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ABSTRACT: Electrospinning is a simple and versatile encapsulation technology. Since electrospinning does not involve severe
conditions of temperature or pressure or the use of harsh chemicals, it has great potential for eﬀectively entrapping and delivering
bioactive compounds. Recently, electrospinning has been used in the food industry to encapsulate bioactive compounds into
diﬀerent biopolymers (carbohydrates and proteins), protecting them from adverse environmental conditions, maintaining the
health-promoting properties, and achieving their controlled release. Electrospinning opens a new horizon in food technology
with possible commercialization in the near future. This review summarizes the principles and the types of electrospinning
processes. The electrospinning of biopolymers and their application in encapsulating of bioactive compounds are highlighted.
The existing scope, limitations, and future prospects of electrospinning bioactive compounds are also presented.
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and ability to spin a number of polymers.14 The important
advantage of electrospinning is that it provides the opportunity
for direct encapsulation of hydrophobic and hydrophilic
compounds and biomacromolecules, such as proteins, into
the electrospun ﬁbers. Moreover, because the electrospinning
process takes place at ambient conditions, it is more suitable for
encapsulating thermally labile active compounds as compared
to other conventional encapsulation methods, like spray
drying,15 and is thus important for preserving the eﬃcacy of
the bioactive substances during the ﬁber forming process. For
example, López-Rubio and co-workers found that spray drying
signiﬁcantly reduced the viability of bacteria or damaged the
structure of target molecules,16 while the viability of
Bif idobacterium strains could be enhanced by encapsulation
into electrospun poly(vinyl alcohol) (PVOH) nanoﬁbers
having an average diameter of 150 nm. Furthermore,
electrospun nanoﬁbers are able to signiﬁcantly improve
encapsulation eﬃciency (EE) and reduce the burst release via
proper selection of a polymer−solvent system or electrospinning technique. Also, electrospun ﬁbrous mats would
facilitate the diﬀusion of encapsulated compounds into the
surrounding medium in comparison to conventional ﬁlms
produced by a solution-casting technique, resulting in a more
eﬃcient release system.14 In addition, the electrospun nanoﬁbers obtained had many excellent properties, such as large
surface area to volume ratio, high porosity, and excellent
mechanical properties. The bioactive compounds encapsulated
in an electrospun ﬁber also showed enhanced stability and
functionality.2,17 Fabra et al. observed that higher EE of α-

INTRODUCTION
The incorporation of bioactive compounds as active agents in
food packaging materials or as nutraceuticals in functional foods
is becoming a growing area of research.1,2 However, the
application of bioactive compounds is often restricted by their
unfavorable ﬂavor, solubility, their poor stability during food
processing (with respect to temperature, oxygen, light, etc.),
uncontrolled release proﬁle, and their low bioavailability in the
upper gastrointestinal tract (GIT), which can signiﬁcantly
compromise their envisioned biological beneﬁts.1,3 Designing
appropriate carriers is one approach to overcome these
limitations.
An attractive method for entrapping bioactive compounds is
encapsulation. This approach can protect these compounds
from adverse environmental conditions or from the GIT (e.g.,
stomach acid), enhance the solubility or dispersibility of
lipophilic compounds, achieve controlled release, and improve
the bioavailability of bioactive molecules during digestion.4−7
Various encapsulation methods including electrospinning,
gelation, layer-by-layer deposition, extrusion, coprecipitation,
coacervation, spray/freeze-drying, and emulsion formation have
been reported for encapsulation of food ingredients.8−10 These
approaches have resulted in diﬀerent nanostructures or
microstructures having a variety of physicochemical and
delivery properties. Among these approaches electrospinning
represents a versatile method for the production of micro- and
nanosized ﬁbers and has been proposed as a feasible route for
the encapsulation of various bioactive compounds.11−13
The electrospinning process uses high-voltage electric ﬁelds
to produce electrically charged jets of bioactive compoundloaded solutions and results in ultrathin ﬁbers on the
evaporation of the solvent. Electrospinning is the most popular
and preferred technique for fabrication of nanoﬁbers, due to its
simplicity, cost-eﬀectiveness, ﬂexibility, potential to scale up,
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Principle of Electrospinning. Electrospinning is a simple
and eﬀective approach to produce submicrometer or nanoscale
polymer ﬁbers.24 A typical electrospinning system consists of a
high-voltage power supply, a syringe pump with a metal needle,
and a grounded collector, either a plate or a rotating drum
(Figure 1). During electrospinning, a polymer solution or

tocopherol (α-TOC) in zein ﬁbers was achieved than the
entrapment of which in whey protein isolate (WPI) and soy
protein isolate (SPI) capsules, demonstrating that higher EE
values were obtained in ﬁbers than in beads or capsules.18
Owing to their submicrometer to nanoscale diameters and very
large surface area, electrospun ﬁbers were more responsive to
changes in the surrounding atmosphere (e.g., relative humidity
and temperature changes) than are ﬁlm and sheet carriers,
enabling the tunable release of the entrapped compounds.19
These unique features suggest the application of electrospun
nanoﬁbers in various areas such as controlled release of
compounds in drug delivery, scaﬀolds in tissue engineering,
wound dressings in biomedical applications, and membranes for
air and water ﬁltration.20 However, the potential of electrospinning in the ﬁeld of food science is considerably less
explored, and the operating conditions for high EE of bioactive
compounds and preparation of composite structures with
desirable characteristics require further exploration to broaden
the application of electrospinning in the food industry.
Increasing attention has been focused on the electrospinning
of natural polymers as their useful properties, including low
toxicity, biocompatibility, and biodegradability, make these
biopolymers highly desirable for food-related applications. The
most widely studied natural biopolymers are polysaccharides
and proteins. However, electrospinning of biopolymers has
proven to be quite challenging because many materials tend to
form gels through hydrogen bonding. Besides that, a minimum
polymer concentration is required. Below this critical value, an
insuﬃciently entangled network of polymer chains is thought to
be responsible for the formation of beads or droplets instead of
ﬁbers.21 As the polymer concentration is increased, a mixture of
beads and ﬁbers is obtained. Further increase in concentration
results in formation of continuous ﬁbers, and at even higher
polymer concentrations uniform ﬁbers are no longer produced
due to the high solution viscosity. The critical overlap
concentration has been discussed in previous literature.22,23
An approach that has been popularly adapted to tackle these
issues is to add a synthetic polymer, such as poly(ethylene
oxide) (PEO) or poly(vinyl alcohol) (PVA), to disrupt gelation
and promote molecular entanglement, inducing ﬁber formation.
Previous studies have focused on the preparation of electrospun
natural biopolymers, while the application of electrospinning in
the encapsulation of bioactive compounds has been less
intensively investigated. Particularly, emulsion electrospinning
and coaxial electrospinning have been developed for
encapsulation of sensitive compounds into core−sheath ﬁbers.
In this regard, this article covers the encapsulation of bioactive
componds within certain electrospun natural biopolymer ﬁbers.
First, an introduction to the principle and types of electrospinning is presented. Then recent developments on the
electrospinning of polymers and their potential application in
the encapsulation of diﬀerent bioactive compounds are
summarized. This emerging ﬁeld of nanotechnology provides
a major impetus to food researchers in the development of
novel functional foods and food packaging materials.

Figure 1. Schematic illustration of the basic setup for electrospinning.

