan in textiles and fabrics continues, with
ongoing investigations into methods like microencapsulation approaches [170]. In addition,
chitosan is recognized in the field of wound management for its hydrating, hemostatic,
and anti-inflammatory properties [76,171]. The acidic chitosan released from nanofibers
aids in wound healing by reducing the pH of the wound environment [64]. This promotes
cell adhesion [118] and stimulates cell proliferation and re-epithelialization to accelerate
wound healing [172,173]. Therefore, chitosan and its derivatives have been electrospun
and investigated for application in skin tissue engineering (Figure 8A) [174]. Chitosan-
based nanofibers prepared by electrospinning have a suitable structure for fabricating
dressings and scaffolds for regeneration of tissues including skin, nerves, blood vessels,
bone, cartilage, tendon/ligament, and heart due to their fibrous, porous, nano-, and 3D
structure, which is the same as the extracellular matrix [175,176]. A study has reported the
invention of a portable electrostatic spinning device powered by batteries. This device is
small, lightweight, and suitable for outdoor hemostasis [83]. The purpose is to prepare
nanofibers that are closely attached to wounds, such as outdoor burns and scalds [83].
To enhance the wound-healing/tissue-engineering efficacy of neat chitosan nanofibrous
wound dressing, hydroxyapatite (Figure 8B–D) [66,84], eggshell membrane [86], aloe
vera [116], heparin [133], extracellular matrix proteins [144], collagen, and silk fibroin [108]
are added to assist cell proliferation and accelerate wound healing compared to control
gauze [108]. In addition, chitosan-based nanofibers fabricated with electrically conductive
materials combined with exogenous electrical stimulation have been further studied to
promote cellular activity [177].

Wound healing is a complex process that necessitates the use of suitable treatment
products, which should be readily available and affordable. Currently, cheap and effective
dressings for diabetic and nonhealing wounds are considered a clinical need to benefit
patients and the economy [178]. A nanofibrous dressing should ideally have large pores,
enabling the exchange of liquids and gases between the wound and its surroundings, yet
be sufficiently small to block bacterial entry [179]. Enhanced antimicrobial wound dress-
ings to improve the healing of infected wounds have been developed using electrospun
chitosan/PVA by loading antimicrobial compounds such as indocyanine green [98], citric
acid [72], Hypericum perforatum L. extract [114], citral from citrus essential oils [117], Satureja
mutica, and Oliveria decumbens essential oils [180].

