Food Chemistry: X 20 (2023) 100922

Contents lists available at ScienceDirect

Food Chemistry: X

FI. SEVIER

journal homepage: www.sciencedirect.com/journal/food-chemistry-x

CHEMISTRY: @

P Finglos

Recent trends in the application of protein electrospun fibers for loading
food bioactive compounds

Seid Reza Falsafi?, Fuat Topuz b Zahra Esfandiari, Asli Can Karaca‘, Seid Mahdi Jafari®’,
Hadis Rostamabadi >

2 Safiabad Agricultural Research and Education and Natural Resources Center, Agricultural Research, Education and Extension Organization (AREEO), Dezful P.O. Box
333, Iran

b Department of Chemistry, Faculty of Science and Letters, Istanbul Technical University, Sariyer, 34469 Istanbul, Turkey

¢ Nutrition and Food Security Research Center, Department of Food Science and Technology, School of Nutrition and Food Science, Isfahan University of Medical
Sciences, P.O. Box: 81746-73461, Isfahan, Iran

4 Department of Food Engineering, Faculty of Chemical and Metallurgical Engineering, Istanbul Technical University, 34469 Istanbul, Turkey
¢ Department of Food Materials and Process Design Engineering, Gorgan University of Agricultural Sciences and Natural Resources, Gorgan, Iran
f Nutrition and Food Security Research Center, Isfahan University of Medical Sciences, Isfahan 81746-73461, Iran

ARTICLE INFO

Keywords:
Electrospinning
Proteins

Electrospun fibers
Encapsulation
Bioactive compounds
Protein-based carriers

ABSTRACT

Electrospun fibers (EFs) have emerged as promising one-dimensional materials for a myriad of research/com-
mercial applications due to their outstanding structural and physicochemical features. Polymers of either syn-
thetic or natural precursors are applied to design EFs as carriers for bioactive compounds. For engineering food
systems, it is crucial to exploit polymers characterized by non-toxicity, non-immunogenicity, biocompatibility,
slow/controllable biodegradability, and structural integrity. The unique attributes of protein-based biomaterials
endow a wide diversity of desirable features to EFs for meeting the requirements of advanced food/biomedical
applications. In this review paper, after an overview on electrospinning, different protein materials (plant- and
animal-based) as biodegradable/biocompatible building blocks for designing EFs will be highlighted. The po-
tential application of protein-based EFs in loading bioactive compounds with the intention to inspire interests in
both academia and industry will be summarized. This review concludes with a discussion of prevailing chal-

lenges in using protein EFs for the bioactive vehicle development.

Introduction

The literature survey clearly reveals that the overall therapeutic ef-
fects of bioactive compounds (bioactives) are not merely relative to their
in vitro potency. Under physiological conditions, bioactives confront
biological barricades, e.g., insolubility, aggregation, and degradation,
threatening their therapeutic properties. Moreover, a bioactive’s po-
tency can severely decrease by various stresses (like pressure, heat,
humidity, and pH), which can occur in vitro and in vivo (during storage,
administration, or systemic circulation) (Falsafi, Bangar, et al., 2022;
Fani et al., 2022).

To tackle these bottlenecks, a vast variety of carrier systems have
been engineered. Efficient carriers can promote the stability, potency,
bioaccesability, bioavailability, tolerability, and safety of different

bioactives. As such, they can offer outstanding advantages over many
naked bioactives and may even facilitate the application of bioactives,
which would otherwise be unfeasible, owing to low (bio)stability/
bioavailability. The proper design and formulation of a carrier system is,
thus, usually as functionally important as the bioactive itself, and must
be attentively considered (Liu et al., 2021).

Unique amongst the diverse strategies utilized for designing carrier
systems is electrospinning (abbreviated as “E-spin”), which is the
approach of applying an electrostatic force to a polymer solution to
engineer fibrous structures of nanometer to micrometer diameter size
fibers (Topuz & Uyar, 2017). The physical features of electrospun fibers
(EFs) are very tunable, rendering them superior capability for loading a
diverse array of bioactives. The density, diameter, and alignment of EFs
can be adjusted by modifying different aspects of the E-spin process, e.g.,
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design or rotation speed of the collecting plate, electrical field strength,
type of solvent(s) or/and polymer(s), the flow rate of the solution from
the spinneret, and the spinneret-to-collector distance (Drosou et al.,
2022).

One of the keys to progressing in this field lies in the engineering of
functional EFs, which can interact with or within biological environ-
ments. Such formulations can be emanated straight from nature, or
designed in the lab using man-made synthetic polymers. Nevertheless,
notwithstanding the diversity and great potential of synthetic polymers,
their applications have been restricted by issues, e.g., bioresorbability
and biocompatibility/ biodegradability.

Taking inspiration from nature’s toolkit, natural polymers have
enjoyed a long history and emerged as viable substitutes for such ap-
plications in food/biomedical engineering (Falsafi, Wang, et al., 2023).
Within the plethora of nature-inspired polymers, proteins, which
comprise of tandem repeats of short peptide motifs, stand out as an
unbeatable class of biomaterials. With inherent biochemical and bio-
physical properties at the molecular level (like excellent biocompati-
bility, absent/minimal immunogenicity, and ease of functionalization),
protein matrices have been found to be appropriate architectures for
designing EFs for bioactive delivery. Such properties can adjust the
function of the protein matrix to create various EF behaviors, e.g.,
bioactive loading, release properties, and rate of degradation. Protein-
based carriers are biodegradable into amino acids without toxic/acidic
degradation products. Additionally, the degradation rate, in some cases,
can be controlled to match the delivery application (Najafi et al., 2022).

This review is structured as follows: First, we overview the E-spin
technique including processing parameters, various approaches for
bioactive loading and release kinetics, and E-spin polymers. Next, we
introduce proteins as biodegradable/biocompatible building blocks for
E-spin and summarize the attributes of protein EFs, which are specif-
ically critical in bioactive delivery. We also highlight the properties of
protein EFs that either demonstrate or are anticipated to demonstrate
potential in loading and controlled release of various bioactives. We
conclude by offering our perspective on the current limitations and
future directions in this realm. It is hoped that the comprehensive review
offered here will acquaint the readers with protein EFs loaded by bio-
actives, and will inspire and interest the researchers to further explore
more effective and novel active fibers for food and biomedical applica-
tions over a broad horizon.

E-spin background

E-spin is a fabrication technique used for the production of fibers
with diameters from tens of nanometers to microns (Tebyetekerwa &
Ramakrishna, 2020). The technique relies on electrostatic forces to draw
charged threads from polymeric (Huang et al., 2003) and non-polymeric
solutions (Dodero et al., 2021). During the E-spin process, a viscous
solution is subjected to an electric potential to generate nonwoven
materials in scalable quantities. This causes electrostatic repulsion
forces between charges in the liquid and attraction forces between
oppositely charged liquid and collector (Sill & von Recum, 2008). The
electric forces at the liquid interface are balanced by the surface tension,
which resists deformation of the liquid (Singh and Subramanian, 2020).
When these forces dominate the surface tension, the stretching of the
droplet occurs: under the high electric field, the droplet adhering to the
nozzle exit first takes the shape of a cone (i.e., Taylor cone), and then, an
electrified jet emerges from the apex of the Taylor cone (Jeong et al.,
2022). As the jet travels in the air, it gets thinner and reaches a grounded
metal plate as solid continuous EFs.

The E-spin technique has been applied to various polymeric and non-
polymeric systems to produce EFs for a wide spectrum of applications,
ranging from food to biomedical applications (Agarwal et al., 2013;
Chen et al.,, 2020; Costoya et al., 2017; Topuz & Uyar, 2020a).
Accordingly, the choice of polymer type, additives, and solvents vary
from toxic to biocompatible ones. In the development of fibrous
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adsorbents/membranes from synthetic or natural polymers, polar
aprotic (e.g., dimethylformamide, acetonitrile, tetrahydrofuran) and
halogenated (e.g., trifluoethanol, chloroform) solvents have been used
commonly. Whereas for EFs intended to be employed in biomedical
applications, nontoxic polar aprotic solvents, like water, ethanol, and
acetic acid, are desired to minimize the toxicity that can arise from the
solvent residues remained in EFs. In the E-spin process, volatile solvents
are preferred owing to their high evaporation rates; solvent molecules
must vaporize before the jet hits the collector (Robb & Lennox, 2011).
The stability of the resultant EFs in the respective solvent is another
significant parameter, which might require physical or chemical cross-
linking depending on the intended use of EFs.

