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Abstract: Recent developments in electrospinning technology have enabled the commercial-scale
production of nonwoven fabrics from synthetic and natural polymers. Since the early 2000s, polysac-
charides and their derivatives have been recognized as promising raw materials for electrospinning,
and their electrospun textiles have attracted increasing attention for their diverse potential appli-
cations. In particular, their biomedical applications have been spotlighted thanks to their “green”
aspects, e.g., abundance in nature, biocompatibility, and biodegradability. This review focuses on
three main research topics in the biomedical applications of electrospun polysaccharidic textiles:
(i) delivery of therapeutic molecules, (ii) tissue engineering, and (iii) wound healing, and discusses
recent progress and prospects.
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1. Introduction

Electrospinning, a simple and versatile manufacturing method that uses high electric
fields to draw polymer solutions or melts for the production of continuous nanofibers and
their nonwoven fabrics (Figure 1), has come to be recognized as an important technique
in the textile industry [1–4]. Electrospun nanofibers and their nonwoven fabrics have
superior structural properties such as high specific surface area (up to 1000 m2/g), nano-
scale interstitial space, tunable porosity, and mechanical resistance. These properties
make the electrospun textiles promising scaffolds for various applications. In recent years,
electrospun materials have attracted ever increasing interest not only in conventional textile
industries (e.g., production of yarn, cloth, and clothing) but also in innovative research
fields including basic and applied biomedical research [5–16] for drug delivery, tissue
engineering, wound healing, biosensor development, etc. In addition, the coronavirus
disease 2019 (COVID-19) outbreak has caused a sudden rise in demand for personnel
protective equipment represented by disposable nonwoven face masks, highlighting the
utility of electrospun textiles such as the filters of masks that efficiently block nano-scale
contaminants such as viruses [17].

Electrospun textiles made of natural polymers such as proteins, nucleic acids, and
polysaccharides are promising materials for biomedical applications [18,19] thanks to their
inherent biocompatibility and abundance in nature. Among them, electrospun polysac-
charidic textiles are relatively new materials [20–26]. Since the first electrospun cellulosic
textile was reported by Liu and Hsieh in 2002 [27], the number of publications concerning
electrospinning of polysaccharides and their derivatives has been increasing year by year,
as shown in Figure 2. The preparation of defect-free nanofibrous polysaccharidic textiles
via the electrospinning of natural polysaccharides [28–37] is challenging due to their limited
choices of solvents and/or poor solubility. In some cases, polysaccharides are chemically
functionalized to improve their solubility. For example, cellulose is poorly soluble in
most organic solvents due to its strong inter- and intra-molecular hydrogen bonds and
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highly crystalline nature. Hence, one has been focused on the electrospinning of cellulose
derivatives, particularly cellulose acetate, that exhibit good solubility in many organic
solvents suitable for electrospinning. Electrospinning is then followed by the regeneration
of cellulose via deprotection of the functional groups [25]. Blending with other polymers
often facilitates the electrospinning process of polysaccharides and their derivatives by
creating entanglements and physical bonds between the polymer chains. Biocompatible
synthetic polymers, including poly(ethylene oxide): PEO [38–42], poly(vinyl alcohol):
PVA [28,40,42–44], poly(lactic acid): PLA [45], poly(ε-caprolactone): PCL [46], as well as
natural polymers (e.g., silk fibroin [47], zein [48], and collagen [49]), were blended with
various polysaccharides and their derivatives and electrospun to fabricate polysaccharidic
textiles. Details of the fabrication processes of polysaccharidic textiles via electrospinning
have been given in several review articles and book chapters [20–26,50], including our
recent report [51].

Figure 1. Schematic diagram of typical setups of an electrospinning apparatus: (a) vertical setup and
(b) horizontal setup. Reprinted with permission from ref. [4]. Copyright 2010 Elsevier.

Despite the great attention that has been paid to polysaccaridic textiles, to the best of
our knowledge, there is no comprehensive review of their biomedical applications that
covers up-to-date electrospun polysaccaridic textiles reported in the late 2010s and 2020s. In
this review, we highlight the potential of electrospun polysaccharidic textiles as promising
scaffolds for the following three significant biomedical application targets: (i) delivery of
therapeutic molecules, (ii) tissue engineering, and (iii) wound healing, and we discuss
recent progress in these areas.
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Figure 2. Number of publications (2000–2020) concerning electrospinning of polysaccharides and
their derivatives (source: SciFinder-n, https://scifinder-n.cas.org accessed on 20 April 2021).