A binary antimicrobial core/shell nanofiber comprising nylon-6 in the core for me-
chanical stability and chitosan/PEO in the shell for bacteriostatic action was also studied
by Keirouz et al. (2020) [121]. The core/shell structure consisted of two antimicrobial
agents: 5-chloro-8-quinolinol in the chitosan shell and poly(hexanide) in the nylon-6 core
(Figure 8E,F). This study showed the feasibility of incorporating two antimicrobial agents
in a bilayer format with spatial control. The developed antimicrobial core/shell nanofiber
demonstrated effectiveness in inhibiting both Staphylococcus aureus and Pseudomonas aerug-
inosa, which are common bacteria in surgical-site infections, for the entire 12 h, whereas
the uniaxial nanofiber showed effective inhibition against Pseudomonas aeruginosa. The
degradation of the electrospun mat was affected by the polymer matrix material into
which the antimicrobial agents were incorporated. Due to variations in degradation rates
that were dependent on polymer composition and fiber properties, direct comparison of
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the antimicrobial activity of core/shell fibers with single-polymer–drug systems was not
feasible [121].
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Figure 8. Wound dressing applications of chitosan electrospun nanofibers. Chitosan/quaternized
chitosan nanofibrous mats on different surfaces showing their adhesion properties (A) (reprinted
with permission from Ref. [174], Copyright© 2022 Elsevier). Hydroxyapatite–gelatin/chitosan–PEO
core/shell nanofiber mat (B) and its SEM (C) and TEM (D) images (reprinted with permission from
Ref. [66], Copyright© 2018 Elsevier). Nylon-6/chitosan core/shell nanofiber mat (E) and TEM image
showing the internal morphology of the nanofibers containing 5-chloro-8-quinolinol in the chitosan
shell, and poly(hexanide) in nylon-6 core (F) (reprinted from Ref. [121], open access, Copyright© 2020
by the authors, licensee BioMed Central Ltd. as part of Springer Nature.). TEM images and schematic
illustration of the core/shell chitosan nanofibers with Origanum minutiflorum oil loaded in the core
(G) and the shell (H) (reprinted with permission from Ref. [143], Copyright© 2017 Springer–Verlag
GmbH Germany, part of Springer Nature). Essential-oil-encapsulated collagen hydrolysate–chitosan
core/shell nanofiber mat (I) (reprinted from Ref. [142], open access, Copyright© 2021 by the authors,
licensee MDPI).
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The antimicrobial agents also affect the degradation rate of core/shell nanofibrous
wound dressings. Clarithromycin, a macrolide antibiotic, and zinc oxide nanoparticles,
recognized for their antibacterial and anti-inflammatory attributes, were integrated into
core/shell nanofibers composed of chitosan, gelatin, and PU by Abasalta et al. (2022) [140].
The core layer consisted of PU and clarithromycin, while the shell layer comprised chitosan,
gelatin, and ZnO. This study showed that for nanofibers with and without clarithromycin,
the degradation rate in PBS was the same, while it was enhanced by loading ZnO into
the nanofibers. Clarithromycin and ZnO nanoparticles were released from the core/shell
nanofibers within 5 days and 1 day, respectively. The nanofibers exhibited 100% bacterici-
dal activity against both Escherichia coli and Staphylococcus aureus. Cell viability tests
suggested that loading 0.5% w/w of ZnO nanoparticles and 2000 µM of clarithromycin
was optimal for developing chitosan-based nanofibrous wound dressings [140]. Plant
extracts, such as essential oils, are a promising replacement for synthetic drugs due to their
anti-inflammatory, antioxidant, antibacterial, and antifungal properties. Chitosan-based
nanofibers in which Origanum minutiflorum oil was separately loaded into the core and
shell were prepared (Figure 8G,H, respectively) and compared with the uniaxial fibers
in [143]. The nanofiber membrane containing the essential oil in the shell had more an-
tibacterial activity against Pseudomonas aeruginosa and Staphylococcus aureus than that in
the core after 24 h. This was because the active essential oil was more easily released into
the environment from the shell layer. The core component exhibited slow dissolution or
sustained-release behavior over a short duration. Thus, the nanofibers in which OM was
loaded to the core showed lower antimicrobial efficiency against both types of bacteria
compared to the uniaxial nanofibers loaded with essential oil [143]. Râpă et al. (2021) [142]
encapsulated essential oils from dill (Anethum graveolens L.) and lemon balm (Melissa offici-
nalis L.) into collagen hydrolysates derived from bovine tendons and rabbit skins. These
were then blended with a chitosan solution to create coaxial nanofiber wound dressings
(Figure 8I). They found that the blend of these two essential oils improved antimicrobial
suppression against Staphylococcus aureus, Enterococcus faecalis, Candida albicans, Candida
glabrata, Salmonella typhimurium, and Aspergillus brasiliensis [142].