E-spin has been implemented to generate fibrous materials for
environmental (Dou et al., 2020), catalysis (Vempati et al., 2020), fuel
cells (Waldrop et al., 2020), tissue engineering (Ghosal et al., 2019),
drug/bioactive delivery (Rostamabadi, Falsafi, Nishinari, et al., 2022;
Inanc Horuz & Belibagli, 2018), food packaging (Topuz & Uyar, 2020b),
sensors (Zhang et al., 2019), agriculture (Noruzi, 2016), cosmetics
(Zanin et al., 2011), and filtration (Lyu et al., 2021) applications. The
ultrasmall size with a very high surface-to-volume ratio, tunable
morphology, easy functionalization, flexibility, high porosity, inter-
connected pores, and many other benefits enabled the use of EFs for
various purposes. Most applications of EFs focused on their use in (i)
bioactive/drug delivery to benefit from tunable release by the structural
control of EFs, (ii) environmental remediation to remove toxic pollut-
ants from water and air, (iii) tissue engineering because of structural
similarity to extracellular matrix (ECM), and (iv) catalysis owing to easy
functionalization with catalytic nanoparticles (NPs). Unlike other EF
fabrication techniques (e.g., molecular self-assembly, drawing, template
synthesis, and temperature-induced phase separation), E-spin is a
handy, low-cost, high speed, and versatile technique that produces
handy fibrous bulk materials with desired structural features (Kumbar
et al., 2008). The produced materials are highly flexible and can be used
for applications that demand high workloads.

A typical E-spin system is composed of a high-voltage power supply,
a syringe, a feeding pump, and a grounded metal collector (Fig. 1a).
Depending on the need, various needles and collectors can be used
(Fig. 1b, ¢). For hollow or co-axial EFs, a core-shell (coaxial) needle
should be employed. To boost E-spin throughput, multiple needles can
be used in the E-spin setup. Rotating collectors (i.e., rotating drum,
mandrel, or wire drum) can be utilized to generate aligned EFs. By
varying the E-spin parameters, smooth to porous EFs could be produced
(Fig. 1d, e). Likewise, ribbon-like EFs could be obtained with the choice
of appropriate parameters and polymer system (Topuz & Uyar, 2017).
Each morphology offers its own pros and cons: for instance, porous EFs
show better adsorption performance than smooth nonporous EFs
because of their larger surface area and higher diffusion rate. However,
the presence of porosity will reduce the mechanical properties of EFs.

Processing parameters

The E-spin process can be affected by process parameters, which
include applied voltage, tip-to-collector distance, needle diameter, and
feed rate (Fig. 1). Each of these parameters can affect the morphology
and diameter of the resultant EFs. The influence of each parameter on EF
morphology, thickness, and electrospinnability are summarized in
Table 1. Since the E-spin process relies on an electric field, increasing the
voltage can cause faster dragging of the jet from the Taylor cone and an
increase in the electrostatic stress on the jet (Gu & Ren, 2005). Thus,
thinner EFs is observed during the E-spin of many polymers with a rise in
the applied voltage (Demir et al., 2002; Wang & Kumar, 2006). An
opposite trend (i.e., diameter increase with the applied voltage) is also
observed for some polymers as a result of higher mass flow (Tan et al.,
2005; Zhang et al., 2005). The tip-to-collector distance (TCD) might
affect the travelling time and path of the jet before the jet reaches to the
collector. Since the electrostatic field is inversely proportional to the
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Fig. 1. Schematic illustration of a typical E-spin setup (a). Common needle types (b) and collectors (c) used in the E-spin system. A list of the E-spin parameters (d)

and typical fiber morphology obtained (e).

TCD, a critical distance is required for the solvent evaporation from the
jet. Some works were reported a decrease in EF diameter with increasing
TCD because of higher stretching of the jet (Akturk et al., 2020). How-
ever, an opposite trend was also reported for some EFs, which was
attributed to the decrease in the electric field strength (Cai et al., 2014).
For many polymers, variations in the inner needle diameter typically has
no effect on the EF thickness. However, some papers reported an in-
crease in EF diameter by the use of large-diameter needles (Heikkilda &
Harlin, 2008). Unlike other process parameters, variations in the flow
rate obviously change the EF morphology. Generally, increasing the
flow rate is accompanied by the formation of thicker EFs as a result of
higher mass flow (Topuz & Uyar, 2020b). However, the application of
very high flow rates can also lead to the formation of non-uniform EFs (e.
g., beaded EFs) (Topuz et al., 2021).

Formulation parameters

Unlike the process parameters, the impact of formulation parameters
on the EF morphology can be apparent. Even variations in such pa-
rameters can lead to electrospraying process rather than E-spin.
Formulation parameters include polymer concentration, molecular
weight (Mw), viscosity, conductivity, solvent type/volatility, and sur-
face tension (Table 1). For electrospinnability, a critical polymer con-
centration is required to produce continuous EFs. Otherwise, the
electrospraying process can occur as a consequence of very low polymer
concentrations. The formation of beads could be observed due to the
electrospraying of low viscous solutions (Topuz et al., 2021). Further
increasing the polymer concentration causes the production of thicker
EFs (Zhang et al., 2005). Similar to polymer concentration, increasing
the viscosity can lead to the generation of thicker EFs (Heikkila & Harlin,
2008). The impact of Mw on the EF morphology is related to the solution
viscosity. Usually, the application of polymers of higher Mw leads to the
formation of thicker EFs (Jacobs et al., 2010).

The solvent used for dissolving polymer should be volatile enough to
easily evaporate from the E-spin jet. However, the use of low boiling
point solvents could cause the formation of porous EFs as a result of their
rapid evaporation from the EF matrix. Solvents with a boiling point <
170 "C could be the proper candidates in this line. As the electrified jet is
formed at higher electrostatic energy than the surface energy of the
solution drop, lower surface tension is desired to produce continuous
jets. Higher surface tension can cause the breaking of the jet, eventually
leading to the formation of discontinuous EFs on the collecting plate.
The surface tension of the solution could be lowered by changing the
solvent or adding other ingredients, such as surfactants (Lin et al., 2004).
Likewise, the solution conductivity played a critical role in the E-spin
process. Several studies revealed that increasing solution conductivity
improved electrospinnability and lowered the critical polymer concen-
tration for the formation of bead-free EFs (Topuz et al., 2019).

A comprehensive review of the effects of E-spin parameters was
compiled by Inn-Kyu Kang and colleagues (Haider et al., 2018). The
authors explained the impact of each parameter on the E-spin process
and the resultant EF morphology. Likewise, several papers have been
reported to explore E-spin parameters for polymeric (Topuz et al., 2019;
Topuz et al., 2021) and non-polymeric (Topuz & Uyar, 2020a) systems.

E-spin approaches for bioactive loading and release kinetics

The loading of bioactives into EFs can be done following different
routes (Buzgo et al., 2018; Rychter et al., 2017), as depicted in Fig. 2.
The most common route is the blending of polymer and bioactives,
which leads to the amorphous dispersion of the compounds into the
polymer (Fig. 2a). Eventually, this will lead to the homogenous distri-
bution of the loadings within polymeric EFs. The approach is versatile
and applicable to many polymers. In this regard, depending on the
solvent system, excipients can be employed to enhance the loading ca-
pacity, especially for the waterborne E-spin of polymers. Most bioactives
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Table 1

Influence of E-spin parameters on the properties of produced fibers.

Category

Parameter

Effect on EFs
morphology, thickness,
and electrospinnability

References

Process

Formulation
(feed)

Voltage

Tip-to-
collector
distance

Nozzle inner
diameter

Flow rate

Collector/
needle type

Concentration

Viscosity

Conductivity

Solvent
volatility

Higher voltage
decreases EFs diameter
for many polymers.

A reverse trend is also
observed for EFs of poly
(vinyl alcohol) and poly
(L-lactic acid).

A minimum distance is
required for dried
fibers.

Higher TCD decreases
the fiber diameter.

An opposite trend is
also observed due to a
decrease in the strength
of the electric field.
Increasing inner
diameter mostly results
in thicker fibers.

A higher flow rate
boosts the fiber
thickness.

At higher flow rates,
nonuniform and beaded
fibers are observed.
Rotating drums and
wheel-like bobbin col-
lectors are used to
generate aligned fibers.
Drum collectors can be
used at low speeds to
produce fiber mats with
similar mat thickness.
Stationary collectors
are used to generating
nonaligned fibers.
Hollow or core-shell
fibers can be produced
using coaxial needles.
Multiple needle tips are
used to boost
throughput.