melted polymer, having suﬃcient molecular entanglement, is
extruded to form a droplet at the needle tip by a syringe pump.
An electric ﬁeld is applied between the needle tip and the
grounded collector and distorts the hemispherical surface of a
droplet into a conical shape through the action of electrostatic
forces. When the applied electrical force overcomes the critical
surface tension of the polymer liquid, an electrically charged jet
of the polymer is ejected from the tip of the Taylor cone,
stretched, and ﬁnally deposited on the collector as a randomly
oriented nonwoven mat of ﬁbers ranging from micrometers to
nanometers in diameter.25 The electrospinning process in terms
of the spinnability, ﬁber morphology, and diameter distribution
can be aﬀected by characteristics of the solution (e.g., polymer,
solvent, additives, electric conductivity, viscosity, surface
tension, and concentration), the electrospinning process
parameters (applied voltage, spinning distance, and feed rate),
and ambient parameters (e.g., temperature, humidity, and air
ﬂow).12,26
Types of Electrospinning. Even though the electrospinning method is relatively convenient and versatile,
diﬃculties may be encountered in aspects of the encapsulation
of sensitive bioactive compounds into ﬁbers. The major
disadvantage of conventional electrospinning is that the blend
formulations often give rise to burst release of some
encapsulated compounds.27 For example, an obvious burst
release proﬁle was found for doxorubicin hydrochloride due to
the deposition of the drug on or near the surfaces of the ﬁber.28
It was because the compounds cannot dissolve in the polymer
solution and only dispersion can be obtained. After electrospinning of the dispersion, the compound was located on or
near the ﬁber surfaces and their rapid diﬀusion into the release
media would result in burst release. Hence, in the blend
electrospinning, the solubility and compatibility of encapsulated
compounds in the polymer/solvent system were the decisive
factors for the preparation of the electrospun ﬁber with
constant release of the compounds. Blend electrospinning also
faces enormous challenges for the encapsulation of hydrophilic
bioactive molecules into hydrophobic polymers or the
hydrophobic bioactive molecules into hydrophilic polymers.
The presence of organic solvents can result in the inactivation
or denaturation of some hydrophilic bioactive substances as
well. Two alternative electrospinning techniques, emulsion
electrospinning and coaxial electrospinning, have been
proposed to circumvent these limitations, preparing ﬁbers
having micro/nanosphere-embedded or core−sheath ﬁbers.
Emulsion and coaxial electrospinning can prevent an initial
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ELECTROSPINNING
The incorporation of bioactive compounds within polymeric
electrospun ﬁbers is a promising technique to enhance the
performance of functional materials in the food industry. A
clear understanding of the electrospinning mechanism is
essential to optimize the production conditions and maximize
throughput.
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electrospinning is ideal for the delivery of hydrophilic bioactive
compounds by hydrophobic polymers because a hydrophobic
shell is needed to protect the compounds from burst release, as
well as the ability to preserve the bioactivity of the compound
that is sensitive to harsh solvents.
W/O emulsion electrospinning relies on the dispersion of
hydrophilic bioactive molecules into hydrophobic polymer
solution.34 It requires a relatively stable emulsion, wherein the
oily phase consists of a polymer dissolved in an organic solvent
and the water phase contains the bioactive compounds. During
the electrospinning process, emulsion with the oil phase of
polymer solution and the water phase of micrometer or
submicrometer spheres could be elongated under the electric
force. Core−sheath ﬁbers can be formed as a result of relatively
fast evaporation of solvent from the region close to the surface
in comparison to the central part of the polymer jet. In such
circumstances, the viscosity gradient of the core and shell
segments changes dramatically and causes a slower rate of the
evaporation process in the central part of the jet. The
morphology of electrospun ﬁbers obtained by emulsion
electrospinning changes from a pearl-on-string like structure
to a cocontinuous two-phase structure as the concentration of
the aqueous phase is higher. The factors inﬂuencing the
formation of the core−shell structured ﬁbers prepared through
emulsion electrospinning have been previously reviewed.31
There are many advantages of W/O emulsion electrospinning.
First, it provides an eﬀective approach for incorporation of
hydrophilic bioactive agents into hydrophobic polymers/
organic solvents, overcoming the poor solubility of hydrophilic
compounds in water-insoluble polymers. Second, W/O
emulsions can be electrospun into core−shell structured ﬁbers
with bioactive compounds loaded in the core section. In that
case solidiﬁed polymer acts as a hydrophobic barrier, which
provides protection for a sensitive hydrophilic component from
external conditions (solvent exposure, shear stresses), thus
preserving the bioactivity. Third, the encapsulated bioactive
agents need to pass through the core−shell ﬁber matrix before
entering release medium during the release process, thus
reducing their burst release. Fourth, emulsion electrospinning
uses diﬀerent solvents for the compound and polymer so that it
does not require a common solvent, which is often diﬃcult to
ﬁnd. Hence, W/O emulsion electrospinning enables the
incorporation of a hydrophilic substance into hydrophobic
polymers without compromising its bioactivity and avoiding
burst release. For example, Li and co-workers encapsulated a

burst release and facilitate a sustained release as well as protect
entrapped bioactive substances from the harsh environment of
the polymer−solvent phase.29 The principle and technical
details of these methods have been discussed in previous
reviews.30−32 Rather than covering all aspects of emulsion and
coaxial electrospinning, we instead focus on the advantages and
applications of these important techniques for encapsulation
and controlled release of sensitive bioactive compounds.
Emulsion Electrospinning. The preparation core−sheath
structure nanoﬁbers by emulsion electrospinning has recently
attracted increased attention.33 A schematic illustration for
emulsion electrospinning is depicted in Figure 2; either a water-

Figure 2. Schematic illustration of emulsion electrospinning.
Reprinted with permission from ref 39. Copyright 2006 American
Chemical Society.

in-oil (W/O) or an oil-in-water (O/W) emulsion can be
electrospun as an emulsion. Since a hydrophilic polymer can
easily dissolve in water thus causing the burst release of a
hydrophilic compound in the release medium, usually water or
a pH buﬀer solution for in vitro studies, W/O emulsion

Figure 3. Scanning electron microscopy (SEM) images of BSA loaded electrospun nanoﬁbers (a) and release proﬁles of BSA from electrospun
nanoﬁbers (b) with polystyrene of various molecular weights in PBS (pH = 7.0) at room temperature. Reprinted with permission from ref 36.
Copyright 2015 John Wiley & Sons, Inc.
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model protein, proteinase K, into poly(ethylene glycol)-poly(Llactide) (PELA) ﬁbers by emulsion electrospinning, and
sustained release of proteinase K over 7 days from core−shell
ﬁbers without compromising its activity was achieved.35 In
another study, Wang and co-workers were able to eliminate an
initial burst release of water-soluble protein and were able to
obtain a relatively constant rate prolonged over 50 days.
Interestingly, this study found that higher molecular weight of
polystyrene produced larger ﬁber diameters and also provided a
faster release of protein (Figure 3), which can possibly be
attributed to the agglomeration of bovine serum albumin
(BSA) on or adjacent to the surface of ﬁber and the looser ﬁber
matrix.36
The incorporation of lipophilic molecules into hydrophilic
nanoﬁbers can be achieved by electrospinning of O/W
emulsion, with the aim of improving the solubility of
hydrophobic compounds. A highly volatile fragrance, (R)(+)-limonene, was successfully encapsulated into PVA ﬁbrous
matrix by emulsion electrospinning.37 Limonene displayed a
sustained, slow release proﬁle reaching only 30% after 15 days
under ambient conditions, and higher temperatures accelerated
its release. Nanoﬁbers loaded with ﬁsh oil were also successfully
produced by emulsion electrospinning using PVA polymer and
WPI or ﬁsh protein hydrolysate (FPH) as emulsiﬁers. Although
most of the ﬁsh oil was encapsulated inside both ﬁbers as small
droplets (with sizes similar to those in the initial emulsion), the
ﬁbers demonstrated a poor oxidative stability. This may be
related to the presence of traces of metals (e.g., Fe) in the PVA
used, which catalyzed lipid oxidation.38
Researchers have also reported a number of more
complicated emulsion electrospinning approaches. For example, composite ﬁbers were prepared by incorporating Caalginate microspheres that served as reservoirs for BSA into
electrospun poly(L-lactic acid) (PLLA) ﬁbers through emulsion
electrospinnig.39 An in vitro release test showed prolonged
release proﬁles of BSA and lower burst release rates than those
from naked Ca-alginate microspheres. In another study, de
Freitas Zômpero et al. developed a hybrid encapsulation
structure containing β-carotene-loaded nanoliposomes through
electrospinning.40 The electrospinning process did not aﬀect
the stability of β-carotene during encapsulation. Superior UV
protection performance, of β-carotene loaded liposomes within
electrospun ﬁbers of PEO and PVOH polymers, was conﬁrmed
as 86.8% and 80.3% of the initial β-carotene remaining intact
inside nanoﬁbers after 6 h of UV light exposure, respectively.
Gordon and co-workers successfully embedded amorphous
celecoxib nanoparticles within PVA nanoﬁbers. The rapid
potential dissolution of the hydrophilic PVA nanoﬁbers in an
aqueous medium would enable immediate dispersion and
dissolution of the lipophilic nanoparticles and, therefore, can
potentially serve as a useful delivery system in applications
including pharmaceuticals, food, and agriculture.41 These
studies demonstrate that emulsion electrospinning provides a
platform for the encapsulation of sensitive bioactive compounds
without compromising their activity, as well as the achievment
of sustained release proﬁle.
Coaxial Electrospinning. Coaxial electrospinning is signiﬁcantly diﬀerent from the emulsion electrospinning method
since it generates core−sheath ﬁbers by the utilization of two
concentric needles and two solutions as illustrated in Figure 4.
The shell solution, which consists of a spinnable polymeric
material, is injected through the outer needle, whereas the core
solution, consisting of encapsulated compounds, is injected

Figure 4. Schematic description of coaxial electrospinning.