Other medical materials with sustained drug release features of chitosan core/shell
electrospun nanofibers are briefly summarized in Figure 9, such as the slower release rate
of tetracycline hydrochloride [127] (Figure 9A), curcumin [47] (Figure 9B), and doxoru-
bicin [50] (Figure 9C) from the core layer and the wound healing efficiency of resvera-
trol/ferulic acid-loaded chitosan/PCL core/shell nanofibrous scaffolds [129] (Figure 9D).
The core/shell structure of nanofibers, which combines the properties of different ma-
terials, plays a significant role in protecting sensitive drugs due to the shell layer, mit-
igating burst release, and controlling the release behavior of both hydrophilic and hy-
drophobic drugs [119,127]. Moreover, the drug encapsulation efficiency of core/shell
nanofibers is higher than that of composite uniaxial nanofibers [50,51]. The release of
the drug from the core/shell nanofiber occurs in two stages: first, from the core layer
to the shell layer, followed by the release from the shell layer into the blood flow. This
extended-release mechanism is suitable for the delivery of anticancer drugs such as dox-
orubicin [50,51,125] and 5-fluorouracil [126] to kill cancer cells. Core/shell fibers of car-
boxymethyl chitosan–PVA/PCL have been studied as a pH-sensitive doxorubicin drug
carrier for targeted delivery [50]. The presence of carboxylic and amine groups within
carboxymethyl chitosan induced heightened swelling and accelerated release of doxoru-
bicin from the nanofibers under acidic conditions (pH 5.5) compared to physiological pH
(pH 7.4). About 80% of the doxorubicin was liberated from the core/shell nanofibers
within 20 days at pH 7.4 and within 10 days at pH 5.5. The PCL hydrophobic shell layer
provided more sustained release of the drug molecules compared to drug release from
uniaxial composite nanofibers due to the lower degradation rate of core/shell nanofibers.
For uniaxial nanofibers, 80% of the cumulative release level was reached after 11 and 3 days.
The prolonged release of doxorubicin from the core/shell nanofibers resulted in enhanced
cytotoxic effects against MCF-7 breast cancer cells compared to those observed with the
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composite nanofibers. Using carboxymethyl chitosan–PVA/PCL core/shell fibers having
36.4 mg drug/g nanofiber (100 µg of doxorubicin, 97% drug loading efficiency), the maxi-
mum cytotoxicity of MCF-7 cells was 57% after 7 days of testing [50]. Simultaneous release
of doxorubicin and nickel ferrite nanoparticles from carboxymethyl chitosan–PVA/PCL
core/shell nanofibers (100 µg of doxorubicin, 92.5% drug loading efficiency) had a synergic
effect on MCF-7 cell death (maximum cytotoxicity is 83%) after 7 days of testing under
the presence of a magnetic field [125]. The use of nickel ferrite nanoparticles enhanced the
hydrophilicity of nanofibers and pore filling, which resulted in slower release of the drug.
Similarly, the drug release from the nanofibers showed pH-dependent profiles because
carboxymethyl chitosan causes more swelling and doxorubicin has higher solubility in
acidic pH. The sustained release of doxorubicin from carboxymethyl chitosan–PVA–nickel
ferrite/PCL core/shell fibers was obtained over 25 days [125]. Similarly, 82% MCF-7 cell
death was obtained after 7 days of testing when doxorubicin and folic acid incorporated into
the UiO-66 metal organic framework (MOF) were released from carboxymethyl chitosan–
PEO/PU core/shell nanofibers (1 mg of doxorubicin, 96% drug loading efficiency) [51].
After a 10-day testing period, a maximum of 87% MCF-7 cell death was observed, largely
due to the slower degradation rate of the core/shell nanofibers, which can be attributed
to the higher flow rate of PU in the shell. The continuous release of both doxorubicin and
folic acid from the carboxymethyl chitosan-PEO/PU nanofibers was sustained over a span
of 30 days [51].