Increasing the
concentration leads to
thicker fibers.

Higher concentration
improves
electrospinnability.
Like concentration,
higher viscosity leads to
thicker fibers.

If the viscosity is low,
the formation of beads
can be observed as a
result of
electrospraying.

The use of higher Mw
polymers leads to
higher viscosity and
therefore, thicker
fibers.

The solution should be
conducive for E-spin.
Higher conductivity
results in thinner fibers.
The conductivity can be
increased by salt
addition.

Solvents with low
boiling points lead to
porous fiber texture.

e Demir et al.,
2002Tan et al.,
2005; Zhang
et al., 2005

Akturk et al.,
2020Cai et al.,
2014

Heikkild &
Harlin, 2008

Wang &
Kumar,
2006Haghi &
Akbari, 2007

Topuz et al.,
2019Topuz
et al.,
2022Yarin,
2011Kumar
et al,, 2010

Wang &
Kumar, 2006

Heikkild &
Harlin,

2008Topuz
et al., 2021

Jacobs et al.,
2010

Topuz et al.,
2021Tan etal.,
2005Zhang

et al., 2005

Han et al.,
2005
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Table 1 (continued)

Effect on EFs References
morphology, thickness,

and electrospinnability

Category Parameter

Low surface tension
improves
electrospinnability.

The surface tension of
the solutions can be
lowered by the addition
of surfactants.

Higher humidity De Vrieze
deteriorates the fiber et al.,
morphology. 2009Casper
Increasing humidity et al., 2004
decreases the fiber
diameter (e.g.,
polyvinylpyrrolidone).
Higher humidity might
also increase the fiber
diameter (e.g., cellulose
acetate).

Higher humidity causes
the appearance of pores
on the fibers.
Temperature e Increasing temperature
results in a progressive
reduction of the fiber
diameter.

Surface
tension

e Chuangchote
et al., 2009Lin
et al., 2004

Environmental

Humidity

e Wang &
Kumar, 2006

are poorly soluble in water and therefore, organic solvent might be
required for their loading into EFs. The solubility of such molecules
could be enhanced using excipients (Kazsoki et al., 2018). The release
kinetics of the encapsulated bioactives could be tuned by changing the
polymer type and porosity in the produced EFs. Furthermore, in the
blending method, the surface of EFs could be modified through chemical
or plasma techniques to control the release profile of the encapsulated
bioactives (e.g., burst release) and improve EF compatibility for the
targeted application. In the blending approach, bioactive-loaded NPs
can be mixed with polymer solution and electrospun into EFs. In this
regard, the presence of two polymer layers prolongs the release profile,
while reducing the burst release.

Bioactives can also be loaded into EFs through coaxial E-spin
(Fig. 2b) (Yarin, 2011; Zhang et al., 2006). In this approach, bioactives
are localized in the core of EFs without exposing them to organic sol-
vents during the processing while the shell layer is used as a barrier and
to sustain their release from the EF matrix. This will minimize the burst
release of bioactives from EFs. Likewise, a tri-axial nozzle system can be
employed for the better control in the release profile of the encapsulated
bioactives. The emulsion approach can also be employed as an alter-
native to coaxial route to load bioactives into EFs (Fig. 2¢) (Li et al.,
2010). This method is mostly used in the case of the low soluble bio-
actives in the respective E-spin solvent and to prevent their contact with
organic solvents. In this regard, an aqueous solution of bioactives could
be prepared using a surfactant and then emulsified within an organic
solvent, which is followed by the E-spin of the solution into EFs. With
that approach, the aqueous phase of bioactives is encapsulated into
polymeric EFs through a conventional E-spin system, as shown in
Fig. 2¢. This approach may arise the toxicity issue of the surfactant used,
particularly in vivo applications.

Bioactives can be loaded into EFs through electrospraying/E-spin
system (Fig. 2d). In this regard, a combination of electrospraying and
E-spin techniques are applied in parallel: during the E-spin, the formed
EFs are deposited by the electrospraying of loading solutions. This
eventually will lead to the functionalization of EFs with electrosprayed
particles of bioactives. The last method may suffer the stability issue,
where the burst release of bioactives can be observed in case particles
are decorated onto EF surface. It is noteworthy that each of these routes
has its own pros and cons. Depending on the targeted applications,
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Fig. 2. Common approaches used for the loading of bioactive agents into EFs. Blending (a), coaxial (b), emulsion (c), and a combination of electrospraying/E-spin

(d) approaches.

bioactives could be loaded based on the material choice and
simultaneous/post-modification routes. Sometimes both approaches can
be used in parallel to generate multi-bioactive-loaded EFs.

The release of bioactives from EFs can follow different release ki-
netics, which are dependent on the physicochemical properties of
polymers and bioactives, loading approach, as well as polymer-bioactive
interactions. Depending on those parameters, the release can happen as
a burst, diffusion, erosion, or as a combination of them. In some appli-
cations, burst release might be desired but it is undesired for the most
application, and therefore, the choice of polymer and method becomes
important to prevent that. In this context, the use of a hydrophobic
polymer matrix for hydrophobic bioactives can slow down the release
profile as a result of hydrophobic interactions and the low wettability of
the hydrophobic polymer matrix in aqueous environments. Biodegra-
dation of the polymer also affects the release profiles of EFs. Biode-
gradable EFs can degrade through bulk degradation or surface erosion
routes. If EFs degrade through bulk erosion, the release of the encap-
sulated bioactives mostly follows a diffusion mechanism. In such a
scenario, burst release can be observed. On the other hand, during the
surface erosion of rapidly degrading EFs, release and degradation take
place in parallel, eventually resulting in a linear release profile.

In the case of core-shell EFs, the release profile of bioactives
encapsulated in the axial core is mainly affected by the diffusion of the
loadings through the polymer shell barrier. In this regard, some pa-
rameters can affect the release kinetics, including (i) the initial con-
centration difference between the shell and core layers, (ii) the diffusion
rate of bioactives through the shell (i.e., barrier) layer, and (iii) texture
and thickness of the shell layer. In addition to those, the physicochem-
ical properties of bioactives and both polymer layers and their in-
teractions with the encapsulated bioactives should be considered too. As
observed for core-shell EFs, a delayed release will occur owing to the
shell barrier for the emulsion EFs. The release of bioactives from the

particle decorated EFs greatly affected by the used particle type and
their deposition or incorporation onto/into EFs. If the particles are
incorporated within EFs, the release kinetics will be directed by the axial
core and shell polymer layer, as in the case of core-shell EFs. However, if
the particles are decorated onto EFs, the release of the encapsulated
bioactives will be solely affected by the NPs matrix and form. In this
case, an initial burst release can be observed. Furthermore, the form of
NPs has a profound effect on release kinetics. The faster release will take
place for the capsule-like particles than the conventional particles as a
result of short diffusion routes. For more details on the release of the
encapsulated bioactives from EFs, a comprehensive review is available
(Puppi & Chiellini, 2018).

E-spin of polymers

From the first EFs, which were reported by Cooley and Morton in
1902 (Cooley, 1902), the E-spin technique has sparked a tremendous
interest to generate versatile materials to be used in various applica-
tions. The technique has been applied to a wide spectrum of synthetic
polymers and composites to produce fibrous materials: numerous syn-
thetic polymers could be electrospun into EFs using volatile organic
compounds (VOCs). Likewise, many EFs were produced using natural
polymers such as polysaccharides and proteins because of their acces-
sibility, affordable price, biocompatibility, biodegradability, and many
other intrinsic benefits (Falsafi, Maghsoudlou, et al., 2022). However,
the electrospinnability of most biopolymers is limited by their poor
solubility in nontoxic solvents and in conventional toxic VOCs. Recent
studies showed that ionic liquids can be used as a solvent replacement
for VOCs (Zavgorodnya et al., 2017). However, because of their high
boiling points, they are not good enough to produce fibrous materials.

Currently, VOCs and acids have been employed for the E-spin of
many biopolymers, such as proteins (e.g., gelatin, zein, collagen and
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silk). Since most proteins do not dissolve in water, mostly binary sol-
vents or VOCs have been used to generate EFs. For instance, zein does
not dissolve in water but in ethanol. In this case, the E-spin of zein has
been reported from pure ethanol or ethanol/water mixtures (Yao et al.,
2007). Zein could also be electrospun using acidic solutions (Selling
et al., 2007). Gelatin also does not dissolve in cold water. It could be
electrospun either using a hot-water circulation system to keep the
injector warm or using nonaqueous systems, such as acids (acetic acid,
trifluoroacetic acid, formic acid, (Topuz & Uyar, 2017). Other proteins
like elastin, silk, soy, collagen, wheat, whey, and casein) could be
electrospun into EFs using various solvents. Regarding the E-spin of
biopolymers, Chronakis and colleagues reported a comprehensive re-
view of the E-spin of food-derived proteins (Mendes et al., 2017).