2. Biomedical Applications of Electrospun Polysaccharidic Textiles
2.1. Delivery of Therapeutic Molecules

Electrospun nanofibrous textiles are considered promising for the immobilization
of therapeutic molecules such as drugs, enzymes, and nucleic acids owing to their high
specific surface area and porous structure [6–8,14,15]. Electrospun nanofibers are struc-
turally similar to the extracellular matrices (ECMs) of tissues in the body: fibrous collagen
structures in the ECM are on the scale of nanometers (50–500 nm in diameter). In particular,
those made of polysaccharides are known to be biocompatible and are thus used as the
scaffold of therapeutic molecular delivery systems [23,52,53]. In general, polysaccharides
or their derivatives are dissolved in solvents in which therapeutic molecules are dispersed
or dissolved, then electrospun to form textiles incorporating the therapeutic molecules.
Coaxial electrospinning, a modified electrospinning process in which two concentrically
aligned nozzles are used for spinning two different systems to generate nanofibers with
“core–shell” morphologies (Figure 3), is another method to load therapeutic molecules
into electrospun core–shell nanofibers. In coaxial electrospinning, therapeutic molecules
are generally situated in the inner jet with some polymer matrixes and co-electrospun
with polysaccharides or their derivatives present in the outer jet. In such ways, one can
incorporate various therapeutic molecules within the polysaccharidic textiles and enhance
the bioavailability of the therapeutic molecules by increasing their stability and circulation
time in the body (Figure 4).

Figure 3. Left: A setup for coaxial electrospinning. Right: The experimental setup for coaxial
electrospinning used in the laboratory of A. Greiner and J.H. Wendorff. Reprinted with permission
from ref. [3]. Copyright 2007 from John Wiley and Sons.

https://scifinder-n.cas.org
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Figure 4. Schematic illustrations of encapsulations of therapeutic molecules via (a) a single electro-
spinning process and the resulting single nanofibers that show a burst release profile, and (b) a coaxial
electrospinning process and the resulting core–shell nanofibers that show a sustained release profile.

Cellulose acetate, a semi-synthetic polymer derived from natural cellulose via an acety-
lation process, has been widely used for therapeutic molecular delivery systems thanks to
its biodegradability and good mechanical, chemical, and thermal resistances [52,53]. Nons-
teroidal anti-inflammatory drugs (NSAIDs) such as naproxen, indomethacin, ibuprofen,
sulindac, and ketoprofen were incorporated into electrospun textiles made of cellulose
acetate to be used in topical/transdermal delivery systems. Tungprapa et al. [54] reported
electrospun nanofibers of cellulose acetate loaded with four types of NSAIDs (naproxen,
indomethacin, ibuprofen, and sulindac) that are utilized in the symptomatic management
of painful and inflammatory conditions. These drug-loaded textiles showed superior drug-
release profiles compared to those of drug-loaded cast films due to their great swelling in
buffer solutions that originates from their nanofibrous structure. Yang et al. [55] reported
electrospun core–shell nanofibers consisting of ibuprofen dispersed in the core-matrix of
gliadin within an outer shell layer of cellulose acetate. The drug release studies showed
that the presence of the cellulose acetate coating eliminated the initial burst release of
ibuprofen and extended the release duration. Yu et al. [56,57] reported incorporations of
ketoprofen within cellulose acetate nanofibers prepared via single and modified coaxial
electrospinning processes. A zero-order drug release profile without initial burst effects
and terminal tailing-off release was achieved with the textiles prepared by the modified
coaxial electrospinning process that had a smaller diameter, narrower length distribution,
more uniform structures, and smoother texture morphologies compared to those prepared
by the single electrospinning process. Chung and Kwak [58] prepared a series of sulindac-
loaded electrospun nanofibers of cellulose acetate having various mean diameters and they
studied the nano-confinement effects on their drug release properties. They demonstrated
that the molecular mobility of the cellulose acetate/sulindac nanofibers and the diffusion
coefficient of the drug decrease significantly with a decrease in the nanofiber diameter.
Therefore, it was revealed that the drug tends to be slowly released with decreasing di-
ameter of the nanofibers. Anticancer drugs such as cisplatin and silymarin were also
incorporated into electrospun cellulose acetate nanofibers for their topical/transdermal
deliveries. Absar et al. [59] reported the encapsulation of cisplatin into nanofibers prepared
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by the coaxial electrospinning of cellulose acetate as an outer jet and cisplatin as an inner
jet. The drug-loaded nanofibers showed various architectures and morphological features
depending on the core/shell compositions and the process parameters. Phiriyawirut and
Phaechamud [60] prepared silymarin-loaded nanofibrous textiles by the electrospinning
of mixed solutions of cellulose acetate and various amounts of silymarin. The loading
content of silymarin significantly affected the glass transition temperature and the melting
temperature of the textiles, as well as the drug release behavior. The incorporated silymarin
was gradually released from the textiles over 480 h. Other active agents such as antioxi-
dants, antimicrobials, and antibiotics were also incorporated into electrospun textiles made
of cellulose acetate, mainly for wound healing applications, which is described below in
Section 2.3.