Chitosan-based core/shell nanofibers have been developed for GBR to preserve alve-
olar bone volume and induce bone regeneration because of gum disease [118,134] and
bone defects [66,113]. Zhu et al. (2023) [131] fabricated a core/shell PCL–chitosan/PVA
GBR membrane containing different amounts of resveratrol grafted to the core with PVA.
The in vitro release experiment for 15 days demonstrated a consistent release profile of
resveratrol from the membranes. The developed GBR membrane loaded with 0.5 and
1% w/v resveratrol released the drug in a sustained and controlled manner (about 70%
cumulative release), which induced osteogenic differentiation of pre-osteoblasts (MC3T3-E1
cells) in vitro. From in vivo bone regeneration in rats, newly formed bone tissues with ca.
82% of bone volume over total bone volume and 0.70 g/cm3 of bone mineral density were
generated in the defect sites after 12 weeks of post-implantation [131] (Figure 9E). Other
studies have also investigated the drug delivery system for supporting osteogenesis in hu-
man mesenchymal stem cells (hMSCs). For example, the release of rosuvastatin loaded into
the core of a chitosan–PEO/PCL core/shell nanofibrous membrane was studied in [122]. A
burst release of rosuvastatin was found in the uniaxial chitosan–PEO membrane because
of the rapid rate of dissolution of PEO and chitosan in PBS. In addition, the entire drug
was released within a span of 30 days. Unlike the core/shell membrane, the degradation
of the membrane and the drug release could be prolonged for the entire 90 days of the
experiment, but only 5% of the drug was released after 10 days and 20% after 90 days.
The plasma-treated PCL shell acted as a barrier, slowing down the degradation of the
chitosan–PEO core, while the treated PCL allowed water to penetrate into the core. The
rosuvastatin was completely released with a sustained profile for 90 days. This induced
osteogenic differentiation of hMSCs in vitro, as indicated by the calcium content and alka-
line phosphatase (ALP) activity after 14 and 21 days [122]. For platelet-rich fibrin-loaded
chitosan/PCL–chitosan core/shell nanofibrous scaffold, mixing chitosan with PCL in the
shell can enhance water penetration into the core [130]. The release rate of the platelet-rich
fibrin from the nanofibrous scaffold was ca. 24% after 10 days. Calcium deposited on the
surface and the value of ALP activity of platelet-rich fibrin-loaded chitosan/PCL–chitosan
core/shell nanofibrous scaffold were 40.33 µg/scaffold and 81.97 U/L, respectively, after
14 days, confirming the osteogenesis of hMSCs in vitro [130]. A dual simvastatin and
calcium phosphate-loaded PCL/chitosan–PEO core/shell fibrous membrane with glu-
taraldehyde crosslinking was proposed in [53]. The loaded simvastatin in the core of GRB
membranes was sustainably released for about two months (50% cumulative release). The
inclusion of calcium phosphate in the shell layer offered additional sites for mineralization
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and synergistically interacted with simvastatin to enhance the osteogenic differentiation
of MSCs in vitro. The maximum values of ALP activity, osteocalcin, vascular endothe-
lial growth factor, and platelet–endothelial cell adhesion molecule of the dual-loaded
PCL/chitosan–PEO core/shell fibrous membrane were about 40, 10, 0.2, and 17 ng/mL,
respectively, after 14 days. In vivo intramuscular implantation experiments suggested that
the sustained, long-term release of simvastatin subsequently promoted angiogenesis and
maintained local microvascular networks [53].
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Figure 9. Drug delivery applications of chitosan core/shell electrospun nanofibers. Cumulative
drug release of tetracycline hydrochloride from chitosan/PCL core/shell and blend nanofibers
(A) (reprinted with permission from Ref. [127], Copyright© 2021 Elsevier). Release of curcumin
from the electrospun PLA/chitosan core/shell nanofibers with curcumin in the core and shell layers
(B) (reprinted with permission from Ref. [47], Copyright© 2019 Elsevier). Degradation rate of
carboxymethyl chitosan/PVA/PCL/doxorubicin composite and core/shell nanofibers (C) (reprinted
with permission from Ref. [50], Copyright© 2021 Elsevier). In vivo wound healing evaluation
(D) after treatment with saline (a) chitosan/PCL (b), resveratrol/ferulic acid-loaded chitosan/PCL,
and (c) nanofibrous scaffolds (reprinted with permission from Ref. [129], Copyright© 2016 Elsevier).
In vitro cranial defect coverage (E) after treatment with PCL–chitosan/resveratrol–PVA (a,d), PCL–
chitosan/PVA (b,e), and PCL/PVA (c,f) core/shell fibrous membranes (reprinted with permission
from Ref. [131], Copyright© 2023 Elsevier).
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5.2. Filtration Membranes/Absorbent

Filtration is a crucial process in various manufacturing industries, such as those
involved in producing drinking water, pharmaceuticals, semiconductors, and air condition-
ing systems. It ensures that products meet quality standards and creates a pollution-free
working environment [181]. Fibrous membrane systems offer superior adsorption capa-
bilities compared to conventional powder- and bead-based systems [124]. Membrane
separation is a potential technology for the highly efficient removal of organic and inor-
ganic contaminants. Materials for the production of membranes include polyethylene (PE),
polypropylene (PP), and PU for air filters; glass fibers, ion exchange resin, activated carbon,
and ceramic for drinking water purification and wastewater treatment; and Teflon for hot
gas filtration [181]. These filter materials are non-degradable, which means they carry some
safety/environmental risks that can become a new environmental issue [182]. Therefore,
greener alternatives to membranes should be used. The growing use of natural or renew-
able materials reflects a commitment to sustainability, prioritizing reuse and durability
while minimizing harm to both people and the environment [99]. Therefore, the recent
interest in the development of biopolymeric composites for environmental remediation
applications is a key research area [87,183].