Proteins as biodegradable/biocompatible building blocks for E-
spin

Nowadays, awareness is raised concerning the need for safe, sus-
tainable, green, and eco-friendly technologies. The current environ-
mental conditions necessitate the modification and redesigning the
entire material life cycle in terms of raw materials, processes, produc-
tion, and even technologies to diminish the environmental impact
(Rostamabadi, Chaudhary, et al. 2023). The inherent attributes of the
protein-based biomaterials e.g., bioactivity, emulsibility, amphiphi-
licity, gel-forming capacity, biocompatibility/biodegradability, non-
carcinogenicity, and nontoxicity can be preserved in the final product
(Wang et al., 2022). For diverse food and biomedical applications, it is
the physical/chemical features of the protein, which are exploited to
develop electrospun architectures of specialized attributes. Despite their
biological function in living organisms, proteins can improve the
organoleptic properties of food formulations in terms of taste, flavor,
and textural properties. The precise selection of the protein material and
appropriate control over processing conditions are critical to attain EFs
with specific and optimized attributes (Zhang et al., 2010).

It is worth noting that the isolate forms of proteins, e.g., whey, soy,
and potato protein isolates, which comprise a blend of proteins, carbo-
hydrates, and lipids, are mostly more cost-effective than single purified
proteins. However, their application in E-spin may be more challenging,
in some cases, due to their specific physicochemical attributes, biolog-
ical properties, and shelf life, which can vary considerably from one to
another. Isolate types of proteins mostly possess varying content of the
individual proteins/peptides, purity, and overall composition as a
function of factors like purification technique or origin. The sequence of
amino acid residues in a protein molecule alongside the conditions of the
surrounding medium (e.g., solvent, pH, or ionic strength) dictates the
inter- and intra-molecular interactions and, therefore, the resulting 3-D
tertiary and quaternary configuration of proteins (Kutzli et al., 2018).
Some proteins possess high aqueous solubility owing to the presence of
hydrophilic amino acids on their superficial parts. In the contrary, some
fibrous proteins like silk, collagen, or elastin are arranged by repetitive
amino acid groups and mostly covered by non-polar hydrophobic amino
acids, rendering them aqueous insoluble.

Proteins are generally divided into two main categories based on
their source; plant and animal proteins. Proteins with plant or animal
origin are biodegradable and abundant natural materials, which can be
tuned into eco-friendly architectures, typically under mild conditions.
Due to their renewable sources and low emissions of greenhouse gases,
plant-derived proteins count as cost-effective and scalable biomaterials,
which offer a sustainable and green polymer origin. Moreover, proteins
of plant origins are not generally associated with animal-borne diseases,
providing a solution for individuals, who avoid consuming animal-based
food, because of religious, personal preferences, and even ethical beliefs
(Chen, Chuanbao, Xilan, Yin, & Hesun, 2006). Albeit typically costlier
than plant-derived proteins, proteins of animal origin are obtainable
from alternative sources or as side streams of the food industry or
agriculture that render animal-based proteins cost-effective and
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ecologically friendly materials for biomedical applications. Generally,
the majority of plant-based proteins possess a limited range of
compatible solvents, rendering the design of EFs with plant origin more
complicated. Strategies to improve the applicability/versatility of plant-
and animal-based proteins in various applications include selecting the
proper solvent, cross-linking, and blending with natural/synthetic
polymers e.g., polysaccharides or other protein materials. Moreover, the
fabrication of protein-based EFs by E-spin is relatively challenging
because of their globular structure (in some cases), low viscosity, and the
lack of intermolecular entanglements. Hence, proteins are often mixed
with other synthetic or bio-based components to acquire mutually
compatible hybrid polymeric systems, which can then be strongly
electrospun to obtain fibrous structures (Wang et al., 2022).

Plant proteins

Zein

Zein, as a naturally friendly material with a Mw = 25-45 kDa, is a
prolamin protein that can be manufactured from corn grains via wet
milling (Zhang et al., 2022). Zein, as a Generally Recognized as Safe
(GRAS) and low-price material, is rich in many sulfur-containing amino
acids but demonstrates poor nutritional value owing to the lack of
essential amino acids such as tryptophan and lysine. The existence of
many uncharged amino acid residues in the zein structure makes it
insoluble in aqueous environments, but soluble in certain concentrations
of ethanol, anionic surfactants, or alkaline solutions (pH > 11) (Giteru,
Ali, & Oey, 2021). Despite these attributes, it has been extensively
exploited in various food and pharmaceutical formulations due to its
good Dbiocompatibility, biodegradability, self-assembly ability,
film-forming capacity, and amphiphilicity. Zein, as a macromolecular
carrier, can efficiently promote the stability and bioavailability of bio-
actives in vivo/in vitro alongside providing a bioactive sustained release
in the intended locus. Additionally, zein is resistant to heat, oxidation,
and moisture, which strengthens its potential to encapsulate/shield
bioactives through E-spin (Wang et al., 2022).

Soy proteins

Soy protein, as the largest commercially available plant protein, is
mainly comprised of two types of globular storage protein fractions;
B-conglycinin (7S) and glycinin (11S). It is extensively utilized in food
industry by virtue of its high gel-forming ability, water-holding capacity,
accessibility, biodegradability, and biocompatibility. The changes in
health concepts of consumers alongside the progress in the food industry
have induced the wide application of soy protein isolate (SPI) as a
processing raw material to enhance the nutritional value and promote
the quality of EFs for various applications. Unlike fibrous proteins like
collagen and gelatin that can be easily electrospun into fibril structures,
the globular soy protein should be unfolded via denaturation to be
enabled to produce fibrous bodies (Vega-Lugo & Lim, 2008). To solve
such limitations, other synthetic/natural polymers can be added to the
protein solution, facilitating the E-spin process. Another common solu-
tion could be the disruption of quaternary structure SPI by using alkaline
and thermal treatments. This improves the solubility and unfolding of
the protein lattice via exposing hydrophobic and sulfhydryl functional
groups (Momen, Alavi, & Aider, 2021).

Gluten

Wheat gluten is one of the biocompatible, biodegradable, and eco-
friendly storage proteins, which possesses a Mw = 30-90 kDa. As a
promising biopolymer, gluten can be processed into EFs to be applied for
a wide range of applications. This protein is essentially comprised of
high Mw glutenins and low Mw gliadins (Pourmohammadi & Abedi,
2021). Glutenins with both inter- and intra-molecular SS-bond (Mw =
~106 kDa and isoelectric point of 4.5 ~ 4.6) are insoluble in aqueous
alcohols, while gliadins (Mw = 25 ~ 100 kDa and isoelectric point of
6.41 ~ 7.1) as alcohol-soluble materials contain predominantly
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intra-molecular SS-bonds. Therefore, such discrepancies play a pivotal
role in configuration and features of fibrous networks engineered by
what gluten proteins, and, thus, the quality of final products (Pietsch,
Biihler, Karbstein, & Emin, 2019).

Animal proteins

Casein

Caseins (approximately 80 % of the total protein in cow milk)
demonstrate numerous advantages in E-spin, i.e., simple production,
low price, and potential of encapsulating both hydrophobic and hy-
drophilic bioactives. Caseins with isoelectric point of ~ 4.6 are typically
spherical in shape and highly stable against high temperatures (their
coagulation occurs at 140 °C for 15-20 min at the normal pH of milk).
Caseins are generally classified as four main fractions including og;, 2,
B, and k-caseins at a ratio of 4:1:3.5:1.5, which possess exclusive struc-
tural and functional properties (Razzak & Cho, 2022). Distinct flexible
structure and high amount of proline in caseins make them more resis-
tant to thermal treatments than globular proteins like whey proteins
(p-lactoglobulin or a-lactoalbumin). Caseins have good film-forming
capacity thanks to the random coil structure of large amount of polar
units. Casein molecules can be combined with calcium and assemble
into a distinctive spherical micellar configuration, named casein mi-
celles with a diameter ~ 50-500 nm. The micellar casein is well-known
to be a vehicle of calcium and an outstanding bioactive carrier. Besides
the micellar architectures, caseins or casein salts (sodium/calcium ca-
seinates) are extensively utilized as emulsifiers or delivery vehicles in
the pharmaceutical and food industry (Wang & Zhao, 2022).