Chitin, the second most abundant natural polymer, is obtained from the exoskeletons
of insects/crustaceans and also from the cell walls of fungi; and chitosan, the deacety-
lated form of chitin, has been extensively used in many biomedical applications due to
its biocompatibility, biodegradability, cellular binding capability, acceleration of wound
healing, hemostatic properties, and anti-bacterial/fungal properties [61–64]. Electrospun
nanofibrous textiles made of chitosan have found potential as therapeutic molecular deliv-
ery systems. Jiang et al. [65] prepared ibuprofen-loaded fibrous membranes composed of
poly(lactide-co-glycolide) (PLGA) and poly(ethylene glycol)-g-chitosan (PEG-g-chitosan) by
electrospinning. The presence of PEG-g-chitosan significantly reduced the initial burst of
ibuprofen and sustained its release from the membranes for more than 2 weeks due to the
conjugation between ibuprofen and the side chains of PEG-g-chitosan. Mendes et al. [26]
prepared electrospun chitosan/phospholipid nanofibrous textiles that encapsulate three
model drugs (curcumin, diclofenac, and vitamin B12) for transdermal drug delivery. A
sustained release of curcumin from the textile was observed over a period of 7 days with
no significant burst effect, while the other two drugs showed initial burst releases within
several hours due to their hydrophilic nature. Faralli et al. [66] prepared curcumin-loaded
electrospun xanthan/chitosan nanofibrous textiles by electrospinning and incubated them
with human Caco-2 cells to investigate cell viability, transepithelial transport, and per-
meability properties across cell monolayers. A consistent enhancement of the in vitro
intestinal absorption of curcumin across cell monolayers was observed when it was loaded
into the textiles. A 3.4-fold increase in curcumin permeability was observed with the
curcumin-loaded textiles in comparison with free curcumin. Rostami et al. [67] prepared
chitosan/gellan electrospun nanofibrous textiles that encapsulate resveratrol, a polypheno-
lic compound known as a drug for gastrointestinal cancer via oral delivery. The antioxidant
activities of the resveratrol-loaded textiles were significantly higher than that of free resver-
atrol thanks to the large surface area of the nanofibers and hydrogen-donating ability of the
chitosan moiety. Huang et al. [68] immobilized lipase, an enzyme that catalyzes hydrolyses
of fats, in nanofibrous chitosan/PVA textiles using glutaraldehyde as a coupling agent. The
pH and thermal stabilities of lipase were improved by its immobilization on the chitosan
nanofibrous textiles. In addition, the reusability and storage stability of the immobilized
lipase in the textiles were obviously higher than those of the nonimmobilized one.

Hyaluronic acid, an anionic nonsulfated glycosaminoglycan, is a main component
of the ECM of connective, epithelial, and neural tissues. Because of its excellent biocom-
patibility, biodegradability, and nonimmunogenicity, hyaluronic acid and its derivatives
have been extensively used, mostly in the form of a hydrogel, in various biomedical appli-
cations [69], including therapeutic molecular delivery [70]. In recent years, nanofibrous
textiles consisting of hyaluronic acid and its derivatives have been prepared for use in
therapeutic molecular delivery systems, as well as in tissue engineering and wound healing
described below. Snetkov et al. [71,72] prepared curcumin/usnic acid-loaded electrospun
nanofibrous textiles based on native hyaluronic acid without any carrier polymers and
modifiers. The authors proposed potential applications of the pure hyaluronic acid-based
textiles for wound dressing and drug delivery scaffolds. Agrahari et al. [73] reported
electrospun core–shell nanofibers consisting of the outer shell layer composed of thiolated
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hyaluronic acid and the inner core composed of tenofovir (TFV), an anti-HIV vaginal
microbicide, dispersed in PEO matrix. The TFV-loaded textiles showed a triggered release
of TFV on exposure to the seminal hyaluronidase enzyme through in vitro drug release
experiments. The TFV-loaded textiles were able to increase the retention of TFV and pro-
vided a higher drug bioavailability in vaginal tissue, including a lower drug disposition to
rectum tissue compared with a TFV-loaded gel made of hydroxyethyl cellulose.

Other polysaccharides and their derivatives such as pullulan, sodium alginate, and
guar gum were electrospun with therapeutic molecules to form nanofibrous textiles as deliv-
ery scaffolds. Mascheroni et al. [74] reported a bioactive aroma compound, perillaldehyde-
loaded electrospun nanofibrous textiles composed of pullulan and β-cyclodextrin. The
textile hosts homogeneously dispersedβ-cyclodextrin/aroma complexes, which are formed
during electrospinning. The textiles showed a humidity-triggered release of the aroma
compound. Ponrasu et al. [75] prepared Jelly fig polysaccharide (JFP)/pullulan nanofibrous
textiles, which encapsulate hydrophobic model drugs (ampicillin and dexamethasone) via
the electrospinning process. The antibacterial activity and fast disintegration properties
of the JFP/pullulan textiles indicated their potential applications for fast-dissolving drug
delivery systems. Feng et al. [76] reported electrospun core–shell nanofibers consisting of
the outer shell layer of sodium alginate and the inner core composed of salmon calcitonin
(sCT)-loaded liposome coated with pectin to be used for colon-targeted drug delivery. An
in vitro study demonstrated that the encapsulated sCT was released in a sustained and
colon-targeted way. In addition, the core–shell nanofibrous textiles were more efficient
than the uniaxial one in eliminating the burst release of encapsulated drugs. Yang et al. [77]
reported the electrospinning of guar gum solutions loaded with tannic acid (a natural phe-
nolic compound derived from fruits and plants known as an antioxidant), anticarcinogenic,
and antimicrobial agents to fabricate nanofibrous textiles as drug delivery scaffolds.

