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Abstract: Plant proteins are receiving a lot of attention due to their abundance in nature, customizable
properties, biodegradability, biocompatibility, and bioactivity. As a result of global sustainability
concerns, the availability of novel plant protein sources is rapidly growing, while the extensively
studied ones are derived from byproducts of major agro-industrial crops. Owing to their beneficial
properties, a significant effort is being made to investigate plant proteins” application in biomedicine,
such as making fibrous materials for wound healing, controlled drug release, and tissue regeneration.
Electrospinning technology is a versatile platform for creating nanofibrous materials fabricated from
biopolymers that can be modified and functionalized for various purposes. This review focuses on
recent advancements and promising directions for further research of an electrospun plant protein-
based system. The article highlights examples of zein, soy, and wheat proteins to illustrate their
electrospinning feasibility and biomedical potential. Similar assessments with proteins from less-
represented plant sources, such as canola, pea, taro, and amaranth, are also described.

Keywords: electrospinning; plant proteins; zein; soy protein; wheat gluten; biomedicine; wound
dressing; drug delivery; tissue regeneration

1. Introduction

As a result of the fast population growth, it is expected that by 2050 the demand for
food, feed, and fuel worldwide will grow by 70% (OECD/FAQO, 2021). This increase in
population, together with changing sociodemographic factors, pushes food manufacturers
to provide highly nutritious food products with low impact on the environment. Due to
rising interest in sustainable and eco-friendly diets, plant-derived proteins are becoming
commercially more desirable [1]. Proteins of plant origin show advantages over animal
proteins because they are naturally abundant and, as food product ingredients, beneficial
for human health. Moreover, consuming vegetarian products reduces animal-to-human
pathogen transmission and alleviates ethical concerns [2]. Apart from their dietary rele-
vance, plant proteins are often used as components in many kinds of material, providing
assets such as mechanical strength, water stability, fibrous texture, and most importantly,
biocompatibility [3]. Proteins are biological macromolecules composed of amino acids with
a very complex molecular structure. The amino acid side chain groups are responsible for
their hydrophobicity and molecular conformation, which highly affects protein function.
Many techniques have been developed to obtain proteins from vegetal sources including
chemical: alkaline or saline extraction; biochemical: enzymatic digestion; and physical
techniques relying on ultrasound, microwave, pulsed electric field, and high-voltage elec-
trical discharge [4-6]. The choice of protein isolation and purification method depends
greatly on the protein source, properties, and final purpose [7]. An environmentally sound
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strategy for minimizing waste disposal, utilizing resources to the fullest, and giving various
products more market value, is the recovery of protein from agro-industrial byproducts
(Figure 1). Oil cakes, byproducts of oil processing, are one of the most valuable sources
for protein recovery since they are a high source of plant protein with a protein content
of 15-50%. Their supply from major oil crops such as soybean, canola, and sunflower, or
some alternatives rich in fibers, such as hemp and flax is quite considerable. Byproducts of
cereal and tuber starch production, or legume processing are also good sources for protein
recovery because of their availability and favorable amino acid content [5]. As natural poly-
mers, plant proteins have been explored for biomedical applications for over a quarter of a
century [8]. In comparison with animal-derived proteins, they show low immunogenicity
and do not transmit animal-borne diseases. Their chemical stability, structural versatility,
bioactivity, and high availability allow them to be engineered into different functional
forms such as nanoparticles, nanogels, and nanofibers for various purposes [9].
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Figure 1. Agricultural plant proteins in production of electrospun biomedical materials. After crops
are harvested and undergo primary processing to fabricate substances such as oil, starch, and cellulose,
a significant quantity of vegetal side products is generated. Typically, they are diverted toward
production of novel food, animal feed, fuel, or fertilizers. However, an alternative application involves
utilizing the side products as a valuable source of proteins suitable for various electrospinning
techniques. By turning the isolated proteins into fibers, materials with excellent bioactive and
biomimetic properties can be created for diverse biomedical applications.