Whey proteins

Whey proteins, as an important co-product of dairy industry, are
divided into four main components; p-lactoglobulin, a-lactalbumin,
bovine serum albumin, and lactoferrin. These types of proteins are cost-
effective with multiple functional attributes e.g., thickening, stabilizing,
emulsifying, gelling, film-forming, fat replacing, whipping, coating, and
water-holding properties. Whey proteins (with an isoelectric point
around pH = 5) display superior nutritional values and manifold func-
tionalities, rendering them interesting biomaterials for food and
biomedical applications. Whey protein-based biomaterials also pos-
sesses amphiphilic configuration of excellent solubility over a wide pH
range, but low stability above 70 °C because of denaturation, coagula-
tion, and precipitation phenomenon. Functional features of this
biopolymer greatly hinge upon their structural characteristics. Thanks to
their natural source, whey protein-based materials reckon as biocom-
patible, biodegradable, sustainable, and safe building blocks for bioac-
tive/drug delivery applications using E-spin.

Collagen and gelatin

Collagen counts as the most plentiful protein in the human body. It is
a key element of the extracellular matrix (ECM) and confers tensile
strength and structural integrity to tissues. Collagen, as an ideal and
effective polymer for E-spin, has attained broad clinical/consumer
acceptance due to its safety, high water-affinity, low antigenicity,
excellent cell compatibility, non-immunogenicity, and available isola-
tion approaches from different sources. This protein is characterized by
the presence of a triple-helix architecture, which is supercoiled from 3
polyproline-II-like helices. Different types of collagens exhibit the triple
helical molecular configuration. Collagens typically involved in creating
fibrillar configurations are types I, II, III, V, and XI, with the fibril-
forming collagens type I, II, and III being the most plentiful. The steric
constraints for this structure lead to the presence of glycine as every
third amino acid in the sequence to allow for close packing of the three
polypeptide chains, while a high content of the amino acids proline and
hydroxyproline promote the polyproline-II-like conformation of indi-
vidual chains and provide stability. The denaturation of native collagen
leads to the formation of gelatin and the individual chains in gelatin do
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not readily reform into the original aligned structure. However, shorter
segments of triple-helix lacking the native alignment can assemble, of-
fering junctional domains, which enable the gel network of gelatin to
form. Gelatin produced by fractional hydrolysis of the collagen protein is
widely used in the food/pharma disciplines due to its capability to
enhance viscosity and stability, as well as high loading capacity for drug
and bioactives. Gelatin hydrates and swells in cold water, while above
40 °C, a colloidal solution is formed (sol).

Elastin

As an insoluble protein, elastin is produced by the cross-linking of its
soluble precursor tropoelastin (a protein of 750-800 amino acid resi-
dues). The hydrophobic sequences of the elastin are highly repetitive
and rich in aliphatic residues, e.g., proline, alanine, valine, leucine,
isoleucine, and glycine. Elastin is one of the structural components of
ECM, which offers the necessary resilient and elastic attributes to tis-
sues/organs (Rodriguez-Cabello, de Torre, Ibanez-Fonseca, & Alonso,
2018). This protein has now been successfully co-spun with synthetic
polymers to offer bioactivity and elasticity (Ciarfaglia et al., 2020; Li
et al., 2005; Sanchez-Cid et al., 2021; Wang, Bai, et al., 2023).

Silk fibroin

Silk, as an intriguing medical-grade material, is exploited for cen-
turies by virtue of its unique blend of material attributes and bioactivity.
It is naturally produced by a vast diversity of insects/spiders and
comprised of two distinct proteins: a glue-like sericin protein (holding
fibers together) and a 325 kDa fibroin filament (the mechanical back-
bone). Silk has also been exhibited to decompose via proteolytic hy-
drolysis and be slowly absorbed in the body as biocompatible amino
acids (notwithstanding it is considered a non-degradable material owing
to the length of time over, which it breaks down). Furthermore, silk
displays outstanding mechanical features not seen in other nature-
derived proteins (Chen et al., 2018; Wang et al., 2021). The thermo-
stability of silk material systems facilitate processing over a wide range
of temperatures (<250 °C), as evidenced by the capability to autoclave
them without loss of functional integrity (Zhang et al., 2009). Inte-
grating these protein polymer advantages with the E-spin technique can
results in scaffolds of combined mechanical, biochemical, and topo-
graphical cues with unique versatility for a range of biomaterial, cell,
and tissue studies/applications.

Keratin

Keratin is a naturally occurring protein (found in hair, wool, feather,
and fingernails), which has attracted the attention of many researchers
due to its unique biocompatibility/biodegradability and hydrophilic
properties. It is comprised of a series of amino acids, which are cova-
lently bound by peptide linkages with complex structures (Ye et al.,
2022). The diversity of amino acids in the protein structure render it an
excellent carrier for hydrophilic, hydrophobic, and charged bioactive
ingredients. Compositionally/structurally, keratin is much more com-
plex compared to fiber-forming materials and is difficult to spin into
electrospun fibril bodies. Besides, the engineered keratin-based EFs
typically have poor stability and low mechanical strength in aqueous
solutions (Zhao et al., 2022). In addition to this, due to its low molecular
weight (around 60 to 25 kDa for mammal proteins and ~ 10 kDa for
feather proteins), keratin solution is generally characterized by
extremely low viscosity, thus resulting in unstable E-spin, yielding
droplets/beaded fibers. Reinforcing with fillers or blending with other
polymers are main strategies utilized to tackle the aforementioned
processing limitations (Schifino et al., 2022).

Protein EFs for loading and controlled release of bioactive
compounds

Protein EFs are food-grade delivery materials with the capability to
encapsulate a vast diversity of bioactives. A myriad of functions as well
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as the potential of changing the structure as a response to various trig-
gers is the most well-known strengths of the protein-based EFs, as car-
riers of labile bioactives. As above-mentioned, many proteins possess
specific features from which the designed EFs may benefit for bioactive
delivery purposes. For instance, whey protein-based vehicles have been
utilized for enhancing the stability and (bio)functionality of bioactives
and biopharmaceuticals. Additionally, biomaterials, e.g., bioactive-
loaded protein-based EFs intended for food packaging and wound
healing, have been typically engineered from elastin or silk to benefit of
proper mechanical features. Furthermore, protein-based EFs can be
added to various biosystems like films or hydrogels to promote their
bioactive and gelation properties. Several studies have revealed that the
inherent features of the specific protein are typically conserved in the
final EFs. Some proteins have been demonstrated to show antibacterial,
anticancer, antiviral attributes, etc. Other proteins, such as collagen or
elastin, possess the capability to promote cell proliferation and have
demonstrated improved tissue regeneration ability. In what follows,
application of protein EFs for loading different bioactives are discussed.

Polyphenols

Plant polyphenols are valuable bioactives that show beneficial health
effects including antioxidant, anti-inflammatory, anticancer, and anti-
microbial properties (Zhang et al., 2022). However, many polyphenols
display limited bioaccessibility and stability against environmental
conditions such as temperature, pH, light, and oxygen, which limit their
application in a wide range of food and nutraceutical products. In this
context, encapsulation is used as an effective strategy to overcome the
challenges associated with the use of polyphenols. Among many
different encapsulation systems available, EFs exhibit high porosity,
high surface-to-volume ratio, and ultrafine architectures. E-spin, as a
non-mechanical/thermal process, is well suited with sensitive phenolic
compounds, improving their stability and bioavailability (Hosseini &
Gomez-Guillén, 2018). Besides, the sensory quality of food products may
be improved by masking the bitterness of polyphenols entrapped in EFs
(Anu Bhushani & Anandharamakrishnan, 2014). Various animal and
plant-based proteins are widely used as bio-based polymers in fabrica-
tion of EFs for polyphenol delivery. Findings of some recent studies
focusing on the application of protein EFs for loading and controlled
release of polyphenols and other bioactives are summarized in Table 2.
It has been evident that polyphenol type/concentration and protein
type/concentration are significant factors affecting the physicochemical
properties, EE, release characteristics, and stability of protein EFs car-
rying polyphenols.

Additionally, the encapsulation of bioactive ingredients can improve
the water solubility and bioavailability of bioactive molecules during
human digestion, i.e., protect them against unfavorable conditions in
certain parts of the digestive tract (e.g., the stomach) and release them in
targeted areas (e.g., the intestine). Moreover, the food safety and sen-
sory quality may be improved by inhibiting microbial growth and
masking unpleasant flavors (e.g., the bitterness of polyphenols),
respectively.