through the inner needle. During coaxial electrospinning,
parameters including miscibility of outer and inner solutions,
evaporation and diﬀusion of solvent, and surface tension of
liquid−liquid interfaces are crucial to the formation of ﬁne
core/shell ﬁber structure. The eﬀects of various parameters on
coaxial electrospinning have been evaluated.31
The primary motivation of coaxial electrospinning is to
encapsulate bioactive compounds into the core to achieve high
loading and maintain activity. Jiang and co-workers demonstrated the feasibility of coaxial electrospinning for encapsulation and controlled release of proteins. They found that the
released lysozyme (a model protein) from coaxial electrospun
core−shell ﬁbers of poly(ε-caprolacton) (PCL) maintained its
structure and bioactivity.29 López-Rubio et al. encapsulated
biﬁdobacteria into core−shell ﬁbers with PVA as the shell
material and biﬁdobacteria-containing milk constituting the
core content. This encapsulation process had a beneﬁcial eﬀect
on the storage stability of the microorganism.42
Coaxial electrospinning is also an attractive strategy for
suppressing the initial burst release and thereby delivering
compounds in a controlled manner.43 Compounds that loaded
into the polymer solution form the inner core whereas the
outer shell serves as a diﬀusive barrier for the compounds. Yang
et al. controlled the release of ferulic acid (FA) from zein ﬁlm
using a modiﬁed coaxial electrospinning technique.44 The
results showed that the release of FA from the coaxial ﬁbers
exhibited better sustained-release proﬁles with a smaller initial
burst eﬀect compared to FA released from monoﬁlament
electrospun ﬁbers. Ji et al. compared blended and coaxial
electrospun polycaprolactone (PCL)-based nanoﬁbers for
protein encapsulation, and coaxial electrospinning resulted in
more sustained release and higher protein activity.45
Complex coaxial electrospinning approaches have been
reported to enhance the controlled release behavior of
encapsulated bioactive compounds as well. For example, BSA
entrapped in a W/O emulsion that served as the core solution
has been encapsulated in the shell polymer through coaxial
electrospinning. The results showed that emulsion-core
electrospun membranes greatly suppressed the initial release
of BSA, as compared to conventional coaxial electrospun
sample, and the release proﬁle of BSA could be tailored by
changing the composition of poly( L-lactide-co-glycolide
(PLGA) in the core emulsion.46 Mickova et al. encapsulated
protein-loaded liposome into core−shell ﬁbers through coaxial
electrospinning.47 They found that while less than 10% of
enzymatic activity of horseradish peroxidase (HRP) was
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Table 1. Summary of Electrospun Carbohydrate-Based Biopolymers and Applications
polysaccharides
cellulose and
derivatives

additive polymers
gelatin
PEO
PCL
PVP

pectin

starch

guar gum
chitosan

heparin
hyaluronic acid

zein
silk ﬁbroin
PEO
chitosan and PVA
alginate and PEO
PEO or PVA
polyacrylamide
silk ﬁbroin
poly(ethylene-altmaleic anhydride
PVA
PVA

acetic acid and distilled water
acetic acid and distilled water
acetic acid and distilled water
TFA, chloroform/ethanol, and
water
PCL and PEO
dichloromethane (DCM) and
methanol
PVA and silk ﬁbroin distilled water
PVA and alginate
acetic acid and distilled water
PVA and gelatin
acetic acid and distilled water
gelatin
TFA and DCM
zein
ethanol and TFA
PCL
DCM and methanol
PLLA
DCM and methanol
PEO
acetic acid and distilled water

PVP
gelatin
silk ﬁbroin

dextran
pullulan

PVA
collagen and
glycosaminoglycan
PCL and cellulose
acetate
PVA
cellulose acetate
amaranth protein

alginates

distilled water
distilled water

PVA
PEO
PVA and PVP
PLA

PCL

chondroitin
sulfate

solvent
acetic acid
chloroform and methanol
N,N-dimethylformamide
(DMF), chloroform, and
acetone
acetone, ethanol, and distilled
water
acetone and DMF
triﬂuoroacetic acid (TFA)
distilled water
acetic acid and distilled water
NaOH solution
distilled water
formic acid
formic acid
distilled water and DMSO

whey protein
concentrate
PVA
chitosan

functionality and application

refs

core−shell ﬁbers with controlled release property in the gastrointestinal tract
food packaging or wound dressing materials.
bioﬁlters and biosensor strips

75, 157
61
158

scaﬀold for tissue engineering

159

improved thermal stability and hydrophilic property
heavy metal ion adsorption from wastewater
biomedical applications, electrochemical devices, and drug delivery systems
enhanced mechanical properties and biocompatible skin tissue scaﬀold
enhanced encapsulation of folic acid for functional food applications
controlled drug delivery system
emzyme immobolization
bone regeneration materials for cell viability, proliferation, and attachment
porous structure with improved thermal stability

160
161
162
163
98, 164
165
166
167
168

electrochemical capacitor electrode
biocompatible and biodegradable curative membranes for biomedical
applications
wound dressing with improved mechanical and antimicrobial properties
enhanced cell proliferation biomembranes; wound dressing material
wound dressings
potential application for tissue engineering; drug delivery; improvement of
enzyme activity
biocomposite with for wound dressing applications

169
170

biocompatible material for wound dressing
ﬁber with better biocompatibility and controlled degradation rate
controlled dual drug delivery system
skin tissue engineering scaﬀold with good cell attachment and proliferation
functional controlled delivery system
controlled delivery device to the site of vascular injury
scaﬀold as a diﬀerentiating device for human mesenchymal stem cells
core−shell ﬁber with good thermal stability for applications in tissue
regeneration
chloroform and folic acid
high encapsulation eﬃcacy and control of the release of growth factors that
can serve as skin tissue engineering scaﬀolds for wound healing
ethanol and distilled water
core−sheath ﬁbers for protection and stabilization of liposome thus to control
the release of loaded drugs
NaOH, DMF, and acetic acid
biomedical materials
ethanol, formic acid, and
coaxial nanoﬁbers with perfect antibacterial and antifungal activities for drug
distilled water
release application
distilled water
biocompatible and nontoxic materials for soft-tissue regeneration
2,2,2-triﬂuoroethanol (TFE) and biomaterials with enhanced cell proliferation
distilled water
DMF, tetrahydrofuran (THF),
composite mats with good cell attachment and antibacterial property for
and acetone
wound dressing applications
distilled water
ﬁbers with improved mechanical and thermal properties; functional materials
for delivery of bioactive compounds
DMF and DMSO
cell carrier for skin or bone tissue engineering applications
formic acid
encapsulation of bioactives for functional food or active packaging

171
172
173
89, 174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
93, 191

phosphate-buﬀered saline

encapsulation of Bifidobacterium strains for functional food applications

192
13,
90−92
16

distilled water
glycerol, acetic acid, and distilled
water

antibacterial wound dressings and tissue engineering application
tissue antiadhesion barrier

193
194

preserved during the single-nozzle electrospinning process,
coaxial electrospinning preserved 62% of the enzyme activity of
liposome-incorporated HRP. Zhang and co-workers reported
that diﬀerent release behaviors for basic ﬁbroblast growth factor
(bFGF) were obtained using emulsion or hydrogel as the core
in the modiﬁed coaxial electrospun membranes.48 The results

showed that PLGA-heparin-based emulsion core was uniformly
distributed, while the chitosan hydrogel core was aggregated in
the electrospun ﬁbers. The diﬀerent distributions in electrospun
ﬁbers led to diﬀerent release behaviors, as expected; the release
amounts of bFGF from the emulsion-core and hydrogel-core
coaxial electrospun samples were ∼25% and ∼64% in the ﬁrst 7
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Figure 5. Schematics of biopolymeric scaﬀolds and source of materials.

molecular hydrogen bonds. Because of these demerits, the
choice of a suitable solvent system is thus crucial, and a limited
number of solvents have been applied in which pure cellulose
nanoﬁber was successfully formed, such as NaOH/urea,56 ionic
liquids,57,58 TFA/methylene chloride, etc.59
Another approach to improve the spinnability of polysaccharides is by blending them with other polymers, including
PEO, PVA, polyvinylpyrrolidone (PVP), PLA, and some
biopolymers like zein, gelatin, silk ﬁbroin, etc. (see Table 1).
These polymers have ﬂexible linear chains that can play the role
of providing the required linkage and facilitating a suﬃcient
entanglement to induce the formation of ﬁbers.10 For example,
defect-free nanoﬁbers with diameters of 60−120 nm were
obtained from a highly deacetylated chitosan blended with
PEO.60 Moderate temperatures (40−70 °C) favored the
formation of uniform chitosan/PEO nanoﬁbers with higher
chitosan content, which were due to a faster solvent
evaporation rate and increased chain entanglements. Additionally, higher chitosan content in the precursor blends led to a
signiﬁcant reduction in nanoﬁber diameters (from 123 to 63
nm for 50/50 and 90/10 chitosan/PEO blends, respectively, at
room temperature). This is likely related to a reduction in
viscosity and an increased conductivity when increasing the
chitosan content from 50 to 90%.60 In another study, a binary
mixture of cellulose acetate (CA) and PEO was electrospun to
create nanoﬁbers with novel properties and structures.61 In this
study, ﬁber formation was inﬂuenced by the chain length of
polymers, concentrations, and mixing ratios. Commercial
cassava starch was also blended with PEO to improve its
spinnability.62
Encapsulation of Bioactive Compounds by Electrospun
Polysaccharide Fibers. Natural polysaccharides are promising
vehicles for the encapsulation of bioactive compounds.10 Fiberbased carbohydrate nanocomposites have been used in a wide
variety of applications.63 They exhibit high thermostability
compared to lipid- or protein-based delivery systems. Moreover, polysaccharides can be modiﬁed to achieve the required
properties or interact with bioactive compounds through their
functional groups, which make polysaccharides versatile carriers
to encapsulate compounds. A great number of polysaccharides,
such as cellulose, chitosan, pullulan, dextran, starch, alginate,
and pectin, have been employed as delivery materials for
bioactive compounds (Figure 5). One potential of electrospun
polysaccharide-based nanoﬁbers in the food indutstry is to
improve the stability and bioavailability of bioactive compounds, which are of upmost importance for the development
of novel functional food products. Another important
advantage is the ability to mask undesirable odors and ﬂavors
to improve the product acceptance. Nanoﬁbers can also serve

