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This review summarizes and broadly classifies all of the major sustainable natural carbohydrate bio-
macromolecularmanifestations in nature – from botanical (cellulose, starch, and pectin), seaweed (alginate, car-
rageenan, and agar), microbial (bacterial cellulose, dextran, and pullulan), and animal (hyaluronan, heparin, chi-
tin, and chitosan) sources – that have been contrived into electrospun fibers. Furthermore, a relative study of
these biomaterials for the fabrication of nanofibers by electrospinning and their characteristics viz. solution be-
havior, blending nature, as well as rheological and fiber attributes are discussed. The potential multidimensional
applications of nanofibers (filtration, antimicrobial, biosensor, gas sensor, energy storage, catalytic, and tissue en-
gineering) originating from these polysaccharides and theirmajor impacts on the properties, functionalities, and
uses of these electrospun fibers are compared and critically examined.
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1. Introduction

Polysaccharides are abundant in the environment and have a wide
range of functionalities and structural characteristics, originating from
plants, animals and microorganisms (Fig. 1). The potential applications
of these bio-macromolecules in variousfields such as food,medical, phar-
maceutical, energyharvesting, cosmetics, packaging, surface coatings, ad-
hesives, dyes and pigments, paper making, construction, antimicrobial,
water treatment, etc. have been well documented [1–9]. Furthermore,
natural polymers are used extensively due to their outstanding function-
alities, which include thickening, gelling, emulsifying, foaming, creaming,
dispersive, and adhesive abilities, and they are also used in the develop-
ment of films and coatings. A comprehensive list of the various natural
carbohydrate polymers acquired from botanical, seaweed, animal, and
bacterial sources are presented in this review.

Commercial natural polymers such as polysaccharides and proteins
are widely used biological macromolecules that are present in food,
medical, and other industries. Natural polysaccharides are used in the
food and non-food fields as viscosity enhancers, gel formers, emulsion
stabilizers, dispersion producers, and film generators [10–13]. These
natural polymers command a market in the food industry [14,15]
where starch and its derivatives account for ~70% of usage compared
to gelatin, pectin, and carrageenan, whereas polysaccharides such as al-
ginates, celluloses, and others are limited to less than 4%. Hyaluronan,
another polysaccharide extracted from both animal and bacterial
sources, is used in tissue engineering, ophthalmic surgery, and in the
treatment of arthritic joints due to its remarkable viscoelastic properties
and biocompatibility [16].

Electrospinning is one of the simplest, most economical, and flexible
ways of fabricating polymers at a micro or nano scale [17,18]. Polysac-
charides display variable intrinsic characteristics such as molecular
weight distribution, degree of deacetylation, purity, charged functional
groups, and crystallinity, all of which depend on their source of extrac-
tion [19,20]. There are many unique factors to electrospinning systems
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and their corresponding process parameters. Themost significant poly-
mer properties (viz. molecular weight distribution, glass-transition
temperature and solubility) and solution characteristics (viz. viscosity,
viscoelastic behavior, concentration, surface tension and electrical con-
ductivity) – together with other inherent attributes (viz. substrate be-
havior, solution feed rate, field strength, geometry of electrode, vapor
pressure of the solvent and relative humidity) – all serve to control
and stabilize the electrospinning process [18,21].

Many natural materials comprising proteinaceous or saccharide
building blocks have been electrospun into nanofibers and have found
application in many areas. These include the food [10,22], environment
[23], energy [24], biosensor [25], and biomedical (tissue engineering,
drug delivery and pharmaceutical) sectors [26]. Several researchers
have extensively worked on the green electrospinning of biopolymers
and polysaccharides. This article focusses on the characterization of
electrospinning and the ensuing application of commercial natural car-
bohydrate polymers extracted or obtained from botanical, seaweed, ani-
mal and bacterial sources. Furthermore, electrospunfibers of commercial
natural polymers and their properties and applications in diverse fields
such as agriculture, biomedical materials, energy storage, biosensor,
water treatment, removal of pollutants, and analytical sciences are com-
prehensively described in detail.

2. Electrospinning parameters

The electrospinning of nanofibers based on natural polymers de-
pends on solution, processing, and environmental factors. They bestow
changes in themorphology (size and shape) of the resulting fibers, such
as straight and aligned, bead-free, non-uniform, beads-in-string, spin-
dle, ribbon, rod, porous, wrinkled, grooved, rough, cactus, hollow, and
core-shell shaped nanofibers [27–30].

Bio-macromolecules possess a high molecular weight and compli-
cated structures, including their molecular configurations in main
chain and side chains. The electrospun fibers and their properties,



Fig. 1. Sources of bio-macromolecules originating from plants, animals and microorganisms.
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characteristics and applications depend on the electrospinning parame-
ters. Table S1 (Supplementary information) summarizes how different
electrospinning parameters may influence the morphology, size and
other characteristics of nanofibers based on bio-macromolecules.

3. Effect of solvent, structure-properties, and the mechanical attri-
butes of bio-macromolecule electrospun fibers

Electrospinning parameters highly influence the outcome of the
final nanofiber membranes providing outstanding properties and func-
tionalities such as high porosity, high thermal stability and water per-
meability, interrelated pore structure, and a well-ordered composition
[31]. The selection of the proper solvent systems for the polymers is
the key challenge in electrospinning. The type and molecular weight
of the solvent, low temperature and deficient solvent volatility may
lead towet fusion during the deposition of the fibers thus promoting in-
homogeneousfiber formation [32]. Pristine cellulose acetate (CA) nano-
fibers have certain drawbacks such as reduced mechanical attributes
and structural defects. To overcome these limitations, additives (nano-
scale fibers or nanoparticles, NPs) can be added to the CA nanofibers
to enhance the structural and mechanical properties of the composite
nanofibers [33]. Other important factors such as the viscoelastic proper-
ties, electric conductivity, and specific surface energy of the polymeric
materials determine the electrospinnability and the nano-structural for-
mation [34]. To develop enhanced structural, physical, chemical, and
mechanical properties of the electrospun fibers, natural and synthetic
polymers can be blended to create fibers with highly desirable proper-
ties such as improved biodegradation, biological response, flexibility
and toughness for their subsequent applications in tissue engineering
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and other specific fields. For example, poly(lactic-co-glycolic acid)
(PLGA), poly(ethylene oxide)(PEO) and polycaprolactam (PCL) have
been mixed with carbohydrate polymers such as starch, alginate,
hyaluronic acid, chitosan, dextran, and gelatin to fabricate highly spe-
cialized nanostructured and mechanically robust electrospun fibers
[35].

Electrospun composite fibers of CA and polyacrylonitrile (PAN) with
varying compositions have been fabricated via a multi-electrospinning
method [36]; an increase in CA content in the composite fibers, the dim-
eters of the fibers could be increased from 303 ± 43 to 502 ± 119 nm.
Electrospinning solvents such as N,N-dimethylacetamide (DMAc) (Boil-
ing point = 166 °C) and dimethylformamide (DMF) (Boiling point =
152.8 °C) can also affect the fiber morphology due to differences in
their volatility. Furthermore, low volatility and high temperature are
preferred in the electrospinning process to enhance the evaporation
rate of the solvent. In one study, the ensuing nanofibers exhibited high
water contact angle (131°), bulk density (0.252 g/cm3), surface rough-
ness, and mechanical attributes (elastic modulus (σmax) = 5.0 MPa;
elongation at break (εb) = 29.2%; and Young's moduli (E) = 1.3 MPa)
after increasing the amount of CA (75% content) in the composite fiber
[37,38]. Further, the thermal properties of the composite electrospun fi-
bers are depended on the spinning parameters, especially the higher
content of CA in the spinning solution has contributed to the inherent
higher thermal stability of the PAN nanofibers.