In a recent study by Estrella-Osuna and coworkers (2022), gelatin
EFs were loaded with anthocyanins and phenolic compounds extracted
from eggplant peel by-product. Scanning electron microscopy (SEM)
and transmission electronic microscopy (TEM) images indicated that the
addition of antioxidant extract resulted in increased diameter and
improved contour, which allowed the formation of smoother EFs
(Fig. 3). The authors observed differences in the infrared spectrum of
commercial gelatin powder and electrospun gelatin, indicating confor-
mational rearrangement of protein during E-spin as a result of increased
H-bonding interactions. Besides, gelatin EFs were observed to interact
with the extract via intermolecular H-bonding. High EE (92-94 %) was
reported independent of the extract concentration. Moreover, the
bioactive concentration and pH had significant effects on the in vitro
release profile of the bioactive-loaded gelatin EFs, where the maximum
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release was observed at 6 h (Estrella-Osuna et al., 2022).

Within the plant polyphenols, curcumin is among the most
frequently studied bioactive for improvement of solubility, bioavail-
ability, and stability via encapsulation (Jiang et al., 2020). In an
attempt, Alehosseini and coworkers (2019) followed an interesting
approach and incorporated a green tea extract (GTE) into the formula-
tion as an antioxidant during encapsulating curcumin in gelatin and zein
EFs. The authors reported high EE for both gelatin and zein; while zein
provided enhanced protection and slower release of curcumin in hy-
drophobic media. Addition of GTE was reported to result in strong in-
teractions with proteins, in particular for gelatin, improving the
protective effect and modifying the release behavior from the EFs. It was
suggested that the protein matrix should be selected depending on the
final application in encapsulation of curcumin in protein EFs (Ale-
hosseini et al., 2019).

Essential oils and essential fatty acids

Although oils rich in essential fatty acids are reported to show many
health-beneficial effects; their widespread use in food systems is limited,
since they are very sensitive to oxidative deterioration, which can result
in rancidity and related quality defects. Therefore, several encapsulation
techniques are applied to them to preserve their quality and prolong
shelf life. Recently, protein EFs are efficiently used as carriers for various
oils rich in essential fatty acids including fish oils, moringa kernel oil and
echium oil (Table 2). Both animal-based proteins such as gelatin and
plant-based proteins including zein, gliadin and pea proteins are shown
to be effective polymers in fabrication of EFs for loading oils rich in
essential fatty acids. Besides, among several carbohydrate and protein-
based biomaterials tested for E-spin encapsulation of echium oil, pea
protein was reported to provide the highest protection against oxidation
(Najafi et al., 2022). Furthermore, natural antioxidants can be incor-
porated into the formulation for further improvement of oxidative sta-
bility. In a recent study, phenolic compounds were extracted from pecan
nut shell, a by-product of the nut industry, and used as an antioxidant for
encapsulation of sardine oil using gliadin-based carriers (Dorame-
Miranda et al., 2021).

Essential oils (EOs) obtained from various plant sources have also the
potential to be used as effective antimicrobial agents due to their
chemical constituents. However, the use of EOs as natural antimicrobials
in food systems is limited as a result of their volatile nature, strong
aroma, and sensitivity against environmental factors (Mukurumbira
et al., 2022). Therefore, encapsulation is used as an effective strategy to
overcome these challenges and improve the biological activity and
controlled release of EOs and aromatic compounds. Literature survey
demonstrated that EOs-incorporated protein EFs are mainly developed
for use in active packaging applications (Table 2). Combination of two
different types of proteins (Wang et al., 2022; Zahabi et al., 2021) or
proteins with other biocompatible polymers such as polycaprolactone
(Shanbehzadeh et al., 2022; Yavari Maroufi et al., 2022) are recently
applied approaches in fabrication of EFs for loading and controlled
release of EOs and aromatic compounds. In a recent research, Wang and
coworkers (2022) fabricated gelatin/zein EFs loaded with peril-
laldehyde, thymol, or e-polylysine for preservation of chilled chicken
breast. The addition of perillaldehyde, thymol, and e-polylysine was
reported to influence the morphology and diameter of EFs. Furthermore,
the type of antimicrobial agent added had a significant effect on the
mechanical properties, water vapor and oxygen permeability and ther-
mal stability of EF films. Gelatin/zein EF films loaded with peril-
laldehyde were observed to prolong the shelf life of chilled chicken
breasts by 6 days (Wang et al., 2022). In another recent attempt,
Shanbehzadeh and coworkers (2022) fabricated EF mats using a com-
bination of gelatin-polycaprolactone and loaded with cumin EO and zinc
oxide NPs for prolonging the shelf life of white cheese. Addition of
cumin EO and zinc oxide NPs was observed to affect the thermal sta-
bility, surface and mechanical properties of EF mats. Fabricated mats
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Table 2
Some recent studies focusing on the application of protein EFs for loading and controlled release of bioactive molecules.
Bioactive(s) Protein type E-spin parameters Key findings Reference
Voltage Flow Collector
kV) rate distance
(mL/h) (cm)
Eggplant peel extract richin  Gelatin 15 kV voltage, 1 mL h™" flow rate, and o Formation of the bioactive-loaded gelatin EFs Estrella-Osuna

anthocyanins and phenolic
compounds

Sour cherry concentrate rich
in polyphenols

Polyphenols (kaempferol,
tannic acid, and
phlorotannin)

Raspberry extract rich in
anthocyanins

Moringa oleifera kernel oil
rich in monounsaturated
fatty acids

European fish eel oil

Echium oil

Perillaldehyde and thymol

Oliveria decumbens EO

Green tea EO

Cumin EO

Gelatin or gelatin-
lactalbumin

Zein

Soy protein

Zein

European fish eel gelatin

Pea protein

Gelatin-zein

Glutelin-hordein

Casein in combination
with polycaprolactone

Gelatin combination with
polycaprolactone

10 cm collector distance

25-28 kV voltage, 0.4-0.5 mL h™! flow
rate, and 10 cm collector distance

12 kV voltage, 1.2 mL h ™! flow rate, and
15 cm collector distance

20-30 kV voltage, 3.6-5.4 mL h™! flow
rate, and 20 cm collector distance

20 kV voltage, 0.5-0.9 mL h~! flow rate,
and 10 cm collector distance

10-17 kV voltage, 0.04-0.5 mL h~! flow
rate, and 10 cm collector distance

11 kV voltage, 0.8 mL h™ flow rate, and
15 cm collector distance

22 kV voltage, 1.8 mL h! flow rate, and
10 cm collector distance

12-15 kV voltage, 0.5-1 mL h™! flow
rate, and 10-15 cm collector distance

11 kV voltage, 1 mL h™! flow rate, and
15 cm collector distance

0.25 mL h™! flow rate, and 15 cm
collector distance

with average diameter of 607-644 nm

Carrier-payload interaction via H-bonding

High EE (>90 %) and maximum release at 6 h

Higher EE for anthocyanins as compared to

phenolic acids

Improved bioaccessibility of the bioatives using

coaxial EFs

Improved protection of cyanidin-3-glucoside

using protein EFs

EE of around 80 %

Improved stability of the membranes loaded

with hydrophobic polyphenols

About 62-74 % of polyphenol release at pH 6.8

for 8 h

Effectiveness of different approaches used for

the extract addition on physicochemical

properties of EFs

Development of a natural food preservative by

the combination of soy protein with poly

(ethylene oxide) and anthocyanin extract

Hydrophobic EFs with an average diameter of

450 nm

Fiber strands with continuous structure and no

entanglement

Efficient entrapment of the bioactive oil

Determination of the optimum ratio of oil to

gelatin based on the bioactive EE

o EE of around 90 %

Fabrication of EFs using a combination of pea

protein isolate, pullulan, and pectin for the

coencapsulation of the bioactive oil and saffron

extract

o The highest protection of the bioactive oil

(against oxidation) by using pea protein EFs

EE of higher than 65 %

The best mechanical and barrier properties,

good anti-bacterial activity and bio-

compatibility of perillaldehyde-loaded gelatin-

zein films

o Determination of optimum glutelin:hordein
ratio and E-spin parameters based on EF
morphology

o EO-incorporated protein EFs with high

antioxidant and antimicrobial activities (against

Staphylococcus aureus, Escherichia

coli and Bacillus cereus)