The aim of this paper is to provide an overview of recent achievements in the biomed-
ical application of plant protein-based materials fabricated through electrospinning. Elec-
trospinning is a process used to produce nanofibers from a diversity of synthetic, semi-
synthetic, and natural materials, including proteins. Plant protein-based electrospun
nanofibers/matrices demonstrate tremendous potential in biomedicine since their fibrous
structure mimics the extracellular matrix of animal tissues and as such facilitates cell im-
mobilization and metabolite transfer. Moreover, these materials are easy to functionalize
in order to modify their properties or entrap bioactive compounds that may achieve a
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certain effect upon their release. Plant proteins are often biocompatible and biodegradable,
which is of extreme importance for their biomedical application. For example, electropsun
maize protein, zein, applied on a tissue is decomposed by the body’s own physiological
mechanisms that involve enzymes, pahgocytes, and local microbiota [10]. Some plant
proteins even contain additional cell-recognition motifs that assist cells in distinguishing be-
tween one another, adhering to fibers, and migrating across the tissue [11]. The electrospun
materials with potential biomedical purpose can be roughly classified as: materials for
wound treatment; materials with capacity of controlled drug release and hence increased
healing efficacy; materials that support cell growth and tissue regeneration; and materials
that can be functionalized as biosensors for detection/quantification of certain microenviro-
nental changes. However, electrospun plant protein fibers are predominantly investigated
for making bioactive food packaging films or air filters, because it involves less rigorous
sanitary regulation [12]. Yet, with continual progress in material science, biotechnology, and
stem cell biology, plant protein nanofibers are receiving a lot of attention in the biomedical
sphere. During the last twenty years, the number of papers about electrospun biomedical
materials has been growing exponentially [13]. This is due to the increasing number of
materials that has been tested, as well as the constant improvements in electrospinning
techniques. With respect to synthetic, semi-synthetic, and other natural polymers, includ-
ing proteins of animal origin, our focus here is solely on vegetal proteins sourced from
agricultural waste.

There are not many reviews covering this particular topic, so we believe this is a timely
contribution regarding the growing trends in development of biomedical materials and
agricultural sustainability. Here we discuss proteins from widely available agricultural
plants: maize, wheat, soy, canola, pea, potato, taro, and amaranth, that, according to FAO
(Report 2020), make more than 30% of the global crop production. By presenting the
findings of recent assessments with electrospun materials incorporating plant proteins,
we highlight the advantages provided by these natural polymers. With attention given
to the biomedical utilization, the technical aspect of the material production through
electrospinning is slightly out of focus in this review. To our knowledge, the papers on
similar topic are either less oriented to solely vegetal proteins, or they cover less recent
studies [14,15]. The large majority of research we report here has been published within
the past five years.