Several solvents such as acetone, DMAc, DMF, trifluoroethylene
(TFE), chloroform, methanol, water or their mixtures in various ratios
have been successfully used for electrospinning CA. However, the low
boiling point of acetone makes it difficult to use for longer duration of
electrospinning on industrial-scale CA nanofibers. In this context,

Image of Fig. 1


K.P. Akshay Kumar, E.N. Zare, R. Torres-Mendieta et al. International Journal of Biological Macromolecules 171 (2021) 130–149
Naragund et al. [39], developed a solvent system comprising methyl
ethyl ketone (MEK) and DMAc in two different ratios (2:1 and 1:1 v/v,
respectively) for the electrospinning of CA [39]. This study highlighted
the fact that the morphology (cylindrical) of the produced CA fibers
depended on the polymer concentration and solvent ratios. Further-
more, considering the reduced evaporation rate of MEK, MEK/DMAc
has been found to be a better solvent than acetone/DMAc for the
industrial-scale production of CA nanofibers.

To develop biodegradable composites, cellulose nanofibers have
been fabricated as a reinforcing agent via coaxial electrospinning. Cellu-
lose nanofibers with a diameter of 560 nmhave been incorporated with
poly (butylene succinate) (PBS) tomake a bio-composite,which showed
that the storagemodulus of the compositeswas 67%higher than that of a
neat PBS matrix. Similarly, a polylactic acid (PLA) composite reinforced
by cellulose was found to have enhanced mechanical attributes (higher
storage modulus) compared to the bare PLA [40]. These results show
that coaxial electrospinning may provide highly mechanically robust
electrospun reinforced fibers based on carbohydrate polymers.

The effect of solvent composition, concentration and rheological prop-
ertieswith respect to the electrospinnability of pullulan (Pu) polymers has
been investigated [41]. The effect of the rheological behavior of Pu (con-
centrations= 0.1–20%w/v) in aqueous dimethyl sulfoxide (DMSO) solu-
tions with varying concentrations (0%, 20%, 40%, 60%, 80%, and 100% v/v)
was studied. Pu concentrations lower than 10% (w/v) were observed to
display Newtonian behavior, whereas concentrations above 10% showed
shear thinning attributes. By applying the power law model (η = Kγn

−1) to the data observed, the power law indices (n) were 0.83 and 0.82
for 20% (w/v) pullulan in 60% and 40% DMSO, respectively. This effect
was corroborated with starch dispersions in an aqueous/DMSO medium,
where the flow rate was reported to display Newtonian behavior [42].

The entanglement concertation of Pu in DMSO/aqueous solution
ranged from 3.99% to 4.41% (w/v) in DMSO concentrations of 20% and
higher. However, the Pu had a much higher entanglement concentra-
tion (5.33% w/v) in the aqueous solution compared to DMSO/aqueous
dispersions. This shows that the DMSO had no effect on the molecular
interactions of Pu in the solvent and the rheological behavior with
respect to the molecular entanglement and shear viscosity was influ-
enced by the electrospinnability of Pu, as reported for starch polymer
electrospinning [42]. The pullulan concentration was 1.88 to 2.25
times the entanglement concentration depending on the DMSO
Fig. 2. Botanical sourced bio-macro
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concentration and shear viscosity (0.06–2.2 Pa s) for the production of
uniform electrospun nanofibers. The uniform fiber diameter and pore
size of the Pu electrospun fibers were produced with DMSO concentra-
tions ranging from 0% to 20% and the results were comparable with
electrospun Pu fibers produced via green electrospinning [43].

Chitosan (Ch)-Pu nanofibers using different cross-linking methods
(thermal cross-linking by a Maillard reaction and cinnamaldehyde
cross-linking by a Schiff base) have been described and theirmechanical
properties (elastic modulus, tensile strength, and elongation at break)
compared [44]. With an enhanced concentration of Ch in the blend
nanofibers, both the elastic modulus and the tensile strength increased
from 344.3 ± 66.4 to 1150.9 ± 355.3 MPa and 11.36 ± 0.70 MPa to
22.5 ± 2.6 MPa. However, the elongation at the break decreased from
4.5± 0.8% to 2.8±0.8%. This effectmay be explained by the intermolec-
ular entanglement and interaction between the polymeric chains (Ch
and Pu) governed by covalent bonding [45]. Overall, the mobility of the
polymer chains was reduced, but the rigidity increased [46]. The solvent
effects, as well as electrospinning parameters (system, process, and am-
bient conditions and their structural-functional relationships), mechan-
ical, thermal and applications of various biomaromolecules electrospun
fibers are summarized in Table S2 (Supplementary Information).

4. Bio-macromolecules from botanical sources

Plant-based homopolysaccharide glucans such as cellulose
(cotton, wood and unmodified), starch (amylose (potato), and am-
ylopectin (potato andwaxymaize)) and heteropolysaccharides (pectin,
arabinogalactan, arabinoxylan, galactomannan, and glucomannan) are
included in this section, which highlights their structural and functional
attributes in relation to their electrospinning characteristics (Fig. 2).

4.1. Cellulose

4.1.1. Structure and properties
Cellulose is a renewable product with excellent characteristics such

as high physical strength and biocompatibility, including impeccable
ecological credentials. It also has great potential inmedical, pharmaceu-
tical, environmental and industrial applications. The major structural
linkages occurring in cellulose are β-(1–4) D-glucopyranosyl residues
with the β-sheet symmetry of this molecule harboring intra- and
molecules and their structures.

Image of Fig. 2
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intermolecular hydrogen bonds. Native cellulose is crystalline and insol-
uble in aqueous and common organic solvents. Major cellulosic sources
are wood pulp, dissolved wood pulp, cotton, cotton linter and other
fiber pulps. Its uses are diverse and include the production of paper, cas-
ing, sanitary products, rayon, cellophanederivatives, textilefibers,fillers
and medical fabrics etc. [47].

There have been remarkable applications of cellulose extracted from
both plants and bacteria in the form of cellulose nanofibers and NPs
[48], hydrogels, and aerogels [49], with their novelty being due to
their nano rather than micro dimensions. However, nanofibers of cellu-
lose have a peculiar advantage over other forms, owing to their excel-
lent physical and chemical, and mechanical properties, coupled with
their advanced applications in various domains viz. medical, catalytic,
environmental, biosensory [50] and energy [51].

4.1.2. Electrospinning of cellulose
Many natural polymers depend on a ‘top-down’ approach to pro-

duce their corresponding nanofibers. To attain good solubility and ho-
mogeneity in various solvents, natural polymers are subjected to acid
or alkali treatment in order to cleave the non-crystalline regions in
their structures. Furthermore, factors such as high solution viscosity,
inter/intramolecular hydrogen bonding, gelling behavior, and distinc-
tive rheological properties all impact negatively on the smooth
electrospinning of natural polysaccharides [22,52].

Various strategies employing physical, chemical, biological and
oxidative methods are commonly used for the preparation of cellu-
lose nanofibers. Physical methods (viz. ultracentrifugation, high-
speed homogenization, ultra-sonication, etc.), acid/alkali digestion,
enzymatic degradation, and (2,2,6,6-tetramethylpiperidin-1-yl)
oxyl radical (TEMPO) oxidation are the general routes undertaken
to generate the corresponding cellulose nanofibers [53].

The selection of a proper solvent system for the electrospinning of cel-
lulose acetate is critical. Acetone, chloroform, N,N-dimethylformamide
(DMF), dichloromethane (DCM), formic acid, methanol (MeOH), pyri-
dine, and multiple phase solvents viz. acetone–dimethylacetamide
(DMAc); chloroform–MeOH; DCM–MeOH and acetone/DMF/trifluoro-
ethanol have been utilized for this purpose [54].

Balgis et al. [55] fabricated a dual-sized nanofiber composite via the
electrospinning of TEMPO (2,2,6,6-tetramethylpiperidine-1-oxyl)-
oxidized cellulose nanofibers using PVP (polyvinylpyrrolidone) with
an ethanol-water system, serving as both a copolymer and a solvent. At-
tributes of the precursor (cellulose fibers) such as thixotropic nature
and zeta potential determined the produced electrospun composite fi-
bers of PVP-CNF (cellulose nanofibers). By using, the needle voltage to
control the size of single and dual nanofibers, enhanced air purification
efficiency may be achieved, whereby promoting its performance appli-
cability in aerosol filtration.