2.2. Tissue Engineering

Tissue engineering is a regenerative technique that implies the in vitro reconstruction
of tissues and the transplantation of the constructs to the sites where tissues need to be
regenerated in vivo. For this technique, the development of artificial cellular scaffolds that
mimic ECM is of great interest. The electrospinning technique is able to produce nanoscale
fiber mats with high porosity, low density, and proper mechanical strength similar to native
tissue ECM. Furthermore, electrospinning allows effective incorporation of biologically
active substances, both entrapped or covalently bound with the fiber, which significantly
increases the tissue healing potential of nanofibrous textiles [9]. Many electrospun polysac-
charidic textiles have a similar structure to the natural components of ECM and are being
used for tissue engineering because they are nontoxic, biocompatible, and biodegradable.
Chemical modifications of polysaccharides with biologically active groups, as well as other
functional groups, could improve the properties of the spinning solutions, e.g., solubility
and viscoelasticity, and the mechanical properties of their electrospun textiles. Figure 5
illustrates the tissue engineering on electrospun nonwoven textiles made of nonaligned
and aligned polysaccharidic nanofibers.

Stem cells are frequently used to determine cell compatibility. These cells are able to
differentiate to various cell types and, thus, the applicability of the textiles for large-scale
tissue engineering scaffolds could be assessed with them. The cytocompatibility of chitosan-
and chitin-based textiles using stem cells have been demonstrated. Shalumon et al. [78]
reported that human mesenchymal stem cells were able to attach and spread in scaffolds
made of carboxymethyl chitin/PVA composite electrospun nanofibers that were cross-
linked under glutaraldehyde vapors by heating. In addition, the scaffolds were able to
form hydroxyapatite deposits during an in vitro mineralization process. Kang et al. [79]
produced electrospun chitosan microfiber mats that can support the attachment and vi-
ability of rat muscle-derived stem cells as a biocompatible scaffold in vivo, although the
macrophage accumulation was decreased when the cell-embedded textile was subcuta-
neously implanted due to immunosuppression of the transplanted cells. Nesti et al. [80]
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developed a novel biphasic construct that consisted of an electrospun poly(L-lactic acid)
biodegradable nanofibrous scaffold enveloping a hyaluronic acid hydrogel to mimic the
microarchitecture of a native intervertebral disc. Multipotent adult human mesenchymal
stem cells were then loaded onto the nanofibrous scaffold by injection into the center
of the nanofibers. The seeded cells were induced to undergo chondrogenesis in vitro in
the presence of transforming growth factor-β for up to 28 days. During that period, the
microarchitecture of a native intervertebral disc was maintained.

Figure 5. Schematic illustrations of tissue engineering on (a) an electrospun nonaligned nanofibrous
scaffold and (b) an aligned electrospun nanofibrous scaffold. In general, cells grow with a rounded
morphology on nonaligned fibers, while they grow with a spindle-shaped morphology on aligned
fibers [81].

Regeneration of the bone tissue requires higher mechanical properties of the scaffolds,
as well as mineral inclusions (Figure 6). Chakraborty et al. [82] proposed regenerated
cellulose acetate electrospun membranes for adhesion and proliferation of osteoblast cells
in vitro. Chahal et al. [83] demonstrated favorable attachment, spreading, and proliferation
of human osteosarcoma cells on the hydroxyethyl cellulose/PVA nanofibrous scaffolds.
Furthermore, the hydroxyethyl cellulose moiety was functionalized with a deposited min-
eral phase, i.e., a mixture of calcium phosphate hydrate and apatite similar to natural
bone calcium phosphate. The tensile strength and elastic modulus of the coated scaffolds
were comparable to those of femoral bones [84]. Pant et al. [85] were able to increase the
osteoblast compatibility and bone formation ability of nylon-6 electrospun scaffolds via
the deposition of a chitin butyrate layer on the surface of the nanofibers. Jeong et al. [86]
produced electrospun polyelectrolyte complex scaffolds consisting of chitosan and sodium
alginate, which were insoluble in water due to electrostatic interactions, allowing the re-
moval of the PEO component that was co-electrospun with the polysaccharides by washing
the textiles with water. These scaffolds exhibit increased mouse calvarial preosteoblast
adhesion and proliferation compared to those made of alginate alone due to the presence of
chitosan, which promotes the adsorption of serum proteins, while alginate is naturally non-
adhesive to cells. Petrova et al. [87,88] showed that the addition of the second electrospun
layer of polyanion (hyaluronic acid or sodium alginate) on the freshly electrospun chitosan
nanofibers induced the polyelectrolyte interaction that resulted in insoluble matrices with
enhanced mechanical properties and good cytocompatibility with mesenchymal stem cells.
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Figure 6. Surface of an electrospun cellulose scaffold mineralized in phosphate buffer saline for
1 week. Inset images reveal the higher magnification of the flake-like, high-surface-area, Ca–P miner-
als. Adapted with permission form ref. [89]. Copyright 2012 Elsevier.