days, respectively. In particular, bFGF of the modiﬁed coaxial
electrospun samples aﬀorded ∼90% cumulative release, much
higher than the 60% cumulative release obtained using a
conventional coaxial electrospun sample. These ﬁndings
indicate that coaxial electrospinning can reduce burst eﬀect
and allow dual-compound loading to both core and shell layers,
and coaxial electrospinning reveals better processing versatility
compared with emulsion electrospinning or any other form of
bioactive substance incorporation method.49 However, the
coaxial electrospinning requires a special apparatus and careful
selection of operational parameters to ensure the desired
results. The volatility of the solvent in the core polymer should
be lower than that used for the sheath polymer for the
successful formation of core−sheath structure ﬁbers,
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ELECTROSPINNING OF NATURAL BIOMATERIALS
AND APPLICATIONS
In recent years, tremendous attention has been given to natural
biopolymers due to their remarkable advantages including
biocompatibility, biodegradability, renewability, and sustainability as carriers for encapsulation of bioactive compounds in
the food industry.50 In this section, the production of ﬁbers
from natural biopolymers and their potential applications in
encapsulation of bioactive compounds are investigated.
Polysaccharide-Based Electrospun Nanoﬁbers. Electrospinning of Polysaccharide. Although electrospinning of
polysaccharides has been reported,51 there are some limitations
that hinder the electrospinning of polysaccharides. Polysaccharides have a tendency to form strong hydrogen bonds,
leading to high solution viscosity or gel formation. Finally,
biologically derived polysaccharides often require complicated
and expensive puriﬁcation steps prior to electrospinning. Rather
than covering detailed information on the electrospinning of
various polysaccharides, this section focuses on the eﬀorts that
have been made to fabricate electrospun polysaccharide-based
ﬁbers.
It is important to vary the concentration of polysaccharide
and the composition of solvent to electrospin polysaccharides.
For example, chitosan is diﬃcult to electrospin into a ﬁbrous
structure because its polycationic character in aqueous acidic
solution excessively increases the surface tension of solution.52
Nevertheless, chitosan nanoﬁbers of diﬀerent diameters have
been successfully electrospun using a wide variety of solvents,
including triﬂuoroacetic acid (TFA), TFA/dichloromethane,
concentrated acetic acid, etc.53,54 It is also noteworthy that
electrospinning of pure chitosan is restricted based on its
concentration, molar mass, and degree of deacetylation (DD).55
Similarly, the spinnability of cellulose is restricted due to the
limited solubility and the strong intermolecular and intra9166
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increase in the cumulative release process over the test periods,
24 h for VE-loaded samples and 6 h for VA-loaded samples. In
contrast, the corresponding casting ﬁlms exhibited a burst
release of the vitamins during the ﬁrst 20 and 30 min,
respectively.72 In another study, Chantarodsakun and coworkers reported the successful incorporation of [6]-gingerol
into electrospun CA ﬁbers as a controlled release system. The
data showed that ∼97% of [6]-gingerol could be released from
ﬁbers at 37 °C, whereas only 74% of it was released from the
corresponding ﬁlms.73 Yan and co-workers prepared doublecomponent nanoﬁbers of FA-loaded CA and triple-component
nanoﬁbers of FA/PVP-loaded CA through modiﬁed coaxial
electrospinning processes.74 The results showed that the triplecomponent nanoﬁbers exhibited better sustained-release
proﬁles than the double-component nanoﬁbers in terms of
release completeness, the tailing-oﬀ release time period, and
release rates. In another study, the release mechanism of the
model protein gelatin from coaxial electrospun CA ﬁbers was
anomalous diﬀusion, exhibiting a near zero order release proﬁle
with a release half-life of ∼7.4 days.75 The nanoﬁlms obtained
were found intact (without bursting) when immersed in PBS
for 20 days. These ﬁndings suggest the potential application of
electrospun CA ﬁbers in the encapsulation and controlled
release of functional compounds.
Apart from these applications, a less explored potential
application is as ﬁltration membranes in food and beverage
processing. Ma and co-workers produced CA ﬁbers to separate
biomolecules such as bovine serum albumin and bilirubin76 or
to purify immunoglobulin G (IgG) since it had a strong binding
capacity with IgG.77 A recent study showed that a composite
membrane using cellulosic nanoﬁbers as the top layer could
increase the ﬁlter eﬃciency by about 5 times compared to the
same membranes without cellulosic nanoﬁbers.78 Electrospun
cellulose acetate ﬁbers have also been used as biosensors for the
detection of very low concentrations of methyl viologen and
cytochrome c in aqueous solutions,79 as well as for applications
in sensitive displays and optical devices.80
Chitosan. Chitosan, a chitin-derived polysaccharide, has
received particular attention due to its biological properties
including biocompatible, biodegradable, and antimicrobial
properties. Several attempts have been made to fabricate
electrospun chitosan nanoﬁbers by changing the physicalchemical properties (e.g., Mw, DD, solvent), the electrospinning
conditions (distance, voltage, ﬂow rate), and blending with
other polymers or proteins.
Electrospun chitosan ﬁbers could serve as the delivery
carriers for sustained release of bioactive compounds. For
instance, uniform and homogeneous hybrid chitosan/phospholipid nanoﬁbers were fabricated to deliver curcumin,81 and the
release of curcumin was in a sustained way for over 7 days
(around 75%) without a signiﬁcant burst eﬀect. Vitamin B12
has also been delivered by chitosan/phospholipid nanoﬁber.82
The release proﬁle showed that a burst release occurred within
1 day and reached the maximum (nearly 100%) at day 2.
Mucoadhesive zein−chitosan composite nanoﬁber was also
prepared to improve the delivery of α-TOC to the GIT. The
resulting ﬁbers exhibited good gastro-mucoadhesive property,
and the release of α-TOC in simulated gastric ﬂuid was
triggered by erosion and diﬀusion, demonstrating the potential
application of zein−chitosan nanoﬁbers as a gastro-mucoadhesive delivery vehicle for improving accessibility and bioavailability of hydrophobic compounds.83 A sustained and colonspeciﬁc delivery of protein was also achieved by coaxial