Freire et al. [56] introduced ionic liquids for the electrospinning of
cellulose nanofibers either using ionic liquid alone (1-ethyl-3-
methylimidazolium acetate) or in combination with 1-decyl-3-
methylimidazolium chloride, yielding nanofibers with dimensions
of (120 ± 55) nm and (470 ± 110) nm, respectively. Extensive stud-
ies have also been conducted on ionic liquids in conjunction with a
co-solvent (glycerol) to enhance the solubility and electrospinning
characteristics of cellulose [57]. A recent review described the use
of organic electrolyte solutions as effective greener solvent systems
for the dissolution and regeneration of cellulose [58].

The cellulose derivative, namely cellulose acetate has been
electrospun into fibers because of its solubility in many electrospinning
solvents, along with the deacetylation process. The potential applica-
tions of cellulose acetate have been recently summarized [59]. The com-
mon solvents applied for the electrospinning of cellulose acetate include
acetone, acetic acid and their mixture with dimethylacetamide/DMF/
trifluoroethylene (TFE) [54]. Researchers have also used a mixture of
cellulose acetate and water along with organic solvents (acetone) for
electrospinning to avoid clogging and reduce the evaporation rate of
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the organic solvent. Furthermore, the addition of ammonia or formic
acid to maintain pH during electrospinning is vital. Silver incorporated
nanoparticles or mixed blended nanofibers of cellulose acetate have
been produced via electrospinning with good antibacterial properties
[60].

Electrospun fibers of cellulose derivatives have been investigated in
the immobilization of biologically activemolecules or drug and vitamins
– e.g. alkannin [61], amoxicillin [62], curcumin [63], ibuprofen, indo-
methacin, naproxen, [64] shikonin, sulindac [65], vitamin A and vitamin
E [66] – to enhance cell adhesion, proliferation and differentiation prop-
erties in biomedical applications, especially in tissue engineering and
drug delivery. Rodríguez et al. [67] embedded gentamicin sulfate and
halloysite clay into cellulose ether-PVA nanofiber mats to deliver thera-
peutics to the skin tissue; presence of halloysite enhanced the mechan-
ical properties while gentamicin was used to impart antibacterial
activity. The scaffold composite exhibited faster in-vitro and in-vivo
wound healing as depicted in Fig. 3. [68]

Taajamaa et al. [69] produced biocomponentfibers by electrospinning
hydrophobized cellulose derivatives (trimethylsilyl cellulose (TMSC) and
cellulose triacetate (CTA) in chloroform; super-hydrophobic fibers with
diverse morphologies were generated depending on the polymer blend
ratios.Wang et al. [70] fabricated TiO2 immobilized CA electrospun fibers
by electrospinning and used them for the photocatalytic degradation of
methylene blue (methylthioninium chloride) from textile effluents. The
higher photocatalytic activity of the fibers was discerned with high TiO2

content as CA composite ultrafine fibers with 5 wt% TiO2 were as high
as 90% after 4 h of degradation.

Fu et al. [71] devised an effective means of transferring polyaniline
nanorods to electrospun carboxymethyl cellulose (CMC)-modified cel-
lulose nanofiber surfaces, wherein a CMC/cellulose/polyaniline hierar-
chical nanostructure was fabricated by in-situ polymerization of
aniline on the electrospun CMC/cellulose nanofibers. The ensuing
CMC/cellulose/PANI nanofibers maintained the cylinder-shaped fibrous
structures of singular fibers as well as the 3-D morphology of fibrous
mats, providing a great electroactive surface area for simplistic electron
transfer and mass diffusion.

Amino-cellulose-based nanofibers were synthesized by
electrospinning of 6-deoxy-6-trisaminoethyl-amino (TEAE) cellulose
and polyvinyl alcohol (PVA) blended solutions in aqueous media [72].
The study emphasized that TEAE-containing nanofibers caused a robust
fall of S. aureus growth as well as substantial antibacterial effectiveness
against Gram-negative K. pneumoniae bacteria, which can enter the re-
spiratory tract causing pneumonia.

Moreover, cellulose-based nanofibers have been actively utilized in
the field of gas sensors and energy storage systems. Electrospinning
of sodium-doped cellulose nanocrystals together with a tungsten
(W) precursor and further subjected them to calcination to fabricate
tungsten oxide (WO3) nanotubes [65]. Interestingly, the formed
Na2W4O13 on WO3 showed a selective response to hydrogen disulfide
(H2S), exhibiting an outstanding sensor performance. Ultrafine cellu-
lose fiberswith titanium particles were synthesized and used as separa-
tors for lithium-ion batteries [66]. Cellulose-based nanofibers have been
used for a polymer-ion battery [73] where the specific capacity reached
above 200mAh g−1. Active research is still being pursued for exploiting
cellulose-based nanofibers for versatile applications, which may open
various research opportunities in the near future.

4.2. Starch

4.2.1. Structure and properties
Starch is produced in higher plants as a storage material and has

been extensively used for food and non-food applications. Structurally,
starch consists of complex polysaccharides with α-D-glucopyranosyl
(α-D-Glcp) units viz. amylose and amylopectin. Glycosyl residues (α-
(1→ 4) links in amylose and (1→ 4)-linkedα-D-Glcp units, and a signif-
icant proportion of branch points α-(1→ 6) linked in amylopectin) are



Fig. 3. Antibacterial activity (A), in-vitro cell migration (B), and in-vivo wound healing experiments of the control and the scaffold.
Reprintedwith permission from “A.Wali, M. Gorain, S. Inamdar, G. Kundu, M. Badiger, In VivoWoundHealing Performance of Halloysite Clay and Gentamicin-
Incorporated Cellulose Ether-PVA Electrospun NanofiberMats, ACS Applied BioMaterials. 2 (2019) 4324–4334” Ref. [68], Copyright (2019) American Chemical
Society.
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found inwheat,maize, rice, potato, sago, tapioca/cassava, rye, barley and
oats. The ratios of amylase to amylopectin vary in the starches, depend-
ing on their sources. In addition to food applications, starch and its chem-
ical derivatives bearing carboxyl, acetyl and hydroxypropyl functional
groups synthesized via cross-linking, grafting, and esterification have
been widely studied in environmental and biomedical sectors [74]. A
comprehensive review on the chemical derivatives of starch, especially
by etherification and esterification, has been published recently [75].

4.2.2. Electrospinning properties of starch
Electrospinning of starch and its derivatives has been documented in

the literature and among patented technologies [76,77]. An example by
Kong et al. [78] prepared pure electrospun starch fibers where themain
criterion to be satisfied for effective electrospinning is that the polymer
concentration must be double the entanglement concentration.
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In another study, electrospinning solutionswere prepared bydissolv-
ing high amylose content starch (15% w/w) in a 95% aqueous DMSO so-
lution [79]. This method was more effective than electrospinning starch
with inclusion complexes (e.g. palmitic acid) in ethanol or ethanol/water
systems [80]. Kong et al. [81] systematically investigated molecular en-
tanglement, conformation, and shear viscosity, all critical factors for the
electrospinning of starch along with a solvent (DMSO). The research
established that the starch concentration should be in excess of 1.2–2.7
times that of the entanglement concentration.

High-amylose Hylon VII maize starch together with nanographene
oxide (nGO) derived from starch (via carbonization) have been
electrospun, using formic acid as the solvent for electrospinning [82].
Additionally, the integration of nGO into starch resulted in enhanced
electrospinnability, reduced fiber diameter, improved hydrophilicity
and thermal stability. Jeong et al. [83] reported on combining starch-

Image of Fig. 3
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derived carbon nanofibers (CNFs) with carbon nanotube (CNT) for ap-
plication in rechargeable batteries. The fabricated electrode exhibited
an outstanding performance (510 mAh g−1 after 30 cycles), which
may be attributed to its large surface area.