Polysaccharide electrospun scaffolds have been intensively used to determine in vivo
effects on calvaria bone defect models. Zhang et al. [90] prepared aligned cellulose/cellulose
nanocrystals nanocomposite scaffolds loaded with bone morphogenic protein BMP-2 with
good biological compatibility via electrospinning. The bone human mesenchymal stem
cells grew following the underlying aligned nanofibrous scaffolds in vitro accompanied
with increased alkaline phosphatase activity and calcium content. The same scaffolds
induced aligned collagen assembly and cortical bone formation in an in vivo rabbit calvaria
bone defect model. Zhao et al. [91] used carboxymethyl chitosan, a water-soluble derivative
of chitosan with better biodegradability and bioactivity, to chelate the Ca2+ cation and
induce the deposition of hydroxyapatite. The composite electrospun nanofibers composed
of carboxymethyl chitosan and PEO were able to promote the osteogenic differentiation
of mouse bone marrow stromal cells in vitro, as well as to increase the alkaline phos-
phatase activity. The scaffolds containing hydroxyapatite increased the gene expression
level compared to pure carboxymethyl chitosan. Thus, the level of osteogenic-specific
genes increased by 24 times in 14 days and by 1.5 times in 21 days, showing the role of
mineralization at the early stages of bone tissue recovery. Furthermore, in vivo application
of the composite fibers allowed the covering of the whole rat calvarial bone defect by new
bone in 12 weeks.

Electrospun textiles based on chitin and hyaluronic acid are promising scaffolds for car-
tilage repair thanks to their similarity to natural cartilage polysaccharides. Chen et al. [92]
encapsulated chitin-derived glucosamine sulfate into the core of PCL nanofibers via coaxial
electrospinning, and they demonstrated the proliferation and growth of rat articular chon-
drocytes by cell incubation experiments on the nanofibrous textiles. Khatami et al. [93]
functionalized hyaluronic acid via acetylation to make it electrospinnable with PCL in
highly polar dimethyl sulfoxide that is suitable for electrospinning. Human mesenchymal
stem cells culture experiments on the constructed nanofibrous scaffolds demonstrated an in-
crease in cartilage-specific markers of chondrogenic differentiation. Acetylated hyaluronic
acid acted synergically with the differentiation medium on enhancing the expression of
glycosaminoglycans, as well as cellular attachment. Nonwovens based on hyaluronic acid
were successfully applied to prevent peritendinous surgery adhesions. Chen et al. [94]
embedded silver nanoparticles in coaxially electrospun hyaluronic acid core/PCL sheath
nanofibers. In vitro cell culture experiments on the electrospun textiles revealed that
hyaluronic acid provides effective lubrication, and the microporous structure of nanofibers
effectively block the penetration of adhesion-forming fibroblasts. The release of silver
nanoparticles from nanofibers provided a short-term anti-bacterial effect during first 4 days,
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while the release of hyaluronic acid lasted up to 21 days. In vivo studies with a rabbit
flexor tendon model further confirmed the efficacy of the composite nanofibrous scaffolds
in reducing peritendinous adhesion.

For nerve regeneration using electrospun textiles, conductive molecules were co-
electrospun with polysaccharides or coated on polysaccharidic scaffolds to improve their
conductivity for better performances. Zha et al. [95] covered electrospun cellulose with
poly N-vinylpyrrole and poly(3-hexylthiophene) through an efficient in situ polymeriza-
tion, and they found increased thickness, porosity, conductivity, and hydrophilicity of
the covered scaffolds. In vitro, undifferentiated PC12 cells showed favorable activity and
adhesion to the scaffolds. Electrical stimulation experiments indicated that the fibers
covered with poly(3-hexylthiophene) were more effective in the promotion of cell pro-
liferation. Thunberg et al. [96] prepared cellulose nanofibers via the electrospinning of
cellulose acetate followed by deacetylation, and they modified their surface via in situ
pyrrole polymerization. Polypyrrole was shown to adhere to the cellulose surface as small
particles and to greatly increase the scaffold conductivity. In vitro culturing of human
neuroblastoma cells indicated the nontoxicity of the composite scaffold and the good
cell adhesion on it. The cells adhered to the polypyrrole-coated cellulose altered their
morphology to a more neuron-like phenotype. Sadeghi et al. [97] reported that electro-
spun PCL/chitosan/polypyrrole composite scaffolds were significantly more effective in
PC12 cell attachment, spreading, proliferation, and neurite extension compared to a pure
PCL scaffold.