as carrier systems for the target delivery and sustained release of
nutraceuticals or pharmaceuticals in GIT owing to ﬂexibility in
changing the composition of ﬁber. Furthermore, they can be
used for the fabrication of active packaging materials or
nanostructured layers for packaging, which have applications
like controlling microbial growth or inhibiting oxidative
degradation reactions. Additionally, a less explored potential
application of electrospun ﬁbers is as ﬁltration membranes and
biosensors in food and beverage processing. Based on the above
applications, a comprehensive review of electrospun polysaccharide-based polymers for the encapsulation of diﬀerent
bioactive compounds is described below.
Cellulose and Its Derivatives. Cellulose is the most
abundant and a low-cost biodegradable byproduct in the food
and agricultural industries. However, electrospinning of
cellulose is limited due to its intrinsic chemistry. Previous
studies showed that the electrospinnning of cellulose was
achieved by the utilization of speciﬁc organic solvent, blending
with other polymers, or the adoption of cellulose derivatives,64
such as CA.
Electrospun cellulose-based ﬁbers have been used to
encapsulate bioactive compounds and enhance their stability.
Cellulose has been electrospun with heparin to prepare
anticoagulant nanoﬁbers.57 In another example, curcuminloaded CA nanoﬁbers were successfully prepared under a ﬁxed
electric ﬁeld of 17.5 kV/15 cm.65 The chemical integrity and
antioxidant activity of the loaded curcumin were maintained
after the electrospinning process, indicating the feasibility of
electrospinning for the encapsulation of bioactive compounds.
Yang et al. prepared tannic acid (TA)-Fe3+ loaded electrospun
CA ﬁbers with improved mechanical and antioxidant properties.66
Cellulose nanoﬁbers have also been investigated for enzyme
immobilization providing improved bioactivity. For instance,
Candida rugosa lipase was immobilized on electrospun CA
nanoﬁbers. By optimizing the oxidation conditions, the
obtained ﬁbers showed signiﬁcantly higher thermal stability
and durability comparatively to the equivalent free enzyme.67
Chen et al. immobilized lipase onto the regenerated cellulose
ﬁber membrane for oil hydrolysis, and under the optimal
operating conditions a bioreactor activity of 9.83 × 104 U/m2
was obtained.68 In another study, Huang and co-workers
immobilized positively charged lysozyme−chitosan−organic
rectorite composites on negatively charged electrospun CA
ﬁbrous mats using a layer-by-layer (LBL) self-assembly
technique, and the resulting ﬁlm could extend the shelf life of
fresh pork for about 3 days.69 Naringinase-loaded electrospun
CA nanoﬁber was also prepared by LBL, and the immobilized
naringinase activity could be controlled by the LBL layers. The
results showed that 22.7% of naringin and 60.7% of limonin in
the grapefruit juice could be removed by obtained CA ﬁbers,
suggesting the potential application of these nanoﬁber
composites to remove bitterness for fruit juice.70
Moreover, the electrospun ﬁbers can be utilized for the
delivery and controlled or sustained release of bioactive
compounds. For example, CA ﬁbers with diameter of 460 ±
84 nm have been used for the delivery of sea holly extract in a
controlled-release application.71 The ﬁbers obtained exhibited
good antioxidant activity, and approximately 99% of the loaded
extract was released from ﬁbers through a diﬀusion mechanism,
while only 35% of the loaded extract was released from the
corresponding cast ﬁlms. Vitamin A and E (VA and VE) loaded
electrospun nanoﬁbers exhibited a gradual and monotonous
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encapsulation of FA within ﬁbers increased its thermal stability
and protected it from degradation after ultraviolet (UV) light
exposure. Another work showed that, by encapsulating them in
API/pullulan nanoﬁbers, the antioxidant properties of
quercetin, FA, and curcumin were also maintained during in
vitro digestion.91,92 A blend of PVA and pullulan could also be
used to load bioactive compounds. Qian et al. prepared rutinloaded electrospun pullulan and PVA nanoﬁbers to obtain UVresistant properties.93 The results showed that the addition of
rutin could enhance the mechanical properties to some extent
due to its stiﬀ structure, and the incorporation of rutin was able
to decrease the transmittance of UVA and UVB to be less than
5%. The value of the ultraviolet protection factor (UPF) was
above 40 and above 50 when the contents of rutin were 4.46%
and 5.67%, respectively. The ﬁbers obtained have potential in
anti-UV packaging and dressing materials.
Starch. Starch, one of the most abundant natural
polysaccharides, is composed of mixtures of amylose and
amylopectin. It is nonallergenic, GRAS, and inexpensive. There
has been increasing interest in using starch-based delivery
systems to encapsulate food ingredients.7 Yet, the required
viscoelasticity of electrospinning starch solution is needed, and
eﬀorts have been made to enable electrospinning and nanoﬁber
formation, such as dissolving starch in organic acids or blending
it with other polymers. Recently, starch−formate/glycerol
(SFG) ﬁbers loaded with Lactobacillus paracasei were
successfully fabricated by coaxial electrospinning.94 The
entrapped microorganism was stable with retained bacterial
viability when stored at 4 °C and room temperature for up to
21 days. The SFG ﬁbers exhibit a potential alternative route for
cell encapsulation and extended storage of biotherapeutic
products.
Alginate. Alginate is an anionic linear polysaccharide that
exists in brown seaweed. Due to the rigid and extended
structure of alginate, the electrospinning of this biopolymer
remains a challenge. Blending of alginate with other polymers
such as PEO and adding a cosolvent like glycerol have been
investigated to facilitate the electrospinning of alginate.95 In a
recent study, electrospun alginate-based nanoﬁbers were
fabricated to achieve a colon-speciﬁc delivery system of BSA.
There was little change in the secondary structure of
encapsulated BSA, and around 75% of BSA was released in
the simulated colonic ﬂuid.96 The release kinetics revealed that
the release of BSA in colon followed a complex mechanism, in
which erosion was the dominant factor. This study showed that
electrospun alginate/chitosan nanoﬁlm is a promising colonspeciﬁc delivery system for bioactive protein. Iṡ pirli Doğaç and
co-workers immobilized lipase onto electrospun alginate
nanoﬁbers.97 Their results showed that nanoﬁbers enhanced
the stability of lipase, maintaining almost 65−70% of its activity,
while the free lipase lost all of its activity after 40−60 min at
high temperatures. PVA/alginate nanoﬁbers maintained 60% of
enzyme activity after 14 reuses compared to PEO/alginate
nanoﬁbers, which only aﬀorded 7 reuses. The stability of FA is
improved by alginate−pectin−PEO electrospun ﬁbers. The
results showed that FA encapsulated in electrospun ﬁbers
aﬀorded nearly 100% retention when stored in the dark at pH 3
for 41 days, while the recovery of unencapsulated folic acid was
8% and 0% after 1 day of storage at pH 3 in the absence and the
presence of light, respectively. FTIR and NMR data
demonstrated that the enhanced protection on folic acid by
the electrospun ﬁbers was attributable to physical entrapment,
rather than folic acid−polymer interaction.98

electrospinning of sodium alginate and chitosan. It was found
that around 75% of BSA was released in simulated colonic ﬂuid
for 16 h, and little change occurred in the secondary structure
of encapsulated BSA indicated by FTIR and circular dichroism
analysis. Core−shell nanoﬁber using chitosan in the core and
PCL as the shell was constructed in an attempt to deliver FA
and resveratrol.20 The in vitro release studies showed that both
resveratrol and FA were released in a sustained manner with
approximately 48% and 55% being released in 120 h,
respectively.
Enzymes can also be immobilized into chitosan ﬁbers. Ge
and co-workers immobilized glucose oxidase (GOD) in PVA/
chitosan/tea extract nanoﬁbers to make a novel food packaging
system.85 The GOD still maintained 68% of its free enzyme
activity and the electrospun membrane exhibited around 73%
deoxidization eﬃciency in the test samples (haw jelly and
cream cake). Huang and co-workers immobilized lipase in a
nanoﬁbrous chitosan/PVA membrane using glutaraldehyde as a
coupling agent. The lipase loading on this nanoﬁbrous
membrane was up to 64 mg/g, and the residual activities of
the immobilized lipase were more than 50% after 30 days,
suggesting excellent reusability and storage stability.86 Lysozyme (LZ) was also successfully incorporated into chitosan−
ethylenediaminetetraacetic acid/PVA nanoﬁber without losing
its activity.87 However, burst release of LZ was observed as
cumulative release reached ∼80% within 30 min, owing to the
erosion of hydrophilic polymer and lysozyme diﬀusion.
Another approach for incorporating lysozyme into nanoﬁbers
was described by Park and co-workers, who immobilized hen
egg-white LZ on electrospun chitosan nanoﬁbers through crosslinked enzyme aggregates (CLEAs).88 The immobilized LZCLEA retained more than 75% of its initial activity after 80 days
of storage at room temperature, while the free LZ lost all of its
activity under the same conditions. The LZ-CLEA immobilized
chitosan nanoﬁbers were reused for 10 cycles to investigate the
antibacterial activity against Staphylocuccus aureus, Bacillus
subtilis, Shigella f lexneri, and Pseudomonas aeruginosa, and the
nanoﬁbers were still eﬀective against four pathogenic bacteria
with an antibacterial ratio of >80% after 10 cycles. These results
suggest that LZ-CLEA immobilized chitosan nanoﬁbers could
be used as a promising material for enhanced stability and
remarkably high reusability of LZ in industrial applications.88
Siqueira and co-workers recently reported an electrospun
chitosan and PLA ﬁber mat employed as support for
immobilization of Pseudomonas cepacia lipase. The results
showed that the addition of chitosan, with more hydrophilic
groups, reduced enzyme activity.89 They concluded that the
mechanism of interaction between ﬁber mat and enzyme was
through a hydrophobic physical adsorption.
Pullulan. Pullulan is an extracellular microbial polysaccharide. It is water-soluble, biocompatible, and biodegradable.
Hybrid pullulan based ﬁbers with amaranth protein isolate
(API) are commonly fabricated to encapsulate bioactive
compounds with enhanced stability and bioactivity. For
instance, encapsulation of nisin within API/pullulan nanoﬁbers
was developed to maintain its antimicrobial activity.13 The
average ﬁber diameters decreased with increasing nisin content.
Fibers containing 20 mg/mL of nisin reached an encapsulation
eﬃcacy of 95% with good antimicrobial activity against L.
mesenteroides, suggesting a potential application as edible ﬁlms
or packaging material in the food industry. Folic acid has also
been encapsulated in API (Amaranthus hypochondriacus L.)/
pullulan ﬁbers with high EE (>95%).90 In addition, the
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Table 2. Summary of Electrospun Natural Protein-Based Biopolymers and Applications
proteins
zein

SPI

WPI or WPC
egg albumin
casein
collagen or
gelatin

silk ﬁbroin

additive polymers

solvent

functionality and application
wound dressing with high cell proliferation and good hydrophilicity

137

PVA
PCL
polyurethane and cellulose
acetate
cellulose acetate
WPI and SPI

1,1,1,3,3,3-hexaﬂuoro-2-propanol
(HFIP)
ethanol and water
TFE and DCM
DMF and methyl ethyl ketone/2butanone
acetone and DMF
ethanol/distilled water

wound healing
wound healing application; bone tissue engineering scaﬀold
wound dressing