4.3. Pectin

Pectin is a natural hetero-polysaccharide from of terrestrial plant tis-
sue, largely composed of poly (α-1,4-D-galacturonic acid) as a main
chain, with insertions of α-1,2-L-rhamnopyranose units [84]. The
major commercial sources of pectin are citrus peel, apple pomace, and
sugar beet pulp. Pectin is utilized in the food industry as a thickening,
gelling, and stabilizing agent, in addition to its huge potential in bio-
medical applications. The viscosity of pectin can be increased by the ad-
dition of metal salts [85].

4.3.1. Electrospinning of pectin
Pectin with PEO (polyethylene oxide) as a copolymer together with

Triton X-100 as an additive, dispersed in a DMSO/aqueous mixture was
successfully electrospun into fibers [86]. Pectin (5–8 wt%) and PEO
(5 wt%) both in an aqueous solution were prepared separately and
mixed in various weight ratios (pectin/PEO: 60/40, 70/30, 80/20 and
90/10) and subsequently blended with 1 wt% and 5 wt% of Triton X-
100 and DMSO, respectively. The dispersions were then mixed for 3 h
before electrospinning. Except for the 90/10 ratio of pectin/PEO, all of
the other combinations of these two components of the mixtures
yielded nanofibers that were both uniform and smooth. These nanofi-
berswere treatedwithDCM for the elimination of PEO and other surfac-
tants from the electrospun fibers. Electrospinning of charged natural
polysaccharides such as chitosan and alginate etc. on their own proved
to be difficult, emphasizing the need for support from the co-polymers,
additives and suitable solvents. This is due to the fact that such systems
having complexmolecular chain entanglements in solution and possess
diverse rheological properties [87]. In another study [88], pectin nanofi-
bers were cross-linked using Ca2+, glutaraldehyde, and adipic acid
dihydrazide (ADH) to evaluate the physical and chemical, mechanical
and biomedical characteristics of these generated nanofibers (Fig. 4A
and B).

The investigations have revealed that cross-linking ADH enhanced
the mechanical strength of the nanofibers appreciably, while simulta-
neously decreasing the rate of degradation, reducing cytotoxicity, in-
creasing cell adhesion and promoting the proliferation of the pectin
nanofibers.

Cui et al. [89] determined folic acid entrapped on electrospunpectin/
alginate/PEOnanofibers. Furthermore, NMR and FTIR suggested that the
entrapment between the fiber and folic acid was physical in nature. The
same authors investigated the in vitro release of folic acid under differ-
ent pH conditions [90]. The ensuing data confirmed the findings of these
studies, which implied that sodium alginate/pectin electrospun fibers
were prospective carriers of folic acid. Moreover, Rockwell et al. [91]
fashioned electrospun fibers with different degrees of esterification
from pectin extracted from various sources (apple pomace, citrus peel,
and sugar beet pulp) combined with PEO. Various morphologies, fiber
diameters, and tensile characteristics were exhibited by the three
types of nanofibers generated by electrospinning. The result showed
that the degree of esterification and crystallinity of the pectin fractions
influenced the fiber characteristics such as their diameter.

5. Polysaccharides from seaweeds

5.1. Alginate

5.1.1. Structure and properties
Themajor source of alginates is marine brown algae (Phaeophyceae)

although it is also produced by some bacteria. Structurally, alginates
comprise α-L-guluronic and 1,4 linked-β-D-mannuronic acid residues
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and these marine polysaccharides possess high viscosities at low con-
centrations (Fig. 5) [92]. Alginates display very interesting properties,
which include water holding capability, stabilizing, and sol gelling abil-
ities, all of which account for their numerous applications in food, med-
icine, and biotechnology fields [93].

5.1.2. Electrospinning of alginate
Due to repulsive forces between the polyanionic chains in alginate,

flexible and uncharged copolymers such as PVA or PEO are added to de-
crease these forces via hydrogen bonds. This facilitates the chain entan-
glement, enabling the alginate to be successively electrospun into fibers
[6]. Electrospinning of alginates has been conducted in combination
with aqueous samples of PVA, PEO, glycerol, acetic acid, citric acid, eth-
anol and chitosan. Fu et al. [94] fabricated an antibacterial wound dress-
ing membrane consisting of PVA, sodium alginate and moxifloxacin
hydrochloride via electrospinning.

Nie et al. [87] illustrated a method for electrospinning sodium
alginate in aqueous solution with glycerol as a partner solvent. The ad-
dition of glycerol to the sodium alginate solution greatly influenced the
electrospinning parameters. Furthermore, the polymeric chain entan-
glement of alginate in the presence of glycerol resulted in significant im-
provement and the enhanced flexibility of the polymeric chains. The
research highlighted the importance of co-solvents or additives, which
are key factors in the regulation of their solution properties and rheolog-
ical characteristics.

Bonino et al. [95] used high and low molecular weight alginates,
combined with PEO and additives to generate uniform fiber morphol-
ogy compared with blends consisting of alginate. This type of alginate,
which only yielded electrospun fibers devoid of PEO/Pluronic F127 ma-
terials, is in great demand, especially for in vivo biomedical applications.

Nista et al. [96] illustrated the preparation of coaxial nanofibers from
alginate and chitosanwith PEO as an additional co-polymer and ethanol
as a co-solvent in aqueous media. Core-shell type nanowires were ob-
tained by mixing sodium alginate (2.4%) with PEO (1.6%) at a ratio of
1:1 (w/w), in an aqueous solution of 5% ethanol and chitosan (5%)/
PEO (4%), 70:30 (w/w) as shell structure nanofibers. Carbon-based
nanostructures derived from alginate are also noteworthy, as Li et al.
[97] reported on the novel synthesis ofN-doped CNFswith high number
of mesopores, which exhibited outstanding performance in oxygen re-
duction reaction, lithium-ion batteries, and supercapacitors.

A green seaweed Ulva rigida sourced from Ulvan, an acidic sulfated
bio-macromolecule, was successfully electrospun into fibers by Toskas
et al. [98]. Various blends of Ulvan/PVA solutions were prepared and
the resultant nanofibers had a diameter of ~84 nmby imparting a higher
concentration of the polysaccharide utilized by co-blending with PVA;
ensuing fibers have been used for biomedical applications such as
drug delivery. Further exploration of the research based on Ulvan, bio-
compatible synthetic polymers such as PEO or polycaprolactone (PCL),
and Ulvan nanocomposite fibers were fabricated via electrospinning
[99]. The developed interconnected spider-web-like morphology fi-
bers highlighted that the diameter of Ulvan/PCL nanofibers de-
creased as the Ulvan content was increased in the blend; diameter
of the fibers was 300 ± 65 nm with Ulvan/PCL blended in a 3:2
ratio. Green electrospinning of Ulvan with PEO using water as sol-
vent also generated a diameter of 935 ± 65 nm (Ulvan/PEO:1:1)
and 505 ± 65 nm (Ulvan/PEO:2:1), respectively. Due to the excep-
tional properties such as anti-thrombogenic, and biodegradation,
the ensued Ulvan/PCL or Ulvan/PEO electrospun fibers can be ap-
plied for biomedical applications (drug release, wound healing, and
tissue engineering).