Decreased apparent viscosity with increase in

the glutelin concentration (25-35 %)

o EE of approximately 80 %

Applicability of zein-polycaprolactone EFs

incorporated with EO for designing active food

packaging materials

o The higher the casein concentration, the higher

the viscosity/EF diameter of the sysytem and the

higher the mechanical strength of EFs

Determination of optimum EO concentration

based on release profile and antioxidant activity

The higher the polycaprolactone (PCL) content,

the smaller the fiber diameter (~203 nm) and

more porosity/thermostability

Anti-Staphylococcus aureus activity (during 12

days of cold storage) of gelatin-PCL EFs

(179-277 nm) incorporated with cumin EO and

zinc oxide in white cheese

Cuminaldehyde as the most abundant

component (35.21 %) in EO

Improved thermal stability and mechanical

properties of the mats followed by increasing

NPs and/or EO to 3 %
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et al., 2022

Isik et al., 2018

Yingying et al.,
2022

Wang et al., 2013

Afolabi-owolabi
et al., 2020

Taktak et al., 2021

Najafi et al., 2022

Wang et al., 2022

Zahabi et al., 2021

Yavari Maroufi
et al.,, 2022

Shanbehzadeh
et al., 2022
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Table 2 (continued)
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Bioactive(s) Protein type E-spin parameters Key findings Reference
Voltage Flow Collector
kV) rate distance
(mL/h) (cm)
o No detrimental effect of the mats on Human
Dermal Fibroblasts
o Improved sensory characteristics of cheese
samples treated with the EO/ NPs-entrapped
mats during the storage period
Thyme EO Zein 20 kV voltage, 1 mL h™! flow rate, and o Sustained release of EO after encapsulation in Ansarifar &
15 cm collector distance zein EFs Moradinezhad,
o Improved sensory attributes (firmness and color) 2022
of strawberries during 15 days of cold storage by
using EO-loaded zein films
Vitamin B12 Zein 0-20 kV voltage, 0.2-0.3 mL h~! flow o E-spin of zein for the fabrication of films, Coelho et al., 2021

Vitamin B12

Folic acid

Zinc oxide and curcumin

Lactobacillus plantarum

Bifidobacterium

Carotenoids extracted from
tomato peels
p-carotene

p-carotene

Potato protein

Zein

Whey protein in
combination with basil
seed gum

Silk fibroin in
combination with
polyvinyl alcohol

Whey protein in
combination with
pullulan

Gelatin

Soy protein isolate in
combination with
polyvinyl alcohol

Whey protein in
combination with
pullulan

rate, and 7-15 cm collector distance

25-30 kV voltage, 1.2-3.6 mL h™! flow
rate, and 15 cm collector distance

11 kV voltage, 1 mL h™*! flow rate, and
16 cm collector distance

15 kV voltage, 5 mL h~! flow rate, and 8
cm collector distance

24 kV voltage, 2 mL h™" flow rate, and
18 cm collector distance

12-14 kV voltage, 0.3 mL h™ flow rate,
and 7 cm collector distance

18 kV voltage, 0.9 mL h~! flow rate, and
12.5 cm collector distance

18 kV voltage, 0.15 mL h™! flow rate,
and 17 cm collector distance

19-23 kV voltage, 2.0-2.4 mL h™! flow
rate, and 17-19 cm collector distance
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microparticles, and fibers loaded with vitamin
Bioactive films with smooth surface and EE of
90 %

Production of ribbon-shaped fibers with EE of
100 %

Determined of optimum protein concentration
and solvent type for the fabrication of potato
protein Efs

Controlled release of vitamin using EF-based
delivery vehicles

EE of more than 80 %

Improved stability of folic acid against thermal
treatment (180 °C) and irradiation after
embedment into protein EFs

Improved thermal stability and bactericide
properties of EFs

Effectiveness of mixing ratio of silk fibroin and
polyvinyl alcohol on morphological properties
of Efs

Enhanced survival rate of probiotic cells
encapsulated in EFs

Improved viability of bifidobacterial strain
(especially at 20 °C) after encapsulation in whey
protein-pullulan EFs

Superior protective effect of whey proteins EFs
as compared to pullulan-produced structures
Improved solubility, thermal/storage stability,
and antioxidant activity of the bioactive
Production of active films using the mixture of
soy protein isolate and polyvinyl alcohol
Application of the annealing process to improve
adhesion property of the produced structures
Sustained release of the encapsulated bioactive
from EFs

Encapsulation of the bioactive through coaxial
E-spin

Successful entrapment of the bioactive in whey
protein-pullulan EFs

The great impact of the polymer solution flow
rate on bioactive EE (~90-95 %)

Higher oxidative stability of whey protein-
pullulan EFs as compared to pure pullulan EFs

Mendes et al., 2020

do Evangelho et al.,

2019

Larki et al., 2022

Wei et al., 2021

Lépez-Rubio et al.,
2012

Inan¢ Horuz &
Belibagli, 2018
Pinheiro Bruni
et al., 2020

Drosou et al., 2022

were reported to slow the growth of Staphylococcus aureus in white
cheese samples during 12 days of cold storage (Shanbehzadeh et al.,
2022).

Vitamins, flavors, and minerals

Encapsulation technologies are widely applied to vitamins and
minerals to improve their stability during processing and storage.
Recent studies are focusing on encapsulation of vitamins by EFs and NPs.
Zein EFs were fabricated for encapsulation of folic acid for improvement
of stability against thermal treatment and irradiation. Folic acid-loaded
EFs were reported to show increased stability against thermal treatment
at 180 °C and exposure to 24 h of ultraviolet A light irradiation
compared to unencapsulated folic acid (do Evangelho et al., 2019). In

10

another recent study, potato protein EFs were used as carriers for
vitamin Bj,. E-spin process was indicated to result in conformational
changes in potato protein whereas addition of vitamin resulted in a
slight increase in average diameter of EFs. The release characteristics of
vitamin B2 from potato protein EFs indicated that the developed system
can be potentially used as a delivery vehicle for hydrophilic bioactives
(Mendes, Saldarini, & Chronakis, 2020). Liu and coworkers (2021)
developed an interesting strategy and fabricated EF membranes of
gelatin for co-encapsulation of hydrophobic fish oil and hydrophilic
vitamin C. Addition of vitamin C was reported to result in some adverse
effects including decreasing the loading capacity of fish oil and
increased fragility of fibrous membranes. On the other hand, vitamin C
was reported to prevent lipid oxidation and convert lipid hydroperox-
ides during the E-spin process, emphasizing the role of antioxidants in
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Fig. 3. SEM and TEM images of eggplant peel extract-loaded gelatin EFs. (a, d) empty electrospun gelatin fibers, (b, e) fibers loaded with 33.3% eggplant peel
extract, and (c, f) fibers loaded with 20% eggplant peel extract (Estrella-Osuna et al., 2022).

encapsulation of hydrophobic bioactives (Liu et al., 2021).
Probiotics

Probiotics are shown to have many beneficial health effects; how-
ever, they are highly sensitive towards harsh environmental conditions
during processing and storage including temperature, oxygen, and
relative humidity. Moreover, harsh conditions in the digestive system
such as gastric acid and action of enzymes result in a significant decrease
in the number of viable probiotics, limiting their beneficial role.
Traditional encapsulation technologies have some limitations when they
are applied to probiotics including introduction of high temperatures,
dehydration stress and difficulty in controlling microcapsule particle
size (Xu et al., 2022). Therefore, carriers such as EFs have emerged as an
alternative to traditional techniques for encapsulation of probiotics.
While fructooligosaccharides, polyvinyl alcohol and alginate are used as
EFs for encapsulation of probiotics, there are limited reports on the use
of proteins for this purpose. For instance, Lopez-Rubio and coworkers
(2012) used a combination of whey protein and pullulan for encapsu-
lation of living Bifidobacterium strains with E-spin. The authors reported
that encapsulation resulted in a significant increase in the viability of
bifidobacterial strain at 20 °C. Moreover, whey protein was found to be
more effective in protecting bacteria compared to pullulan, prolonging
the survival at high relative humidity (Lopez-Rubio et al., 2012). More
recently, Wei and coworkers (2021) fabricated polyvinyl alcohol/silk
fibroin EFs for encapsulating Lactobacillus plantarum. The authors re-
ported that the mixing ratio of polyvinyl alcohol and silk fibroin affected
EF morphology in such a way that polyvinyl alcohol allowed for for-
mation of a continuous and uniform EF structure whereas silk fibroin
increased the yield and diameter of EFs and had a positive effect on
probiotics packaging. Encapsulation in polyvinyl alcohol/silk fibroin
EFs was indicated to result in a significant improvement in the viability
of L. plantarum under simulated gastric conditions (Wei et al., 2021).