195
196
197

tissue engineering scaﬀold
bioactive packaging material for food system

bacterial cellulose
PVA

ethanol and distilled water
acetic acid/distilled water

PEO

1% NaOH solution or HFIP

packaging ﬁlm with enhanced water resistance
eco-friendly ﬁltration material; biodegradable material with adjustable
mechanical property
tissue engineering scaﬀold

PLA
PVA
PCL
PVA
PCL
PVA

1% NaOH solution
distilled water
THF/DMF or DCM/DMF
distilled water
DCM and DMF
acetic acid and distilled water

active packaging material
functional materials with enhanced encapsulation eﬃency
antimicrobial material for biomedical application
antimicrobial material
bone tissue engineering application
biomaterial with controlled release property; skin scaﬀold

PCL

chloroform, methanol, and acetic
acid
formic acid and HFIP
THF and DMF
LiBr aqueous solution
acetic acid and distilled water

tissue engineering material with good cell adhesion and
biocompatibility
wound dressing for regeneration of scarless skin
artiﬁcial dermis scaﬀold
enhanced biomimetic potential for bone tissue engineering application
vascular tissue engineering

198
199,
200
201
202,
203
204,
205
19
206
207
208
209
210,
211
212

PLLA

hyaluronate
PCL
carboxymethyl cellulose
collagen

Cyclodextrins. In addition to the above polymeric systems,
electrospinning has recently been used for the production of
ﬁbers from nonpolymeric systems such as cyclodextrins (CDs).
CDs were used to encapsulate bioactive compounds to form an
inclusion complex (IC). Actually, even in the absence of the
electrospinning process the complexation of bioactive compounds within CDs has attracted a great deal of interest
because it results in higher stability and allows sustained
release.99 Electrospun PVA nanoﬁbers containing a curcumin−
cyclodextrin complex showed improved thermal stability and
sustained release properties when compared to PVA/curcumin
ﬁbers.100 In particular, γ-CD was more eﬀective than α-CD and
β-CD in the stabilization and controlled release of ﬂavor
compounds such as menthol, vanillin, and eugenol.50,99,101
These functional electrospun ﬁbers may ﬁnd practical
application in the food industry especially in designing food
packaging materials. Wen and co-workers successfully encapsulated cinnamon essential oil into PVA and β-cyclodextrin. The
resulting nanoﬁlm had better antimicrobial activity than the cast
ﬁlm and eﬀectively prolonged the shelf life of strawberries.102
Aytac and Uyar encapsulated α-TOC into β-cyclodextrin (βCD) to form α-TOC/β-CD IC before electrospinning with
polycaprolactone (PCL). Their results showed that the
electrospun PCL/α-TOC/β-CD nanoﬁber exhibited higher
antioxidant activity compared to PCL/α-TOC nanoﬁber due to
the presence of the IC.103 Mascheroni and co-workers
developed an edible polysaccharide nanoﬁlm of pullulan−
cyclodextrin for the eﬃcient encapsulation and controlled
release of perillaldehyde.104 Release of perillaldehyde was
negligible under ambient conditions (23 °C and 55% relative
humidity) and even at high temperatures (up to 230 °C). In
fact, the release was triggered at a high relative humidity (RH)
(threshold, aW ≥ 0.9), suggesting its application in active food
packaging. Pullulan and β-cyclodextrin emulsions in water were

refs

213
214
215
216

also electrospun for the encapsulation of (R)-(+)-limonene.
The release of limonene from the ﬁbers was modulated by the
RH changes and could be used as an active packaging device.105
The results were consistent with the other studies that
demonstrated that an IC provides better controlled release of
compounds.106−108
Other CD derivatives such as hydroxypropyl-β-cyclodextrin,
hydroxypropyl-γ-cyclodextrin, and methyl-β-cyclodextrin were
also studied for their electrospinning behavior and their
applicability as encapsulating materials.109−111 Aytac and coworkers incorporated gallic acid (GA) with hydroxypropyl-βcyclodextrin (GA/HP-β-CD-IC) and then electrospun it with
PLA (PLA/GA/HP-β-CD-IC). Compared to PLA/GA ﬁbers,
the obtained PLA/GA/HP-β-CD-IC nanoﬁbers with higher
antioxidant activity exhibited controlled release proﬁle for GA
in three diﬀerent mediums, suggesting a potential application of
nanostructured electrospun ﬁbers as food packaging materials
to increase the shelf life of food products.112 However, the
previous studies were in laboratory scale; the proposed
applications for electrospun ﬁbers have to be eﬀectively
translated to be useful in food systems. Studies are required
to prove the workability of the resultant products as active/
smart food packaging materials without altering the physical,
chemical, and sensory characteristics of food.
Protein-Based Electrospun Materials. Electrospinning
of Protein Fibers. The electrospinning of proteins is
notoriously diﬃcult, mainly because of their complex secondary
and tertiary structures.113 Globular proteins have too little
interaction with each other to entangle during the spinning
process. Electrospinning of proteins is possible under
conditions in which they are dissolved as a random coil
conformation. Generally, there are several ways to fulﬁll this
requirement, such as the appropriate choice of solvent,
denaturation, heating, or blending with other polymers.
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controlled release of various bioactive compounds, such as βcarotene, GA, curcumin, ﬁsh oil, (−)-epigallocatechin gallate
(EGCG), FA, and tannin.
Electrospun zein ﬁbers have been used to stabilize the lightsensitive bioactive antioxidant β-carotene.122 The β-carotene
antioxidant was stable and widely dispersed inside the zein
ﬁbers, and its UV−vis light stability could be signiﬁcantly
increased compared to nonencapsulated control.
GA could also be successfully incorporated into electrospun
zein ﬁbers at diﬀerent loading ratios, and 1,1′-diphenyl-2picrylhydrazyl (DPPH) assay showed that GA had retained its
antioxidant activity after electrospinning.123 GA exhibits a rapid
release from zein ﬁbers based on Fickian diﬀusion,124 and the
ﬁbers obtained were not cytotoxic and exhibited antimicrobial
properties, suggesting application as a novel and safe food
contact material. Further studies performed by Neo and coworkers showed that the heat-curing process led to larger ﬁber
diameters, enhanced ﬁber hydrophobicity, and a slower release
proﬁle for GA.125 These new properties oﬀer a potential for
developing novel protein-based nanostructured electrospun
ﬁbers with improved properties for food packaging materials.
Brahatheeswaran and co-workers developed the smooth
zein−curcumin ﬁber with a mean diameter of 310 nm and
found that curcumin maintained its free radical scavenging
activity and showed sustained release behavior.126 Bui et al.
reported that nanoﬁbers containing 1.6 wt % curcumin could
eﬃciently inhibit growth of S. aureus (83%), suggesting their
potential application as an antibacterial nonwoven mat.127
Curcumin-loaded zein membrane was utilized for Fe3+ sensing
by naked-eye detection with an optical detection limit of 0.4
mg/L. 128 Recently, a study by Wang and co-workers
demonstrated that the curcumin-loaded zein ﬁbers possessed
good antibacterial activity toward S. aureus and Escherichia coli,
and the predominant release mechanism of curcumin from
ﬁbers was Fickian diﬀusion, suggesting their potential
antimicrobial applications.129
Moomand and Lim encapsulated ﬁsh oil in zein ﬁbers and
showed that electrospun zein ﬁbers provide a greater oxidative
stability compared to nonencapsulated ﬁsh oil.130 The same
group demonstrated that the release kinetics of omega-3-rich
ﬁsh oil from zein ﬁbers was controlled by matrix swelling,
erosion, and diﬀusion.131 Yang and co-workers prepared core−
shell electrospun ﬁbers loaded with ﬁsh oil using coaxial
electrospinning. Compared to monoﬁlament electrospinning,
coaxial electrospinning signicantly improved the oxidative
stability of encapsulated ﬁsh oil and the shelf life of
encapsulated ﬁsh oil. In coaxial nanoﬁbers ﬁsh oil lasted 65
days longer than in monoﬁlament nanoﬁbers, indicating that
coaxial electrospinning is an eﬀective strategy to encapsulate
ﬁsh oil.132 These studies show that the electrospun zein matrix
can be a useful carrier to deliver ﬁsh oil for functional foods.
Mucoadhesive nanoﬁbers containing α-TOC have been
electrospun from zein−chitosan composite solution. The
resulting ﬁbers exhibited good gastro-mucoadhesive property,
and the release of α-TOC in simulated gastric ﬂuid (SGF) with
pepsin was triggered by erosion, while α-TOC release in SGF
without pepsin was triggered by swelling and driven by
diﬀusion. The gastro-mucoadhesive and release characteristics
of ﬁbers demonstrate the potential applicability of this
composite ﬁber as a gastro-mucoadhesive delivery vehicle in
GIT for improving accessibility and bioavailability of hydrophobic compounds.83 In a study performed by Fabra and coworkers, a higher EE of α-TOC (100%) was obtained for the