5.2. Carrageenan

5.2.1. Structure and properties
Red seaweed is a major source of carrageenan, which can be divided

into kappa, iota and lambda carrageenan. The dominant structural units



Fig. 4. (A) Schematics and (B) SEM images of individual cross-linked nanofibers with Ca2+, glutaraldehyde (GLU and adipic acid dihydrazide (ADH).
Reprinted with permission from Ref [88]. Copyright 2017 Elsevier.
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in kappa carrageenan comprise repeating disaccharide units of alternat-
ing (1→ 3)-α-D-galactose-4-sulphate and (1→ 4)-β-3,6-anhydro-D-ga-
lactose, joined in a linear chain (Fig. 5) [100]. The kappa carrageenan
shows non-toxic, ionotropic, thermotropic, chelating and encapsulating
behavior, as well as thickening and stabilizing abilities. Therefore, it is
not surprising that kappa carrageenan serves as a scaffold in tissue engi-
neering and has the capacity to immobilize enzymes, whole cells, pro-
teins, and biocatalysts [101].
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5.2.2. Electrospinning of carrageenan
Goonoo et al. [102] prepared electrospun fibers comprising kappa car-

rageenan and fucoidan with poly(ester-ether) polydioxanone in varying
ratios and in two different solvents (1,1,1,3,3,3-hexafluoroisopropanol
(HFIP) and chloroform).Manufactured electrospunmatswere configured
for cell culture studies and utilized in tissue engineering.

Electrospun fibers composed of a mixture of kappa carrageenan,
polyhydroxybutyrate (PHB) or polyhydroxybutyrate valerate (PHBV)

Image of Fig. 4


Fig. 5. Seaweed-based macromolecules and their structures.
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blended in solvent systems HFIP and chloroform have been fabricated
[103]. Both types of fibers (PHB/kappa-carrageenan and PHBV/kappa
carrageenan) exhibited excellent bioactivity and were consequently
used as scaffolds in bone tissue engineering.

Recently, innovative research has appeared for kappa carra-
geenan in combination with ZnO nanoparticles and rosemary es-
sential oil [104]. ZnO nanoparticle and rosemary essential oil
served as active agents, which can be applied for novel packaging
system. The limitations of kappa carrageenan (poor mechanical
and barrier properties) were circumvented by making reinforced
zein electrospun fiber containing ZnO nanoparticles and rosemary
essential oil.

5.3. Agar

5.3.1. Structure and properties
Agar is a polysaccharide extracted from red seaweeds (Gelidium

species). It consists of linear chains of β (1 → 3) linked galactose and
(1→ 4) linked 3,6-anhydro-α-galactopyranose repeat units, forming a
double helix and is widely used as a culture medium for the growth of
microorganisms (Fig. 5). It is mainly deployed in food industries as a
thickener and clarifying agent [105]. Agarose, one of the major compo-
nents of agar, has been extensively utilized in important areas such as
cell encapsulation, topical, and injectable applications [106].

5.3.2. Electrospinning of agar
Forget et al. [107] designed electrospun fibers of carboxylated

agarose in the ionic liquid solvent 1-butyl-3-methylimidazolium
chloride. This overcame three major obstacles, namely the poor sol-
ubility of agarose in organic solvents, viscosity of agarose in aqueous
solutions, and the avoidance of highly toxic solvents. The morphol-
ogy and fiber diameter distribution of various fiber meshes, may in-
fluence various physical and chemical properties. Furthermore, the
manufactured fibers may be endowed with antibacterial properties
for combating microorganisms (Staphylococcus aureus and Pseudo-
monas aeruginosa) (Fig. 6).

Agar/polymer-based hybrid electrospun fibers have been devised
with the incorporation of ampicillin via electrospinning [108]. Agar
(0.5 to 4.0% w/v) and PAN (polyacrylonitrile, 7% w/v) were prepared
separately in N,N-dimethylformamide (DMF). Uniform nanofibers
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with diameters (30–230 nm) were produced from different concentra-
tions of the mixed solutions of agar (4%) and PAN (3.2%). The prepared
hybrid nanofiber possesses high antibacterial efficiency and controlled
drug release.

Sousa et al. [109] reported electrospinning of a mixture of agar and
PVA in aqueous solution with varying combinations of PVA/Agar (100/0,
50/50, 40/60, 30/70, 20/80 and 0/100, respectively) by maintaining
them at 50 °C inside the chamber during the electrospinning process to
avoid agar gelation. The result indicates that PVA, the co-polymer, im-
proved the spinning processability of agar, therebymodifying the solution
and rheological characteristics. The same authors reported that agar could
be electrospun by using (2-hydroxyethyl) trimethylammonium chloride/
urea (1:2 molar ratio) as the solvent by replacing the aqueous media
[110]. Rheological and solution properties of the agar were greatly influ-
enced by changing the solvent system from water to (2-hydroxyethyl)
trimethylammonium chloride/urea. The solvent usedwas a deep eutectic
solvent (DES), which is environmentally-friendly, economical, and easier
to prepare than ionic liquids [111].

6. Bacterial polysaccharides

6.1. Bacterial cellulose

6.1.1. Structure and properties
Owing to its unique nano-scaled three-dimensional network

structure, bacterial cellulose (BC) has high water retention, high
mechanical strength, and outstanding biocompatibility, features
which enables it to serve as a natural scaffold material for the regen-
eration of a wide variety of tissues. BC fibers have a high aspect ratio
with a diameter of 20–100 nm. As a result, BC has a very high surface
area per unit mass. This quality, combined with its extremely hydro-
philic nature, results in a very high liquid loading capacity. The spe-
cies of bacteria that produce cellulose is generally called Acetobacter
xylinum, although bacteria of different names have been mentioned
in the literature [112,113].

6.1.2. Electrospun bacterial cellulose
One strategy to improve the bioactivity and physical and chemical

properties of scaffolds it to enhance their hydrophilicity. For instance,
keratin/bacterial cellulose fibers have been fabricated that were

Image of Fig. 5


Fig. 6. Schematic illustration of electrospun carboxylated agar and its antibacterial properties against Staphylococcus aureus.
Adapted with permission from “A. Forget, N. Arya, R. Randriantsilefisoa, F. Miessmer, M. Buck, V. Ahmadi, D. Jonas, A. Blencowe, V.P. Shastri, Nonwoven
carboxylated agarose-based fiber meshes with antimicrobial properties, Biomacromolecules. 17 (2016) 4021–4026”. Ref [107]. Copyright (2016) American
Chemical Society.
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hybridized with hydrogel particles based on polymers conjugated with
tragacanth gum. The thermoresponsive hydrogel particles were incor-
porated into the fibrous network. The scaffold demonstrated higher
cell adhesion due to the greater hydrophilicity of the nanofibers
(Fig. 7) [114].
Fig. 7. Schematic illustration of concurrent electrospinning/electrosp
SEM images reprinted from Ref. [114].
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6.2. Pullulan (Pu)

6.2.1. Structure and properties
Pullulan (Pu) is an extracellular microbial polysaccharide produced

by the fungus Aureobasidium pullulans. Structurally, pullulan is an α-
raying for the fabrication of BC hybrid fibrous/hydrogel matrix.

Image of Fig. 6
Image of Fig. 7
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(1→ 6)-linked (1→ 4)-α-D-triglucoside (maltotriose) and depends on
its structuralflexibility andhigh solubility inwater (Fig. 8) for varied ap-
plications [115].

6.2.2. Electrospinning of pullulan
A mixture of pullulan and whey protein isolate (WPI) in varying ra-

tios (viz. pullulan:WPI at 20:80, 30:70, 50:50, 70:30 and 80:20 w/w.)
were electrospun into fibers byDrosou et al. [116]. The solvent deployed
for electrospinningwas distilledwater and the effects of various param-
eters (viscosity, surface tension, electrical conductivity, fiber morphol-
ogy, flow rate, applied voltage, and tip-to-collector distance) were
investigated. The various concentrations of pristine WPI (all with over
40% w/v protein content) cannot be electrospun into fibers, whereas
pullulan with 20% (w/v) may easily be electrospun into beadless fibers
as it acquires adequate molecular entanglement. The optimum ratio
was found to be 50/50 wt/wt of WPI/Pu, highlighting the effectiveness
of producing uniform bead-free nanofibers in the range of 231 nm, at-
tributed to improvedmolecular entanglements through the interactions
between both biopolymers. The critical factors for fabricating WPI/
pullulan fibers with a uniform morphology and diameter include the
blend polymer ratio, flow rate (0.5 mL/h), applied voltage (20 kV),
and tip to collector distance (10 cm) [117].