For vascular tissue engineering, a nanofibrous textile with tubular shape was prepared
by electrospinning using rotating cylinder electrodes with small diameters. Joy et al. [98]
prepared the tubular scaffold via electrospinning of the in situ cross-linked hydrogel of
gelatin and partially oxidized carboxymethyl cellulose. The tubular scaffolds did not
induce a pathological reaction in rats after subcutaneous implantation. Zhang et al. [99]
electrospun silk fibroin blended with hyaluronic acid in water at different volume ratios
to fabricate nonwoven textiles consisting of ribbon-shaped nanofibers. The structure of
the silk fibroin in the textiles was converted from random coils to β-sheets by a treatment
with 75% ethanol vapor, which made the textiles water-insoluble. Cell viability studies
demonstrated that the nanofibrous scaffolds significantly promote proliferation of pig iliac
endothelial cells.

2.3. Wound Healing

Wound healing is a complicated multistage process that implies cell migration and
proliferation for the remodeling of tissues (Figure 7). Wound dressings providing proper
pH, humidity, oxygen pressure, and protection against microbial invasion can speed up
the wound healing process. Timely and effective wound treatment, including different
chronic wounds, is of great significance in modern medicine. Polysaccharides in the
form of hydrogel-based wound dressings are considered to be one of the most effec-
tive methods for wound treatment due to their desirable biocompatibility and physical
characteristics [100,101]. Besides, polysaccharide-based electrospun matrices have many
advantages in wound healing applications as they are easy to use, could be easily removed
from the wound due to limited adhesion, and their porous networks may absorb up to thou-
sands of times their dry weight. All these features can create beneficial microenvironments
for wound healing.
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Figure 7. Illustration of the stages of wound healing: (a) exudative stage with the formation of a blood clot, (b) inflam-
matory stage, marked with edema, pain, and inflammation, (c) proliferation stage with granulation tissue formation,
and (d) regenerative stage, characterized by scar tissue formation. Reprinted with permission from ref. [102]. Copyright
2018 Elsevier.

A lot of scaffolds proposed for skin repair have been assessed in vitro using fibroblasts
and keratinocytes. Nosar et al. [103] reported that cellulose acetate scaffolds fabricated
by wet electrospinning provide nontoxic environments for mouse fibroblast cell cultures
and enhance the attachment and proliferation of the cells. As the hydrophobic nature
of cellulose acetate is not favorable for cell proliferation, the control of hydrophobicity
was expected to be the key to promote tissue regeneration and biodegradation of the
nanofibers [104]. Tan et al. [105] succeeded in decreasing the hydrophobicity of cellulose
acetate butyrate-based nanofibers by introducing PEG via co-electrospinning. The PEG
moiety significantly reduced the water contact angle of the nanofibrous textiles due to
the presence of polar hydroxyl groups [106]. The swelling ability of the textiles increased
by two-fold accompanied with the more rapid biodegradation and better cell attachment.
The textiles were nontoxic for normal human dermal fibroblasts. Atila et al. [107] used
pullulan to prepare 3D-electrospun cellulose acetate-based textiles with adjustable thick-
ness. Pullulan was removed by washing the textiles in phosphate-buffered saline (PBS)
to increase the porosity, biostability, and mechanical strength of the scaffolds. In vitro cell
culture tests showed that the mouse fibroblastic cell line effectively adhered, proliferated,
and populated in the textiles made from a cellulose acetate/pullulan (50/50) mixture.
Cellulose-based dressings have demonstrated significant healing effects in vivo, including
the healing of diabetic ulcers. Samadian et al. [108] incorporated hydroxyapatite in cellu-
lose acetate/gelatin electrospun textiles to improve their performance as wound dressings.
The hydroxyapatite content directly influenced the porosity, hydrophilicity, water sorption,
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and vapor transmission rate of the textiles. In vivo, the textiles had higher rat full-thickness
excision wound closures than the control sterile gauze did. The highest wound closure
value of 93.5% was achieved with a medium hydroxyapatite content. The dressing with the
textiles provided effective collagen synthesis, tissue re-epithelialization, and neovascular-
ization, as well as good cosmetic appearance. Furthermore, the incorporation of berberine,
a natural alkaloid found in various plants known for anti-diabetic, antimicrobial, and
anti-inflammatory activities, into the textiles improved the biological activities as a diabetic
foot ulcer wound dressing [109]. Another cellulose-based dressing exhibited antibacte-
rial activity and provided a proper wound healing in animal studies. Madub et al. [110]
extracted cellulose together with ulvan from green seaweeds and electrospun them with
PLA and polydioxanone into nanofibrous textiles. These cellulose-based scaffolds showed
accelerated fibroblast growth in vitro and demonstrated the absence of a foreign body
response and enhanced angiogenesis in a rat wound model.