Research has demonstrated that ﬁbers can be produced by
breaking cysteine bridges and dissolving in ﬂuorinated solvents.
For example, collagen nanoﬁbers have been spun from the
NaAc/HAc solution at pH 3.0, maintaining 57% of their native
structure.114 Silk and ﬁbrinogen were electrospun from HFP or
98% formic acid, and several globular proteins (hemoglobin
and BSA) were spun from TFE.115,116 It was also reported that
when protein was denatured, the globular albumin molecule
was transformed into a ﬁbrillar form that was eﬀective for
nanoﬁber production.115 Further, changing the pH of the
solution expands the ability to incorporate bioactive compounds, and electrospinning of whey protein solutions at acidic
pH would facilitate formulation ﬂexibility. Similarly, electrospinning of gelatin solutions from water at room temperature
has long been problematic;117 nanoﬁbers could be obtained at
elevated temperatures, under which conditions gelatin behaves
as a random-coil polymer.118
In another approach, some synthetic or natural polymers
have been blended with proteins for the purpose of improving
spinnability and the mechanical properties of ﬁbers (e.g.,
thermal stability and degradability). Polymers utilized in this
way including PEO, PVA, PVP, PCL, PGA, PLA, PLGA, PLLA,
and natural biopolymers such as chitosan and hyaluronan (HA)
(see Table 2). For example, Suganya and co-workers used
PCL/collagen blend nanoﬁbers for skin tissue regeneration and
achieved augmented skin repair with the incorporation of an
Aloe vera extract.119 Core−sheath structured nanoﬁbers of silk
ﬁbroin (SF) and PCL have also been constructed utilizing
emulsion electrospinning. The main focus in generating SF/
PCL ﬁbers was to capitalize on the mechanical strength of the
PCL and exploit the advantages of SF as a tissue engineering
material. Natural biopolymers have also been reportedly
blended with protein. Wongsasulak and co-workers investigated
the electrospinning of egg albumen (EA) protein by blending it
with CA. EA is a biopolymer that cannot be readily electrospun
because of its high surface tension and conductivity. Adding CA
and Tween 40 reduced the surface tension and facilitated the
production of EA/CA nanoﬁbers.120 Since zein and gelatin can
be spun from solvents acceptable in the food industry, it opens
the possibility of using zein or gelatin as a carrier for proteins
that cannot be spun by themselves in a way acceptable in the
food industry.
Encapsulation of Bioactive Compounds by Electrospun
Protein Nanoﬁbers. For food applications, protein-based
nanoﬁbers are also preferably used for nutrient delivery because
they oﬀer advantages over other materials in terms of
biodegradability and biocompatibility, in vivo safety status,
and good functional properties.121 For example, proteins
exhibit high loading capacity of bioactive compounds due to
their amphiphilic structure, multiple binding sites, and a variety
of possible binding mechanisms including electrostatic
attractions, hydrophobic interactions, hydrogen, and covalent
bonding. All of these features motivate interest in developing
electrospun protein-based nanomaterials. The main proteinbased encapsulating materials for the purpose of delivery and
controlled release applications are currently zein, whey protein
concentrate (WPC), SPI, API, ﬁsh sarcoplasmic protein (FSP),
and other proteins (Figure 5).
Zein. Zein, a hydrophobic protein (prolamin) extracted from
corngrains, is known for its high thermal resistance and
excellent oxygen barrier properties. Electrospinning of zein
represents an excellent opportunity for preparing a promising
delivery vehicle for encapsulation and stabilization and for the
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SPI. Soy protein, one of the least expensive vegetable
products, has gained widespread interest as an electrospinning
matrix. Unfortunately, electrospinning of pure soy protein is
quite challenging and requires a carrier polymer to enhance
molecular entanglement. Electrospun SPI/PEO ﬁbers have
been prepared and exhibit promising applications in the food
industry. For instance, electrospun ﬁbers from SPI/PEO blend
and PLA were prepared for the controlled release of AITC.19
The results indicated that the release of AITC from electrospun
nanoﬁbers could be controlled by varying the RH, with high
RH triggering AITC release, suggesting potential applications
in active packaging. In a study performed by Wang and coworkers, red raspberry extract (RRE), rich in anthocyanins, was
incorporated in SPI before and after SPI denaturation.139
Although electron microscopy analysis indicated that both cases
generated beaded nanoﬁbers, the functionalized nanoﬁbers
obtained had good antimicrobial and antioxidant properties. It
was noted that the incorporation of RRE into denatured SPI
solution exerted the higher anthocyanin retention and greater
antimicrobial activity.
WPC. Recently, WPC has attracted considerable interest
because it is an amphiphilic macromolecule that plays an
essential role in stabilizing food formulations. López-Rubio and
co-workers have shown the feasibility of electrospinning of
WPC and pullulan for the encapsulation of Bifidobacterium
strains. WPC demonstrates a greater protective ability as an
encapsulation material than pullulan, and it eﬀectively
prolonged the survival of cells even at high RH.16 Dextran,
WPC, and chitosan were also used as matrix materials to
encapsulate lycopene by emulsion electrospinning. WPC
aﬀorded high EE values of around 75%, and the resulting
ﬁbers were able to protect lycopene against moisture and
thermal degradation.140
Gelatin. In a review, Sajkiewicz and Kolbuk have described
that solvents and associated ambient parameters can inﬂuence
the electrospinnability of gelatin.141 The application of
electrospun gelatin-based ﬁbers in the encapsulation of
bioactive compounds enhances stability and improves controlled release properties. For example, asiaticoside, the major
component of Centella asiatica extracts that possesses wound
healing ability, was electrospun with gelatin to improve its
functionality.142 The authors observed that higher amounts of
asiaticoside were present in the electrospun ﬁber than were
found in a cast ﬁlm (i.e., ∼99 and ∼87%, respectively). In
addition, the greater surface area of the ﬁber over that of the
ﬁlm results in more release of asiaticoside from the ﬁber mat
compared to the ﬁlm. Vitamin A (VA) and vitamin E (VE) were
also successfully incorporated into biodegradable gelatin
nanoﬁbers using electrospinning. VE can protect VA from
oxidation, resulting in less degradation during the release
process. The electrospun gelatin/VA+E ﬁbers showed sustained
release for more than 60 h, and the dominant release
mechanism was diﬀusion.143 Padrão and co-workers fabricated
a bovine lactoferrin (bLF)-loaded ﬁsh gelatin in an electrospun
membrane.144 The intact structure and the bactericidal
eﬃciency of bLF against E. coli and S. aureus were retained
after the electrospinning and cross-linking, and a higher killing
capacity of bLF in electrospun samples was observed when
compared to adsorbed bLF.
Recently, rather than using organic solvents that are
unsuitable for food applications, there have been some reports
on fabricating pure gelatin nanoﬁbers using food-approved
solvent for the purpose of encapsulating bioactives. Hani et al.

zein ﬁbers (100%) compared to WPI and SPI capsules,
indicating that EE values are usually greater in ﬁbers than in
beads or capsules (Figure 6).18 Similar results correlating

Figure 6. Selected scanning electron microscopy microphotographs of
WPI/α-tocopherol capsules (a), zein/α-tocopherol ﬁbers (b), and SPIGG-α-tocopherol capsules (c) formed by means of the electrohydrodynamic process. Reprinted with permission from ref 18.
Copyright 2016 Elsevier.

morphology with EE were obtained for paraﬃn compounds.133
One potential application of the ﬁbers obtained could be as a
food contact layer for liquid products, such as juice or milk.
The encapsulation of other bioactive compounds was also
achieved by zein. EGCG, an antioxidant found in green tea, was
encapsulated in zein nanoﬁbers by Li and co-workers to
enhance its stability during simulated food processing
conditions.134 The results indicate that the stability of EGCG
in water was enhanced, since aging in 0% humidity led to only
2% EGCG released in water, whereas aging in 75% humidity
led to a signiﬁcant release in water. Proanthocyanidin (PA) was
also encapsulated into zein ﬁbers with an EE close to 100%.
The encapsulated PA retained its antioxidant capacity in ﬁbers,
and the release of PA from ﬁbers was based on Fickian
diﬀusion, which was well described by a ﬁrst-order model and a
Hixson−Crowell model.135 The release proﬁle of FA from zein
composite ﬁbers was improved using ﬁbers prepared through
modiﬁed coaxial electrospinning. Results show that the FA
from the coaxial ﬁbers exhibits an improved sustained-release
proﬁle with a small initial burst eﬀect and little tailing-oﬀ release
when compared to monoﬁlament ﬁbers prepared using simple
electrospinning,44 suggesting that coaxial electrospinning is a
useful tool for generating nanoﬁbers with higher quality and
improved functional performance. De Oliveira Mori and coworkers incorporated tannin into electrospun zein nanoﬁbers
aﬀording a ribbon-like shape and homogeneous morphology.136
Electrospinning has been employed to encapsulate anionic
proteins. Zhang and co-workers prepared a wound dressing
material composed of PLLA/zein nanoﬁbers loaded with Rana
chensinensis skin peptides using blending and coaxial electrospinning techniques.137 Rose hip seed oil (REO) has been
encapsulated into a zein prolamine matrix using coaxial
electrospinning. The EE of REO in zein prolamine matrix
was 90.2%, and the resulting zein prolamine/REO electrospun
ﬁlms showed a signiﬁcantly prolonged shelf life for packaged
cumquats and bananas.138 These studies demonstrate that
electrostatic encapsulation processes are very versatile for
preparing a zein-based encapsulant polymeric matrix to protect
bioactive compounds.
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Other Proteins. Xiao and co-workers encapsulated carnosic
acid into the kaﬁrin protein-based nanoﬁbers, and release
followed Fickian diﬀusion, suggesting its potential application
in nutraceutical delivery.152 Casein has been electrospun with
PVA or PEO to encapsulate lipase.153 Both ﬁbers exhibit higher
catalytic activity, hydrolyzing olive oil, than cast ﬁlms prepared
from the same solution, suggesting that electrospun ﬁbrous
membranes can serve as an excellent enzyme-carrying substrate.
Curcumin has also been electrospun with silk ﬁbroin.154 This
vitamin exhibited a sustained release behavior; moreover, the
incorporation of this vitamin could enhance the ability of SF
nanoﬁbrous mats in protecting the cells against oxidative stress.
As demonstrated by the above ﬁndings, proteins exhibit great
potential for encapsulating bioactive compounds with controlled release proﬁle. Clear advantages of food protein matrices
include their high nutritional value, abundant renewable
sources, and acceptability as naturally occurring food
components degradable by digestive enzymes. Nevertheless,
fundamental understanding of protein−protein and protein−
nutraceutical interactions at the molecular level and their
impact on functional properties of proteins is still required to
ensure design of ideal nutraceutical carriers for use in the food
industry.