Several pullulan-based multifunctional nanofibers have been well-
synthesized by using electrospinning. Jia et al. combined a pea protein
isolate together with pullulan [118], which showed better thermal sta-
bility and improved hydrophobic properties. Fast dissolving oral films
used for drug delivery were also demonstrated by pullulan-based nano-
fibers [119]. Román et al. employed pullulan nanofibers containing the
palindromic peptide LfcinB (21–25)Pal to obtain antimicrobial proper-
ties [120]. The studyprovided a significantmilestone in the potential de-
velopment of antibacterial wound dressings. In another study, pullulan/
Fig. 8. Bacterial-based macromo
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poly(vinyl alcohol) sponges (with 2–5 μm pores) were fabricated from
short electrospun nanofibers with rapid liquid uptake (Fig. 9) [121].

6.3. Dextran

6.3.1. Structure and properties
Dextran is a polysaccharide extracted from bacteria. It has a lin-

ear backbone of α-l,6-linked D-glucopyranosyl repeating units,
with branches of smaller chains of D-glucose attached to the back-
bone by α(1 → 2)-, α(1 → 3)- or α(1→ 4)-glycosidic bonds (Fig. 8)
[122].

Dextran has high water solubility and its solutions behave as Newto-
nian fluids. Its solution viscosity is dependent on concentration, tempera-
ture and molecular weight, the latter having a characteristic distribution.
Due to its biodegradability and biocompatibility, dextran has beenused as
a food additive and in the pharmaceutical and cosmetic industries. The
other applications include biomedical usage as in plasma volume ex-
panders, drug delivery and as protein and enzyme imaging agents. The
major functional group in dextran–OH is responsible for conjugation of
other molecules. Most importantly, dextran is soluble in both water and
organic solvents and may be easily blended with hydrophobic polymers
(such as PLGA) to generate composite electrospun fibers [123]. Therefore,
it is possible to control the mechanical strength of dextran, its swelling
properties in water and its biological activity.

6.3.2. Electrospinning of dextran
Jiang et al. [124] produced electrospun fibers of dextran in various

solvent systems (water, DMSO/water and DMSO/DMF) and the process
parameters were optimized. An addition of 10% (w/w) of bovine serum
albumin (BSA) or lysozyme did not affect the electrospun fibers of dex-
tran. Furthermore, the feasibility of preparing electrospun membranes
lecules and their structures.

Image of Fig. 8


Fig. 9. (A) SEM images of in situ compression test with enhancing compression degree from parallel to the freezing direction. The suggested elastic buckling can be detected by the pore
walls of the secondary pores as shown by white arrow; (B) mechanistic illustration to compare the open-pore structures; (C) schematic illustration of water adhesion on the silylated
aerogel (rotation from 0° to 180°); (D) rapid and selective uptake of a nonpolar liquid (e.g., CHCl3, dyed with Sudan red IV) from water through the aerogel within 0.3 s. (E) Absorption
capacity (φ= Vliquid / Vfiber) of amphiphilic cross-linked and silylatedpullulan/PVA aerogels). The dashed lines indicate themaximumabsorption capacity (φmax)with assuming 100%pore
filling with water.
Reprinted with permission from Ref. [121].

K.P. Akshay Kumar, E.N. Zare, R. Torres-Mendieta et al. International Journal of Biological Macromolecules 171 (2021) 130–149

141

Image of Fig. 9


K.P. Akshay Kumar, E.N. Zare, R. Torres-Mendieta et al. International Journal of Biological Macromolecules 171 (2021) 130–149
via photo cross-linking in the solid state using methacrylated dextran
was investigated.

Intriguingdextran-based nanostructures have also been fabricated as
shown by Davidson et al. via electrospinning approach to dextran vinyl
sulfone polymericfibers [125]whichwere found to havemodifiableme-
chanical properties both for single fibers and the bulk matrix. Dextran
may also be combined with other polymers, such as polycaprolactone
and graphene oxide [126] as exemplified byNematpour et al. where fab-
rication of a nanofibrous transdermal patchwas accomplished, with tet-
racycline as the antibacterial agent. These nanofibrous transdermal
patches showed remarkably good antibacterial activity against both
E. coli and S. aureus. Poly(vinylpyrrolidinone) (PVP) was also combined
with dextran sulfate for application as a drug delivery system [127].
Yang et al. employed electrospinning and photo cross-linking to fabri-
cate gelatin/dextran-maleic anhydride composite fibers [128] where
the photo cross-linkable dextran-maleic anhydride was first synthe-
sized, and gelatin was further added. The mechanical properties were
greatly enhanced by the introduction of dextran-maleic anhydride,
whereby the degradation increased to above 40%. Dextran has been
used to further modify a polyurethane fibrous membrane [129], where
it exhibited high biocompatibility and enhanced curcumin release. Vari-
ous studies, ranging from combining dextranwith inorganicmaterials to
using dextran for modification, have also been carried out.

7. Polysaccharides from animal sources

7.1. Hyaluronic acid

7.1.1. Structure and properties
Hyaluronan (hyaluronic acid; HYA) is an anionic, non-sulfated

glycosaminoglycan is composed of chains of repeating units linking [β-
1→ 3] D-glucuronic acid and [β-1→ 4] N-acetyl-D-glucosamine (Fig. 10)
[130]. It exists in the extracellular matrix of tissues in all higher animal
species and is also produced by some bacteria. HYA and its derivatives
Fig. 10. Biomacromolecules from ani
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have potential applications in the fields of medicine (drug delivery and
tissue engineering), biotechnology, pharmaceutical technology and cos-
metics [131–133].

7.1.2. Electrospinning of hyaluronic acid
Purcell et al. [131] created electrospun fibers of sulfated HYA

macromers and these nanofibers were utilized to carry heparin and in-
duce protein interaction, whereby proving their applicability in a vari-
ety of fields, and especially in drug delivery and tissue engineering.

Li et al. [134] investigated the electrospinning characteristics of both
HYA and blendedmixtures of HYA/gelatin in DMF/water-mixed solvent
systemswith the generation of HYA andHYA/gelatin (with diameters of
~200 nm and 190–500 nm, respectively). In another study [135], gela-
tin/HYA blended mixtures were electrospun into fibers, which showed
that the addition of HYAmay improve the electrospinning and process-
ability of aqueous gelatin solutions culminating in the enhancement of
viscosity and conductivity of the blended mixtures.

A ‘green’ procedure based on two biopolymeric system such as
hyaluronic acid and chitosan coacervate has been electrospun into
nanofiberswith an average fiber diameter of 115±30nm [136]. The ef-
fect of salt, solvent (water) and co-solvent (ethanol) on electrospinning
parameters such as applied voltage, polymer concentration, viscosity,
solvent impacts etc. was studied.

HYA-based nanofibers have been actively employed for biomedical
applications. El-Aassar et al. conducted in-vitro and in-vivo studies to
examine the wound healing properties of nanofibers comprising
polygalacturonic/hyaluronic acid, and silver nanoparticles [137]. HYA-
based nanofiberswere also further employed for skin tissue engineering
[138], which were found to be completely biocompatible. Hyaluronic
acid was also immobilized on random or aligned electrospun polylactic
acid nanofibers [139], which were capable of capturing cancer cells.
Liu et al. synthesized poly(lactide-co-glycolide) grafted hyaluronic
acid-derived electrospun nanofibers [140], which showed sustainable
anti-infection and immunoregulation properties. In another work by
mal sources and their structures.

Image of Fig. 10
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Séon-Lutz et al. [141], hyaluronic acid/poly(vinyl alcohol) nanofibers
were fabricated by electrospinning, and cyclodextrin was added; ensu-
ing nanofibers exhibited excellent wound dressing properties with a
controlled drug release.

7.2. Heparin

7.2.1. Structure and properties
Heparin, a natural glycosaminoglycan, consists of D-glucuronic

acid, L-iduronic acid and D-glucosamine units, with a high content
of sulfonate and carboxylic functionalities (Fig. 10). Major applica-
tions of heparin in the biomedical field rely on its anticoagulant, an-
tiviral, anti-cancer credentials. Heparin also promotes angiogenesis,
new blood vessel formation, which is crucial for functional tissue
generation [142–145].