Chitosan in composition with other polymers can provide intense healing effects.
Pezeshki-Modaress et al. [111] reported that chitosan/gelatin electrospun scaffolds in-
crease attachment and proliferation of human dermal fibroblast cells displaying specific
spindle-like shapes and stretching. The fibrous morphologies of the scaffolds in the culture
medium were maintained for 7 days. The authors showed the positive effect of chitosan
content (up to 30%) on cell proliferation, as well as the beneficial effect of the nanofibrous
structure on the biocompatibility by comparing the performance of a cast film made from
the same composition of chitosan/gelatin. Similarly, chitosan in composition with PCL
also improved the cell affinity and biocompatibility [112]. Prasad et al. [113] fabricated
chitosan/PCL electrospun scaffolds, which revealed enhanced cell adhesion, spreading,
and proliferation of mouse fibroblast and human keratinocytes cell lines compared to
the scaffolds made of PCL without chitosan. Gomes et al. [114] compared PCL-, gelatin-,
and chitosan-based electrospun scaffolds in terms of cell–scaffold interaction and wound
healing promotion. In vitro cell viability tests showed that cells were able to penetrate
deeply only into the PCL- and chitosan-based scaffolds, while fibroblasts adhered and pro-
liferated well in all scaffolds. In vivo wound healing tests showed that the chitosan-based
scaffold had the highest impact on the healing process in a rat wound model with total skin
removal by decreasing wound contraction, increasing re-epithelialization, and enhancing
neodermis production.

Other polysaccharides and their derivatives such as chitin, hyaluronic acid, and al-
ginate were electrospun, and their nonwoven textiles were also investigated for wound
healing applications. Noh et al. [115] evaluated the effect of chitin fiber diameter on bio-
logical performance using electrospun nanofibers with a mean diameter of 163 nm and
commercially available microfibers with a mean diameter of 8.77 µm. The in vitro degrada-
tion rate of chitin nanofibers was faster than that of commercial microfibers likely due to
their higher surface area. Subcutaneous implantation in rats revealed the almost complete
degradation of nanofibers within 28 days with no inflammation in the surrounding tissues.
Normal human keratinocytes and fibroblasts spread more intensively on the nanofibers
compared to the microfibers. Min et al. [116] coated commercial chitin microfibers with
a cell attachment peptide (a laminin-5-derived peptide: Ln5-P4) to increase their effi-
ciency in vivo. The peptide implementation significantly promoted early-stage wound
healing in both rat and rabbit full-thickness cutaneous wound models by improving re-
epithelialization, cell infiltration, and proliferation. The same group [117] also reported that
chitin nanoparticles embedded within a PLGA nanofiber matrix (80/20, w/w) increased the
adhesion and spreading of normal human keratinocytes. Ji et al. [118] chemically modified
hyaluronic acid with thiol groups in order to cross-link its electrospun nanofiber network
using a bifunctional cross-linker, poly(ethylene glycol) diacrylate. After cross-linking, PEO
used to facilitate electrospinning as a viscosity modifier could be selectively washed out
with water from the nanofibrous scaffold. A cell morphology study showed that NIH 3T3
fibroblasts effectively attached and spread on the scaffold, demonstrating an extended 3D
dendritic morphology [119]. Jeong et al. [120] greatly enhanced the ability of electrospun
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alginate scaffolds to support the attachment, spreading, and proliferation of human der-
mal fibroblast via modification of the scaffolds with a cell-adhesive peptide (GRGDSP).
Ma et al. [121] prepared core–shell structured nanofibers of sodium alginate/PEO cross-
linked with CaCl2. The fibers were nontoxic to the fibroblasts and tended to promote cells
attachment and proliferation.

Anti-infection properties of dressings play an important role in wound healing applica-
tions. Antimicrobial properties could be improved using chitosan-quaternized derivatives
that exhibited good performances against a wide range of bacteria [122]. Introducing
different antibiotics and antimicrobials such as zinc oxide (ZnO) and silver nanoparti-
cles (AgNPs) has been shown to effectively increase the antibacterial effectiveness of
electrospun textiles. An et al. [123] effectively distributed ultrafine (<5 nm) AgNPs in
chitosan/PEO nanofibers via electrospinning. The AgNPs-embedded nanofibers had a
significantly enhanced antibacterial activity against Escherichia coli compared to fibers
without AgNPs. Hadisi et al. [124] proposed a novel wound dressing made of core–shell
nanofibers composed of ZnO-dispersed silk fibroin as the core and hyaluronic acid as the
shell for treatments of burn injuries. The loading of ZnO in the core of the nanofibers en-
abled its sustained release and improved the antibacterial property of the dressing against
Escherichia coli and Staphylococcus aureus in a dose-dependent manner. In vivo studies
in a rat second-degree burn model indicated that the wound dressing loaded with ZnO
(3 wt%) substantially improves the wound healing procedure and significantly reduces the
inflammatory response at the wound site, while concentrations of ZnO more than 3 wt%
were shown to be toxic to the cells in vitro. Dodero et al. [125] reported that ZnO nanopar-
ticles incorporated in alginate-based electrospun textiles provide strong anti-bacteriostatic
and anti-bacterial properties without showing toxicity to fibroblasts and keratinocytes.
Song et al. [126] prepared chitosan/PEO nanofibrous textiles by electrospinning for dual
releases of chlorhexidine and Ag ions. The membrane exhibited a fast release of chlorhexi-
dine in 2 days and a sustained release of Ag ions for up to 28 days, effectively inactivating
Staphylococcus aureus.