encapsulated Moringa oleifera bioactive extract in gelatin
nanoﬁbers spun from 30% acetic acid solution to improve
stability and maintain the antioxidant activity of this bioactive
extract.145 Laha et al. fabricated cross-linked gelatin nanoﬁbers
from 20% acetic acid solution, and controlled release
experiments suggested good compatibility of hydrophobic
molecules in the ﬁbers.146 Gelatin nanoﬁbers had also been
applied for controlled release of curcumin with acetic acid and
surfactants (Tween 80, anionic sodium dodecyl sulfonate
(SDS), and cationic cetyltrimethylammonium bromide
(CTAB)). The addition of CTAB and Tween 80 did not
signiﬁcantly aﬀect the diameter of gelatin nanoﬁbers, while the
addition of SDS aﬀorded nanoﬁbers with increased diameters.
Interaction between SDS and gelatin does not favor the release
of the encapsulated curcumin. In contrast, CTAB and Tween
80 greatly improve the release of curcumin into polar solvents,
resulting in a higher radical scavenging activity and a stronger
antimicrobial activity. These results oﬀer a new way to produce
gelatin nanoﬁbers with food grade surfactants for the controlled
release of curcumin, which may ﬁnd promising applications as a
nutraceutical carrier in the food industry.147
API. Amaranth protein isolate is a safe ingredient for human
consumption and functions as a bioactive encapsulation matrix
for functional foods.148 Two bioactive compounds, quercetin
and FA, were encapsulated within API/pullulan ﬁbers.91 Due to
the protection of API/pullulan electrospun structures, sustained
release of quercetin and FA was achieved during in vitro
digestion, and this was also responsible for the improved
antioxidant capacity of the bioactives in comparison to the free
compounds. These electrospun structures exhibit promising
application in functional foods. Electrospun ﬁbers from API/
pullulan dispersions were also developed for protection and
controlled release of curcumin. The antioxidant activity of
curcumin was maintained after an in vitro digestion process and
was superior for encapsulated curcumin when compared to free
curcumin. In addition, the controlled and sustained release of
curcumin was observed both in buﬀer solution (pH 7.4) and
during an in vitro digestion process. Diﬀerent release behavior
was observed depending on the ﬁber composition, as a higher
proportion of API decreased curcumin diﬀusion, thus, resulting
in a more controlled release. This versatile delivery vehicle
composed of API and pullulan electrospun ﬁbers is suitable as a
carrier for the encapsulation and for the protection of bioactive
compounds for food-related applications.92 The ability of API/
pullulan ﬁber structures for the encapsulation and photoprotection of FA for food fortiﬁcation has also been studied.90
FSP. The numerous health beneﬁts and bioactive properties
has made FSP appealing for use in an oral delivery
formulation.149 Insulin was eﬃciently encapsulated into
water-soluble FSP ﬁbers without aﬀecting its conformation
structure, and it provided protection against chymotrypsin
degradation.150 Stephansen and co-workers found that the
interactions between insulin-loaded protein ﬁbers and
surfactants had a signiﬁcant inﬂuence on insulin release, due
to ﬁber porosity and surface properties. Anionic surfactants
increased the insulin release in a concentration-dependent
manner, whereas the neutral surfactant had no signiﬁcant eﬀect
on the release and almost no insulin was released from the FSPinsulin ﬁbers upon incubation with the cationic surfactant.
Additionally, the FSP-insulin ﬁbers appear dense after
incubation with this cationic surfactant, whereas the ﬁbers
were highly porous after incubation with anionic or neutral
surfactants.151

■

FUTURE TRENDS
Electrospinning has become a well-established encapsulation
approach over the past few years, and its application has
resulted in the development of innovative products. The market
of electrospinning equipment, both for laboratory research and
for industrial production, is expected to grow signiﬁcantly due
to the many advantages of nanoﬁbers and their applications.
Nevertheless, the application of electrospinning in agriculture
and food science is still in the early stages of development, and
several obstacles remain that prevent the application of
electrospinning in the food industry.
One major limitation of electrospinning is the relatively low
productivity, which restricts its large-scale commercial
exploitation. Thus, addressing this constraint by modifying
the structural aspects of the electrospinning setup (e.g.,
multineedle arrangement or multiaxial technologies) oﬀers
the possibility for scale-up. Besides, it remains a challenge to
ensure uniform nanoﬁbers to be fabricated repeatedly and
massively with the desired morphological, mechanical, and
chemical properties, especially in industrial scale. From
laboratory prototypes to commercial applications, more
research and collaborations are necessary to lower cost and
improve eﬃciency for the industrialization of electrospinning.
Second, the electrospinning process can be diﬃcult to
completely control. Challenges in the electrospinning of
proteins and polysaccharides are associated with the selection
of appropriate solvents or polymer additives for facilitating ﬁber
formation and the necessity of postprocessing procedures for
improving the mechanical resistance and controlling the
degradation rate of the scaﬀolds. In addition, a number of
other issues need to be addressed, such as proper amount of
compound loading content and encapsulation eﬃciency,
removal of residual organic solvent, bioactivity retention of
the incorporated compounds, eﬀect of the initial burst drug
release, assurance of a required release proﬁle, etc. Several
reports showed greater extent of drug loading with certain
polymers for extended release; however, uneven distribution of
the drug in nanoﬁbers often results in initial burst eﬀect, which
still needs a lot of ﬁne-tuning. Apart from this, the loading of a
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bioactive compound in polymer solution may adversely aﬀect
its viscosity and surface tension, rendering it unsuitable for
electrospinning. Laboratory scale machines are generally
dealing with small volumes in milliliters; however, when it
comes to liters in industrial scale, there is a lack of accurate
control over process parameters and solution properties. Scaleup of electrospun nanoﬁber with accuracy and reproducibility is
again questionable. It is desirable that all these challenges be
solved before nanoﬁbers are obtained.
Furthermore, a more sophisticated preparation method, such
as the utilization of coaxial or emulsion electrospinning with
liposomes or nanoparticles, expected to generate core−shell
structured nanoﬁbers, is required to fabricate suitable delivery
devices and also broaden the possibilities for new products with
improved functionalities.155,156 There are clear advantages of
nanoﬁbrous carriers such as site-speciﬁc delivery and multiple
drug encapsulation, but additional work has to be performed to
tailor the delivery rate in order to increase eﬃcacy.
Last but not least, it is then foreseeable that bioactive
compound loaded electrospun materials can play an important
role in food technology, and the safety of obtained materials
and the bioactivity and bioavailability of loaded compounds
should be of concern. For example, since solvent residues could
be trapped inside the produced nanoﬁbers, an accurate control
over solvent residuals becomes crucial in food-related
applications. Most importantly, proposed applications for
electrospun ﬁbers have to be eﬀectively translated to be useful
in food systems. Studies are required to prove the workability of
the resultant products as active/smart food packaging materials
without altering the physical, chemical, and sensory characteristics of food. For the assessment of bioavailability of food
ingredients, simulated GIT may need to be employed. Indeed,
there has been very little work on in vivo and clinical tests, and
eﬃcient biological models (e.g., cell-based systems) mimicking
the uptake of the released components require development.
The impact of biopolymer−bioactive compound interactions in
the targeted area on the adsorption should be studied for
targeted delivery (e.g., protection against the gastric environment, release under intestinal conditions). Also, toxicity
experiments, residual solvent analysis, and their biological fate
during digestion and absorption need be considered by future
researchers. Additionally, questions of consuming nanoscale
food materials still remain and require further analysis, and
legislation by government agencies on the application of
nanomaterials in the food industry is required to ensure the
safety of nanofood products.

■
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