7.2.2. Electrospinning of heparin
The major applications of heparin-conjugated electrospun

nanofibrous scaffolds are in vascular tissue engineering and deliv-
ery systems. Feng et al. [146] studied the development of core-
shell type fibers via electrospinning of blended solutions of heparin,
Rosuvastatin calcium (an antihyperlipidemic drug) and poly (L-
lactide-co-caprolactone) with corresponding solvents. The work
highlighted the ability of fabricated electrospun fibers to retain bio-
activity to allow sustained release of both heparin and Rosuvastatin
calcium and to function efficiently as a scaffold for stent-grafts for
the treatment of aneurysms.

Research on heparin is more focused onmulticomponent nanofibers
as shown by Amand et al. on the electrospun nanofibers made up of hy-
brid polymers, such as chitosan, polyvinyl alcohol, polyaniline, and
polyurethane [147]; they exhibit a kinetic release of drugs, and their cy-
totoxicity was also assessed. Jin et al. developed small-diameter tissue-
engineered vascular grafts composed of heparin, which was further
combined with end-capped poly(ε-caprolactone) [148]; they exhibited
anticoagulation activity and improved hydrophilicity.

7.3. Chitin and chitosan

7.3.1. Structure and properties
Chitin, an animal polysaccharide, is the second most abundant

(after cellulose) natural biological polymer with numerous appli-
cations in the biocatalytic, energy storage, filtration, biosensing,
and biomedical fields [149]. The structures of chitin are composed
of (1, 4)-linked N-acetyl-β-D-glucosamine, while its derivative
(chitosan) is composed of (1–4)-linked 2-acetamide-2-deoxy-β-D-
glucopyranose and 2-amino-2-deoxy-β-D-glucopyranose (Fig. 10) [150].

A major drawback for the electrospinning of chitin and chitosan is
the need to conclusively establish an ideal solvent for processing. Fur-
thermore, properties such as the polycationic nature and presence of
hydrogen bonds in chitin and chitosan are parameters that may impair
their smooth electrospinning [150].

Nevertheless, contemporary research on ionic liquids as viable sol-
vents for both, the chitin and chitosan has been conducted. The objec-
tive was to ensure that the physical and chemical properties of the
two aforementioned animal-sourced polysaccharides have not been al-
tered, prior to their use in electrospinning.

7.3.2. Electrospinning of chitin
Zavgorodnya et al. [151] devised the electrospinningmethodology for

three types of chitin [(P-Chitin (Thermally Preprocessed Shrimp Shells),
R-Chitin (Unprocessed Shrimp Shells) and PG-Chitin (Practical Grade Chi-
tin)] in the ionic liquid (1-ethyl-3-methylimidazolium acetate). Various
factors such as conductivity, polymer concentration, viscosity, and surface
tension of the electrospinning solutionwere studied, which revealed that
both, the concentration and viscosity of chitin were key factors influenc-
ing the electrospinning process.
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Wu et al. [152] contrived an environmentally-friendly filtration
membrane composed of poly N-isopropylacrylamide-co-N-
methylolacrylamide (PNIPAm-co-NMA) and chitin nano-whiskers for
application in oil-in-water emulsion separation. The electrospun mem-
brane (PNIPAm-co-NMA)/ChNWs)was constructed via electrospinning
of PNIPAm-co-NMA and ChNW (chitin nanowhiskers) in a water/THF
mixture (at a 1:2 solvent ratio) with a concentration of 15wt%. Its recy-
clability and reusability,more than 5 times, is better than othermethods
for the treatment of oil-in-water emulsions, spanning a broad range of
pH values and high salinity atmospheres.

7.3.3. Electrospinning of chitosan
Nanofibers of chitosan blendedwith the polyelectrolyte poly(acrylic

acid) (PAA), have been produced using a ternary solvent system com-
prising formic acid, glacial acetic acid, and water via electrospinning
[153]. The swelling and mechanical properties of the fibers and films
were pH dependent. Hence, the promising potential of these materials
lies in drug delivery and release.

Koosha et al. [154] fabricated nanofibrous nanocomposites by the
electrospinning technique based on chitosan/poly (vinyl alcohol)
blended with Na-montmorillonite (MMT) nanoclays. The cytotoxicity
of nanocomposite mats was examined by means of an MTT assay
using the A-431 cell line. They did not display any detrimental effect
on the viability of the cells, with the A-431 cells observed to be properly
attached to the surface of the mats. Croisier et al. [155] described
chitosan-coated, charged electrospun fibers based on electrospinning
a mixture of PCL with a poly(MMA-MA) copolymer of methyl methac-
rylate andmaleic anhydride,making it negatively charged by deproton-
ation of the carboxylic acid under neutral or basic, aqueous conditions.

Annur et al. [156] formulated electrospunfibers of chitosan/polyeth-
ylene oxide (PEO) containing AgNPs generated by the reduction AgNO3

on the surface of the nanofibers through the application of argonplasma
treatment; Ag NPs deposited on the surface of the nanofibers had an av-
erage diameter of 1.5 nm and the data showed the enhancement of an-
tibacterial efficiency of the nanofibers after argon plasma treatment,
compared to untreated samples. This is ascribed to the strong interac-
tion between Ag NPs and the amino group of chitosan, which in turn
brought about uniform exposure of Ag NPs on the nanofiber surfaces.

Chauhan et al. [157] successfully designed biopolymeric nanofi-
bers composed of chitosan, PVA and Fe (III) by electrospinning in
an aqueous/acetic acid solution. The ensuing fibers were subse-
quently utilized for the effective removal of As (III), As (V), Cr (VI)
and F− ions from contaminated water. In addition, they exhibited
promising antibacterial potential against Escherichia coli, a Gram-
negative, optional anaerobic, rod-shaped, coliform bacterium.
Chen et al. [158] developed environmentally-friendly fibers via
electrospinning, using N-maleoyl functionalized chitosan/PVA in
an aqueous (water) medium. Cross-linking of the fibers was carried
out under UV-irradiation with allyl disulfide as the cross-linker,
thereby avoiding harmful reagents. The nanofibers synthesized
were infused with suitable antibiotic agents and used in wound
healing applications. Makaremi et al. [159] developed electrospun
PAN nanofibrous membranes that were functionalized with zinc
oxide (ZnO) nanoparticles and coated with a layer of electrospun
chitosan. The aim was to improve the mechanical and anti-
bacterial properties, as well as the water filtration performance.
The conjugated fiber layers exhibited high mechanical properties
(tensile strength and Young's modulus) after the introduction of
chitosan fibers. The incorporation of ZnO NPs was found to further
enhance the adsorption capacity of Cr (III). Additionally, the anti-
bacterial efficiency and high-water permeability of this sandwiched
membrane indicated its suitability for water treatment.

Core-shell nanofibers based on L-ascorbic acid/poly (vinyl alcohol)-
chitosan have been controlled via coaxial electrospinning. Acetic acid
was used as a shell solution for the chitosan while ethanol/propylene
glycol/water served as the core solution for L-ascorbic acid. The release
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of ascorbic acid (as a model drug) from the core-shell fibers was evalu-
ated and the results highlighted the suitability of functionalizing such
materials for transdermal drug delivery systems [160].

Talebian et al. [161] successfully electrospun a blended solution
composed of chitosan-PEO/bioactive glass and functionalized its use as
a scaffold in bone tissue engineering. The synthesized composite nano-
fiber scaffold exhibited bettermechanical properties after incorporation
with bioactive glass. In view of the good bone-bonding capacity and
non-cytotoxicity, it was deemed beneficial for the tissue engineering
applications.