11

Carotenoids

Carotenoids, which are potent antioxidants need protection during
processing and storage since they are highly susceptible against envi-
ronmental conditions. Encapsulation is applied to carotenoids not only
for protection and prolonging shelf life, but also in some cases for
improvement of solubility and bioavailability. Proteins can be used
alone or in combination with other biocompatible polymers in EFs for
encapsulation of carotenoids. Gelatin EFs were used for encapsulation of
carotenoids extracted from tomato peels. Stability of the encapsulated
carotenoid extract was reported to improve significantly during storage
at varying temperatures of —20, 4, and 25 °C for 14 days, showing better
retention of lycopene and its antioxidant activity. Moreover, encapsu-
lation in gelatin EFs resulted in a remarkable increase in the solubility of
carotenoid extract in water (inang Horuz & Belibagli, 2018). In another
recent attempt, p-carotene dissolved in corn oil was encapsulated in
EFsEFs fabricated using pure pullulan or a combination of whey protein
and pullulan. Both pullulan and whey protein:pullulan EFs were
observed to improve the stability of p-carotene at low humidity envi-
ronments. However, whey protein:pullulan (30:70) EFs provided higher
stability against oxidation of p-carotene compared to pure pullulan EFs
when tested under varying storage temperatures, water activity condi-
tions and exposure to UV-Vis irradiation. Better protective effect
observed for whey protein:pullulan EFs was attributed to the stronger
interactions between protein and oil-p-carotene core mixture, reducing
the availability of carotenoid molecules to oxidation by molecular ox-
ygen (Drosou et al., 2022). On the other hand, Pinheiro Bruni and co-
workers (2020) encapsulated p-carotene dissolved in soybean oil in a
mixture of soy protein:polyvinyl alcohol electrospun onto a polymer
film. Furthermore, a thermal process was applied to improve adhesion
onto the packaging film. The annealing treatment observed to result in
slower and more sustained release of encapsulated p-carotene in oil-
based release medium (Pinheiro Bruni et al., 2020).



S.R. Falsafi et al.
Challenges to be met and future perspective

The loading of bioactives into protein-based EFs has sparked a great
interest for their use in diverse applications. Various bioactives have
been loaded into different protein-based EFs through diversifying the E-
spin process and loading mechanism, such as coaxial, emulsion,
blending, or a simultaneous application of E-spin/electrospraying.
Optimization of these methods allows effective loading of bioactives into
EFs and their controlled release from EFs. Choosing the best loading
route for bioactives is also related with the solubility and stability of
bioactives of interest. Even though coaxial and emulsion E-spin routes
are superior for loading bioactives than the other methods in terms of
maintaining the bioactivity and tuning release profiles. In this regards,
there are still major research challenges yet to be solved; these are (i)
efficient bioactive loading without need of any toxic ingredients (e.g.,
surfactants) reduce the potential for adverse complications, (ii) preser-
ving the bioactivity after the encapsulation for a long term, (iii) the use
of nontoxic solvent alternatives, (v) a precise release profile, and (vi)
industrialization of the concept for large scale productions.

Future studies should focus on high loading and improving thera-
peutic potential of bioactives. Since most bioactives are hydrophobic
and poorly water soluble, the main challenge is their stability and
bioavailability. Furthermore, the loading of volatile bioactives and
flavoring agents into protein-based EFs and maintaining their presence
can be problematic. In this regard, excipients, such as cyclodextrins
(CDs), can be used as solubilization enhancers without the need of any
toxic solvents and surfactants: since they form complexes with hydro-
phobic compounds that can fit into the CD cavity they enable the high
loading of bioactives into EFs without the need for any toxic solvent.
Also, they can stabilize and maintain the activity of bioactives hosted
while boosting their bioavailability for in vivo applications.

Another major issue is the solubility of proteins in water or other
conventional solvents to be electrospun into EFs. Many studies used
toxic halogenated and polar aprotic solvents to able dissolve proteins.
However, these solvents are not environmentally benign and highly
toxic. Solvent residues in the produced EFs can cause toxicity, thereby
limiting their bio-related use. In this regard, recent studies focused on
the use of green solvent alternatives to produce protein EFs (Castilla-
Casadiego et al., 2016; Lv et al., 2018; Miele et al., 2020; Mosher et al.,
2021; Souzandeh et al., 2016). For the interested readers, a compre-
hensive review on the E-spin based on benign solvents is available
(Avossa et al., 2022). Future studies should also focus on the engineering
of protein-based EFs with better control on the release profiles of the
encapsulated bioactives. In this regard, optimization of controlled
release EF formulation can be done using artificial neural networks or
response surface methodology, as also already reported for drug delivery
NPs (Li et al., 2015; Reis et al., 2004).

Some bioactives are highly sensitive and can lose bioactivity during
the storage of EFs. Recently, E-spin has been employed in the develop-
ment of hydrogel structures (Li et al., 2020). Such an approach might
improve the stability of the encapsulated bioactives because of the
watery matrix of hydrogels while altering the release kinetics. The
bioactives will be released from EFs first, followed by the release from
the hydrogel matrix. This will increase the diffusion time and eventually
prolong the release profile while enhancing the stability of bioactives. In
future, particular interest should be given to alternative but effective
routes for the loading of bioactive into the protein-based EFs. So far, the
core-shell and emulsion approaches offer the best control on the release
profile. As an alternative, polymers can be functionalized with
complexation groups to encapsulate and slowly release the payloads
from the EF matrix. Also, industrialization of loading approaches is
another critical challenge, particularly for coaxial and emulsion E-spin,
which would be problematic because of jet instability. Therefore,
straightforward methods would be ideal routes to load bioactives into
protein-based EFs at larger scales. Notwithstanding the great progress in
the field, merely a few in vivo studies and clinical trials were reported in
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the literature over the years, and the biological features of protein-based
EFs, in many cases, are restricted to in vitro assessments with cell lines.

Besides the aforementioned, although a huge progress in E-spin has
been made at the laboratory scale in recent years, there are still some
restrictions, which limit its commercial application in the food industry.
One of the major limitations of protein EFs is the comparatively low
productivity, which can be solved by modifying the structural aspects of
the E-spin process (like the application of multi-needle setup). In addi-
tion, as described previously, the hydrophilicity of these structures may
cause potent plasticization and deteriorates the barrier properties under
increasing relative humidity, hindering their application in food in-
dustry. Hence, it is of great importance to improve the barrier charac-
teristics of protein EFs to make them applicable in food sector. The most
widely utilized strategies to enhance the performance of protein mate-
rials are the application of blends with biocompatible polymers and the
use of cross-linkers (e.g., glutaraldehyde, genipin, transglutaminase,
terephthalaldehyde, etc.).

Conclusion

The high versatility of proteins in nature is outstanding. Due to the
great tunability of different protein architectures for specific applica-
tion, it is not surprising that EFs designed by proteins can be applicable
in a myriad of disciplines as food packaging, wound dressings, and more
importantly bioactive delivery. Utilizing protein-based biopolymers
alongside promising encapsulation approaches like E-spin open the way
for innovation in the field of food science and technology. Protein EFs
are very proper candidates for loading and encapsulating bioactives,
thanks to their superior attributes over various synthetic polymers by
being biodegradable and biocompatible and a sustainable origin. E-spin,
as one of the most adaptable strategies for engineering a range of
protein-based EFs can be applied in diverse encapsulation techniques to
combine the inherent attributes of proteins for encapsulation and
loading of bioactives. Many studies revealed that protein-based EFs
promote (bio)stability, physicochemical characteristics, and release
mechanism of bioactives. Considering such properties, protein-based
EFs are potent to offer a range of functions required for food/biomed-
ical applications in the near future. By changing/controlling some
important parameters of E-spin, e.g., the protein/bioactive concentra-
tion, viscosity of the feeding polymer solution, electrostatic field, and
ambient humidity, a prompt growth of bioactive architectures could be
achieved. Nonetheless, further in vivo studies are needed to assess pre-
viously engineered protein-based EFs in detail. Furthermore, as outlined
in this work, some bioactive-loaded protein EFs are investigated broadly
in vitro, and we believe that it is time to focus on their behavior in vivo.
Aside from the food and biomedical applications of bioactive-loaded
protein-based EFs, researchers are about to introduce further applica-
tions of these structures by strictly modifying system attributes to match
the intended tissues/cells. To promote the features of such architectures,
a combination of bio-based and synthetic materials together with sur-
face decoration of EFs might constitute another challenge. All in all,
what is important is that the protein-based EFs as potential carriers of
bioactives will be key players in the future of food science and
engineering.
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