Antibiotics-loaded nanofibers can be applied not only for skin healing but also for
post-operation implants such as the prevention of abdominal adhesion and prophylaxis
of infections in orthopedic surgery [127]. Alavarse et al. [128] prepared PVA/chitosan-
based wound dressings containing tetracycline hydrochloride via electrospinning. The
drug-loaded dressings showed good cytocompatibility and effective antibacterial activ-
ity in vitro by a burst drug release within 2 h in PBS. Ahire et al. [129] reported that
kanamycin-loaded hyaluronic acid/PEO-based electrospun textiles inhibited the growth of
Listeria monocytogenes by 62% compared to textiles without the antibiotic. Amiri et al. [130]
reported that teicoplanin-loaded chitosan/PEO-based electrospun textiles showed sus-
tained releases of the antibiotic in vitro up to 12 days, and their antibacterial activities
were 1.5 to 2 times higher than that of free teicoplanin. The textiles showed no cytotoxi-
city to human fibroblasts and demonstrated better wound closure in a rat full thickness
wound model. Khan et al. [131] reported that tinidazole-loaded chitosan/PCL-based
electrospun textiles showed sustained release of the antibiotic in vitro up to 18 days, in-
hibiting bacterial growth without any toxic effect on mouse fibroblasts. Yang et al. [132]
incorporated ciprofloxacin into chitosan/graphene oxide/PVA composite nanofibrous
textiles via electrospinning. The textiles showed significant antibacterial activities while
exhibiting excellent cytocompatibilities with melanoma cells. Part of the ciprofloxacin in
the textiles was absorbed into the graphene oxide moiety, avoiding burst releases of the
antibiotics. Fazli et al. [133] reported that electrospun chitosan/PEO-based nanofibrous
textiles containing cefazolin and fumed silica demonstrated strong bactericidal activities,
while the presence of silica slowed down burst releases of cefazolin. Dressings made of
the textiles almost entirely healed wounded skins of female rats in vivo within 10 days.
Chuysinuan et al. [134] developed core–shell nanofibers composed of tetracycline, alginate,
and a soy protein isolate as the core and PCL as the shell by means of coaxial electrospin-
ning. In vitro, the core–shell nanofibrous textile exhibited dual release profiles with an



Textiles 2021, 1 164

initial burst release of 50% of the total loaded antibiotics within 6 h and a sustained release
up to 80% in 2 weeks. The textile provided high viability with human dermal fibroblasts
and demonstrated good antibacterial properties.

3. Conclusions

Despite the technical difficulties and challenges in the electrospinning of polysac-
charides and their derivatives, the number of publications concerning this innovative
research topic has been constantly growing. Electrospun polysaccharidic textiles have been
spotlighted as a promising scaffold for various biomedical clinical applications thanks
to the superior structural properties of nanofibrous textiles and the natural properties of
polysaccharides. The electrospinning technique has made it possible to produce multi-
functional composite textiles, including those embedding bioactive substances to improve
their biocompatibility/-degradability/-availability and minerals for their structural rein-
forcements. Electrospun polysaccharidic textiles have been shown to be effective molec-
ular delivery agents with controllable release properties. Fine structures of electrospun
nanofibers and their nonwoven textiles allow tuning release rates and profiles by altering
the fiber diameter, architecture, porosity, etc. It has been demonstrated that electrospun
textiles based on polysaccharides can stimulate new tissue growth, re-epithelization, revas-
cularization, as well as cell differentiation, making them highly efficient in wound healing
and tissue engineering applications. At the same time, many questions remain open. The
main concern is the effect of the chemical composition and 3D structure of polysaccharidic
textiles on cell growth. As polysaccharides are bioactive and have been shown to support
good cell attachment and proliferation, it is our opinion that further scaffold development
is central to a better understanding of cell–scaffold interactions and the structural features
determining cell infiltration and migration. Further in vivo experiments will shed light on
the mechanism of cell–scaffold interactions, which enable proper clinical applications of
electrospun polysaccharidic textiles.
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