Chitosan-based electrospun nanofiber membrane was fabricated as
a sorbent for the removal of As(V) from aqueous solutions [162]. The
SEM images showed that the chitosan nanofiber membrane was highly
porous, which was favorable for the adsorption of As(V) (Fig. 11(A)). It
was reported that the solution pH had a key role in the adsorption of As
(V) onto chitosan nanofiber membrane, and higher adsorption capacity
was observed at lower pH (Fig. 11(B)). The presence of humic acid
showed a negative effect on the As(V) adsorption (Fig. 11(C)). Indeed,
the presence of humic acid blocked some active adsorption sites of the
chitosan nanofiber membrane and had a major impact on the adsorp-
tion performance. The humic substances are generally negatively
charged in the naturalwater environment, and it can be electrostatically
sorbed by the positively charged adsorbent.

8. Future perspectives: new directions and scope

Successful electrospinning of an abundant number of natural poly-
mers from botanical, animal, bacterial, and seaweed sources is being
pursued worldwide. The adopted methodology mainly utilizes natural
biomaterials, a selection of solvents (both organic and aqueous) and
the maintenance of processing and system parameters appropriate to
produce electrospun fibers with uniform dimensions. The major draw-
backs of this procedure are the use of imprecise evaluation tools for
gauging stability, fiber diameter, aspect ratio and morphology. Also
problematic is the fact that owing to the diverse physical, chemical
Fig. 11. The schematic illustration of chitosan-based electrospun nanofiber membrane (A),
membrane(B), and effect of humic acid on As(V) adsorption on chitosan-based electrospun na
Reproduced with modification from Ref. [162] with permission from Elsevier.
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and mechanical properties of the ensuing nanofibers, deciding which
particular application best suits them is not a straightforward task.

Many natural biomaterials and their electrospun fibers have been
extensively deployed in environmental, energy and biomedical ap-
plications (e.g. in tissue engineering scaffolds, drug/gene delivery
and wound healing). This is in view of their biocompatibility, non-
toxicity, biodegradability and the availability of functional groups
of medicinal value in their structures. The important prospects for
natural polymer-based electrospun fibers rely on the commercializa-
tion of these products in the field of food packaging, tissue engineer-
ing and disposable sanitary products. In this context, both academic
and commercial organizations and their enhanced networks and
interaction among them should strive to promote the newer nanofiber-
derived products. To attain the suggested objectives, the highlighted
routes to produce biomacromolecules-based electrospun fibers should
provide our society with appropriate functional polymeric materials.
Thiswill be helpful in the development of sustainable polymeric products
tomeet economic, environmental, and social needs. However, the substi-
tution of petroleum-based polymers by biopolymers is currently limited
by challenges that need to be addressed in the future. These challenges
comprise creating simple, low-cost, and less time-consuming methods
for all stages of various biopolymer production, search for newer bioma-
terials or biowaste from nature embracing their isolation, and purifica-
tion from the bio-sourced materials, synthesis of appropriate forms or
chemical modification of natural polymers with desired properties or
polymerization of the biomaterials to construct the desirable product.
Polysaccharides especially cellulose, chitin, and chitosan are important
biomacromolecules because of their high abundance, wide distribution,
and low cost of production. Exploiting biomacromolecules, which are co-
pious and can be obtained from biosourcematerial at a lower cost, as the
key component of biopolymeric products, can be a smart strategy to alle-
viate the cost-relatedmatters. Besides, the processes formaking the inte-
gration of two biopolymeric systems to generate multiple phases of
polymer composites fully compatible need to be developed for a variety
of biomacromolecules. The above-described challenges and the related
effect of solution pH on As(V) adsorption on the chitosan-based electrospun nanofiber
nofiber membrane (C).

Image of Fig. 11
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solutions to these thought-provoking problems requiremany diverse ap-
proaches, based on chemistry, material science, and process engineering.
The systematic coordination by researchers and the industry in the plan-
ning, selection, and development stages of the production of biopolymer-
based electrospun fibers could impart sustainable, competitive and eco-
nomical advantages so that their use will become more widespread in
real-world applications. To create awareness in the society for the de-
ployment of biopolymer-based products and their biodegradability, bio-
compatibility, abundance, and renewability in nature is also the prime
duty of the academician and environmentalists.

NP-functionalized electrospun fibers have proven their worth as
highly sensitive conduits for bio-sensing environmental pollutants in
water and other applications e.g. as biomarkers for estimating glucose
levels in blood plasma. This property may lead to the development of
bio-sensing kits for environmental pollutants in drinking water – as
well as for the detection of biological fluids in the human body – utiliz-
ing eco-friendly and biocompatible electrospun fibers.

Moreover, indications are that natural, biomaterial-based electrospun
fibers have a favorable future as replacements of petroleum-based plas-
tics, which have become the scourge of the oceans. The development of
bioplastics frombiodegradable, biobased electrospun fibers is challenging
and further research relating to their application in foodpackaging, carrier
bags and antibacterial pads is imperative if the viability and value of
bioplastics are to be firmly established. Natural polymers may then
serve as a renewable andhighly economical bio-resource for a greener fu-
ture. Regarding the chemical modification of biomaterials and their
electrospinning parameters, the important aspects to be considered are
the incorporation of additives or bioactive compounds into the nanofibers
and the development of greener solvents for the electrospinning process,
especially in applications of nanofibers for the biomedical and food tech-
nology sectors, particularly in view of safety concerns.

Electrospun fibers and membranes based on natural polymers/bio-
material functionalized substanceswill attractmuch attention in the fu-
ture in many areas such as filtration/separation, adsorption, catalysis,
imaging, energy storage, alternative (greener) corrosion inhibitors,
nano-filtration (for removal of nanoparticles, pesticides, pharmaceuti-
cal waste, etc.), air filtration, acoustics, a medical diagnosis such as the
use of nanofibers coated with antibodies for binding and trapping can-
cerous cells and the bio-sensing of biological fluids, production of artifi-
cial cartilage, delivery of therapeutic drugs, wound healing, tissue
engineering, and controlled drug delivery.

Furthermore, the enhancement of the physical and chemical and
mechanical properties via surface modification through the adoption
of various greener technologies such as plasma, γ-ray irradiation and
laser treatment involving chemical grafting, heat treatment and
functionalization, will help generate economical, sustainable and bio-
organic products with enhanced processability for the future. Improve-
ments in electrospinning techniques and processes such as coaxial
electrospinning may also facilitate the preparation of core-shell, multi-
functional and layered fibers for advanced applications.

Despite extensive investigations into the electrospinning of natu-
ral polymers, the lingering problem has been that without blending
them with synthetic polymers or additives, natural polymers alone
cannot be electrospun using a ‘green’ solvent. This is due mainly to
critical issues such as high molecular mass, gelling properties, solu-
tion behavior and rheological parameters, all of which interfere
with the smooth electrospinning of natural polymers. Apart from
conventional needle-based electrospinning, other methods such as
multiple needle and needle-less electrospinning techniques may
favor smooth electrospinning of natural polymers, thereby avoiding
blockages incurred by the high viscosity of polymer solutions and
their associated gelling properties. Another important avenue for
improving the functionality and applicability of ‘green’ nanofibers
based on natural polymers is the fusion of electrospinning with 3D
printing technology. Natural polymer-based nanofibers with highly
porous carbon nanostructures may facilitate the development of
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new strategies and help create a framework for the manufacture of
environmentally friendly materials for energy harvesting and envi-
ronmental catalysis applications. They have already found interest-
ing utilization in developing nanofiber-based 3D scaffolds for tissue
engineering ventures. The scaling up of production of nanofibers
from the laboratory to commercial scale is one of the main challenges.
In this regard, multiple needle, needle-less and AC electrospinning sys-
tems herald a promising future. The major advantages of developing
natural polymer-based fibers that should be emphasized include their
minimal effect on the environment in terms of pollution from the sol-
vents, toxic chemicals and flammable gases used in the processing
stages, which bodes well for both humans and other living species.
The ensuing products and their application will allay safety concerns
and consequently be highly sought after in various fields, particularly
in the biomedical, food and pharmaceutical sectors.
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