Chitosan-based biopolymers, rich in ionizable amino and hydroxyl groups, are adept
at binding with negatively charged particles, thus augmenting filtration performance
through electrostatic adsorption [87,101]. Electrostatic adsorption and Brownian diffu-
sion are pivotal in filtering ultrafine particles (<0.3 µm), while interception and inertial
impaction exert influence on larger particles (>0.3 µm) [23]. The filtration performance
of fine particulate matter (PM) with a diameter ≤2.5 µm (PM 2.5) using the synergistic
effect of electrospun chitosan/PEO nanofibers and porous MOF-5 was reported by Pan
et al. (2022) [45]. Carboxyl groups were introduced to link amino groups on the chitosan
nanofibers. Then, the functional carboxyl groups on the surface of the chitosan/PEO
fibers were chemically bonded by binding Zn ions to encapsulate MOF-5 nanocrystals
along the nanofiber direction. The multilayered nanofibrous structure of the electrospun
membrane enhanced particle interception through Brownian diffusion. MOFs provided
cavities and gas adsorption sites for the filter to remove PM 2.5 and strengthened the inter-
actions between the membrane and PM. The electrospun nanofiber membrane composed
of chitosan/PEO/MOF-5 exhibited a PM2.5 filtration efficiency of 99% and a quality factor
of 0.0737 [45]. In addition, chitosan fibers serve as antimicrobial agents during the filtration
process, reducing the deposition and emission of microorganisms and their byproducts.
This helps prevent a decrease in filtration efficiency resulting from the degradation of filter
media [90,93].

The functional groups of chitosan also provide a good adsorbent for heavy metals
and dyes [101,120,124]. Water treatment and purification are of paramount importance due
to the contamination of available water sources by toxic inorganic and organic chemicals,
which pose a significant threat to human health and the environment. Electrospun cellulose
acetate–PCL/chitosan core/shell nanofibers were applied for the removal of hexavalent
chromium (Cr VI) from waste water [124]. Compared to the chitosan powder adsorbent, the
core/shell-structured fibers possessed higher adsorption capability through the multilayer
adsorption process (Freundlich isotherm model). With a core-to-shell ratio of 0.442, the
cellulose acetate–PCL/chitosan fiber had a maximum adsorption capability of 126 mg/g
at room temperature. These spun fibers also demonstrated excellent durability in acidic
environments. After soaking in water for 48 h, virtually no loss was observed, and the
adsorption capacity remained largely unchanged during five continuous cycles [124]. A
chitosan/PVP/PVA hollow nanofiber membrane fabricated by coaxial electrospinning and
applied for filtration of various organic dyes (malachite green, methylene blue, and crystal
violet) and heavy metals (Cu2+, Ni2+, Cd2+, and Pb2+) was studied by Wu et al. (2023) [138].
Using the pre-crosslinked chitosan/PVP/PVA aqueous solution as the outer fluid and the
PEO aqueous solution as the inner fluid, a PEO/chitosan, PVP, and PVA core/shell fibrous
membrane was prepared and ultrasonicated in deionized water (Figure 10A). The PEO
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core layer was subsequently eliminated to produce a hollow fiber membrane composed of
CS/PVP/PVA nanofibers (Figure 10B). The hollow chitosan composite fibers, possessing a
positive charge, repelled positive ions of heavy metals (Figure 10C) while allowing negative
ions to permeate through the membrane. Additionally, they captured some ions within
the membrane channel pores. The pollutants Cd2+ and Pb2+ and all the studied dyes
were monolayer adsorbed on the nanofiber membrane surface according to the Langmuir
model. For Cu2+ and Ni2+, multilayer adsorption following the Freundlich model was
found. The maximal adsorption capacities by the Langmuir model of Cu2+, Ni2+, Cd2+,
Pb2+, malachite green, methylene blue, and crystal violet were 94, 9, 83, 77, 65, 54, and
43 mg/g, respectively.
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5.3. Food Packaging

Foodborne diseases, foodborne pathogens, lipid oxidation, and inappropriate preser-
vation during processing and storage cause food spoilage, food loss, and waste issues [184].
Synthetic preservatives, such as nitrate, nitrite, sulfite, organic acids, and bacteriocins, are
often used to prolong the shelf life of food products, especially meat [185]. Food-grade poly-
mers are selected for developing packaging films instead of using preservatives, which has
the risk of drug residues and metabolic hindrance. Food packaging based on biopolymers
such as chitosan to isolate food from the external environment is favored by consumers
seeking healthy and safe food due to the non-toxicity and biodegradability of the biopoly-
mer [186]. On the other hand, fabricating bilayer films with electrospun nanofibers or
coating common polyethylene packaging films with chitosan nanofibers without reducing
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the barrier or mechanical properties of the films have also been reported to modify the
applications of electrospun nanofibers in food packaging [92]. Although chitosan provides
good film-forming potential and antimicrobial properties, the inherent shortcomings of
chitosan are its rapid dissolution in acidic aqueous solutions and its poor structural stabil-
ity [187]. These make it difficult for chitosan-based materials to be used in environments
with acidic agents [188]. In addition, the efficacy of chitosan against Gram-negative bacteria
is comparatively lower in neutral environments compared to its effectiveness against Gram-
positive bacteria. Various efforts have been undertaken to improve the acid resistance and
antibacterial characteristics of chitosan nanofiber films, aiming to address these limitations
for practical applications. For example, blending chitosan with other additives or crosslink-
ing to minimize their disadvantages is a feasible strategy [187]. To improve its stability
in acidic solutions, linear chitosan molecules are converted into network structures by
crosslinkers, such as glutaraldehyde, glyoxal, epichlorohydrin, and ethylene glycol digly-
cidyl ether [76,77], and polybenzoxazine [189]. However, chemical crosslinkers are harmful
to human cells and the environment. Physical or ionic crosslinking is a more promising
method for preparing more biocompatible chitosan nanofiber membranes. To improve
broad-spectrum antibacterial ability, some metals have been used as antibacterial agents.
In addition, the mechanical properties of chitosan films are improved by the addition of
metals such as SiO2 [190], Ag2O [191], Ag nanoparticles [192–194], ZnO [195], TiO2 [141],
and MoS2 [196].

Currently, most research publications have focused on the fabrication of electrospun
nanofibers by directly blending spinning solutions with bioactive compounds from plant ex-
tracts, such as chlorogenic acid from coffee [88], essential oil from tea trees [79,107], baicalin
from skullcaps [46], and urushiol from lacquer trees [85]. These bioactive compounds
contain phenolic compounds, e.g., polyphenols, terpenoids, and flavonoids, that have
broad-spectrum antibacterial and antioxidant properties, resulting in increased food preser-
vation [79,197]. Moreover, anthocyanins from plant extract can be used as color-changing
indicators to monitor acid or alkaline released from microorganisms causing spoilage in
fresh foods [111]. The technique of combining bioactive compounds has received attention
for the development of effective and sustainable food preservation techniques because the
biocompounds encapsulated in the nanofibers exhibit sustained release with enhanced
antioxidant and antimicrobial activities in food packaging [79,197]. A blend of chitosan,
PEO, and phenolic compounds was electrospun into a fiber film as food packaging. The
phenolic compounds encapsulated in chitosan and PEO could enhance the antimicrobial
properties against Gram-negative Salmonella Typhimurium and Escherichia coli and Gram-
positive Listeria innocua and Staphylococcus aureus bacteria, which are all common bacteria
involved in food contamination and spoilage [73,75]. This electrospun mat can prolong the
shelf-life of fresh meat for one week [73,75]. The core/shell nanofibers with pullulan as
a core layer and carboxymethyl chitosan/PEO as a shell layer were prepared by coaxial
electrospinning and then loaded with carboxymethyl chitosan–nisin nanogels into the core
layer of the nanofibers as antibacterial agents by Duan et al. (2023) [54] (Figure 11A–C).
Pullulan and carboxymethyl chitosan were applied in the core and shell layers to increase
the spinnability of the spinning solution. In addition, the carboxymethyl chitosan with the
anionic group (–COO–) could self-assemble with positively charged nisin to form nanogels
via electrostatic interactions, resulting in improving the stability of nisin. The nanogel-
loaded nanofibers showed good mechanical properties and antibacterial activity against
Escherichia coli and Staphylococcus aureus. During the test of bass fish storage, the core/shell
electrospun chitosan nanofiber reduced lipid oxidation that produced rancid odor and
delayed the growth of microorganisms, causing a reduction in the fish quality. The fresh
bass fish packaged with the chitosan nanofiber film could be stored in a refrigerator at 4 ◦C
for up to 15 days, while white slime and a fishy smell occurred in the unpackaged bass fish
from the ninth day onwards [54].
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6. Conclusions and Challenges

In the field of nanotechnology, the creation of nanostructures has been extensively
investigated through the utilization of electrospinning techniques. Large-scale production
of electrospun nanofibers is a relatively novel technology, and it seems to incur substantial
costs. Among natural polymers that have a wide range of sources, the processability,
biodegradability, and low-cost properties of chitosan mean it presents great potential as
a bioactive material. It is already comprehensively implemented in various applications,
especially for the replacement of plastics. The production cost of nanofibers can be re-
duced by the use of biopolymers like chitosan. Chitosan electrospun nanofibers with a
core/shell nanostructure have been studied with the primary purposes of achieving a
uniform structure in nanosize and facilitating the encapsulation of active compounds. Two
electrospinning methods, emulsion electrospinning and coaxial electrospinning, are feasible
approaches for the preparation of continuous nanofibers with a core/shell nanostructure.
The difficulties in electrospinning chitosan are overcome by blending it with an easily
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electrospinnable polymer, such as poly (ethylene oxide), polyvinyl alcohol, and other poly-
mers described in this review. Continuous chitosan core/shell nanofibers with different
properties can be obtained by modifying the spinning process parameters, altering the ratio
of co-spinning polymers, and loading the active components to fit purposes including the
use of biomaterials in biomedical/pharmaceutical applications, materials in environmental
remediation, and food packaging.

Although the formation of core/shell chitosan-based nanofibers by emulsion electro-
spinning in a single emulsion has been reported, control over the thicknesses of the core and
shell layers and fiber size is still challenging. Furthermore, the mechanism behind the for-
mation of core/shell structures via emulsion electrospinning is complex, and there is a lack
of specific studies regarding chitosan emulsion systems. In emulsion spinning solutions,
the breakup of water or oil droplets in the solutions may not provide a core/shell structure
due to the thermodynamic instability of the emulsion. Hence, stabilizers/surfactants are
added to the formulation with organic solvents. Both stabilizers and organic solvents are
hard to completely remove from the resulting nanofibers. The remaining stabilizers and
organic solvents may cause biocompatibility and affect the biological activity of bioactive
agents. Therefore, eliminating the need for emulsion stabilizers and organic solvents in the
electrospinning process is a challenge.

Coaxial electrospinning of chitosan has been increasingly studied in recent years due
to its simple technique but high ability to produce the core/shell morphology of chitosan
nanofibers. Compared with conventional electrospinning, there are a higher number of
parameters involved in producing optimal core/shell chitosan nanofibers. These include
(i) physiochemical properties of the solvents for the core and shell solutions, which should
be similar to avoid rapid polymer precipitation due to fast dissolution of the two solvents;
(ii) high concentrations of chitosan and copolymers, leading to high viscosity that may cause
needle clogging; and (iii) flow rates of the core and shell solutions that should be low and
optimal. Due to low flow rates, the clear limitation of this method is its low productivity,
particularly in the single Taylor cone-jet mode, where the spinneret orifice cannot produce
more than one jet. To further refine this method, multi-needle electrospinning has been
considered as a feasible approach to tackle this issue by increasing the number of needles
to improve the production rate. However, besides needle clogging issues, this multiple-
needle process has other major challenges, such as interference with the electrical fields
generated by each needle, non-homogeneous fiber formation, bonding among fibers, and
poor fiber distribution. Recently, more attention has been paid to developing needleless
electrospinning techniques.

Chitosan-based nanofibers inherently display lower stability and mechanical proper-
ties in certain applications. For biomedical applications, the biomaterials are expected to
have sufficient mechanical resistance to maintain their characteristics during application
and support physiological loading. For environmental remediation applications, wastewa-
ter contains various corrosion agents that can dissolve chitosan nanofibrous membranes.
Therefore, one of the approaches to resolving these challenges is crosslinking and/or
modification/functionalization. These processes should be further investigated to gain
better mechanical and anticorrosion properties for chitosan-based nanofibrous membranes.
Nonetheless, the challenge persists in finding effective, environmentally friendly crosslink-
ers and establishing the ideal operating parameters for modification. Despite the feasibility
of surface modification of nanofibers at the laboratory scale, scaling up these steps for mass
production remains problematic.
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