2. Electrospinning of Plant Protein Fibers—Modes and Purposes

Plant proteins are low in cost, have low immunogenic potential, and very much abun-
dant natural polymers that have gained attention in recent years for the fabrication of
electrospun nanofibrous materials and their application in advanced health care products
(i.e., for wound healing, tissue engineering, etc.), food packaging, pharmaceutical industry,
etc. [9]. Due to their complex structure, particularly secondary and tertiary, their spinnabil-
ity may be difficult. Thus, in order to obtain continuous uniform fibers, the plant proteins
require good solvent dissolution in a random coil conformation. The electrospinning tech-
nique requires electrostatic forces to stretch a viscoelastic polymer solution or melt for
the formation of ultra-fine fibers with unique properties, such as: high surface to volume
ratio, light-weight, adjustable diameter/morphology, and fibrous porous materials with
high pores interconnectivity, as well as controlled functionality. Although simple in its
popular device set-up the process is quite complex since it is based on both: the physical
parameters phenomena, involving the high voltage power supply (electrostatic charges),
flow rate, and needle to collector distance; as well as the rheological properties of the
polymer solution, conductivity, viscosity, and surface tension. Having this in mind and the
forth-mentioned protein structure, its spinnability should be properly designed by manip-
ulating its conformation as well as aggregation property [16]. Other characteristics that
affect the formation and uniformity of the protein electrospun fibers would be its molecular
weight, surface charge, ionic, hydrogen and intra/intermolecular disulfide bonds, unfold-
ing degree, and chain entanglement. The right solvent choice further supports proteins’
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electrospinnability and affects final fiber properties [17-19]. The solvent providing high
solubility causes denaturation of the plant protein or destruction of its bonds, thus the
necessary chain pullability during electrospinning. There are also polymer carriers that
can provide the protein with electrospinnability, thus the protein is blended with it and
more easily electrospun into fibers. Such polymers usually include polyvinyl alcohol (PVA)
and polyethylene oxide (PEO) [20]. These water-based polymers can maintain the protein
function during electrospinning, but often proteins are combined with other synthetic
polymers (polycaprolactone (PCL)) or their semi-synthetic equivalents (poly-L-lactic acid
(PLA) and chitosan) that require harsh organic solvents. In the case of aqueous solutions,
cross linkers are used in order to obtain water stability of the plant protein fibers, as well as
their mechanical strength. The cross-linkers may also be natural or synthetic, and detri-
mentally toxic, hence they are rarely recommended. Apart from PVA and PEO, animal
proteins (i.e., gelatin, whey protein and silk fibroin (SF)) can be used as carrier polymers
for improving the spinnability of plant proteins. For example, whey protein isolate and
soy protein isolate can form stable spinning solution with intermediate length gelatin [21].
Technologies reported for the production of plant protein-based electrospun fibers include:
single nozzle blending, emulsion electrospinning, coaxial electrospinning, as well as electro-
spinning with the incorporation of nanocarriers and post-processing treatments (Figure 2),
which is discussed in later paragraphs. Moreover, freshly fabricated fiber mats can be
additionally functionalized and purpose adjusted, for example, by simple heating to attain
hydrophobicity, or by grafting biomolecules such as peptides to achieve bioactivity [22].
Single nozzle blend electrospinning is conducted when two components are combined
with the same dissolving solvent to form a homogenous solution. This is the most com-
mon technique of electrospinning as the plant protein is supported by another polymer
compound which improves spinnability and usually provides the system a proper mechan-
ical integrity. In emulsion electrospinning, the two compounds are separately dissolved
in their respective solvents, while the two-phase solution is stabilized by an emulsifier
under constant vigorous stirring. The as-prepared system can show fiber morphology with
uniform polymer matrix (continuous phase) and spherical filler homogenously distributed
along the fibers length, or a core-shell structure may be spontaneously achieved such as in
coaxial electrospinning. To best of knowledge, these systems are reported to a lesser extent
compared with the blend electrospun plant protein-based fibers. In coaxial electrospinning,
two separate polymer solutions, usually immiscible, are electrospun simultaneously from
two different containers through a coaxial nozzle to form core—shell nanofibers. This is
a good way to encapsulate bioactive compounds in order to maintain their activity and
control their release profile if necessary.

As earlier mentioned, there are two mechanism routes for the electrospinning of plant
proteins. Firstly, a globular protein is dissolved in an ideal solvent, denatured in a random
coil conformation, and spun as a single polymer. If the solvent is of low quality, the de-
naturation of the plant protein results in aggregation. Thus, the second route in this case
provides the spinnability of the denatured protein with the help of the carrier polymer. The
parameters that need to be monitored during electrospinning include the solution concen-
tration that should be higher than the overlap concentration, while the viscosity should
not be too high to ensure entanglement. The electrical voltage as well as the conductivity
should also be optimal to further provide a workable condition for the process [21]. Gener-
ally, plant proteins are electrospun together with other well-spinnable polymers, except for
zein or amaranth protein isolate, which are reported to be electrospun alone or with other
polymers as well [16]. The most advantageous function of the plant protein fibers would
be their ability to carry sensitive bioactive compounds (i.e., curcumin, quercetin, essential
oils, etc.) and maintain their properties [23]. Specific drugs or bioactive substances can be
loaded into these fibers based on their isoelectric property or the possibility to change their
charge [24]. They are also biocompatible, biodegradable, and eco-friendly, and additionally,
the electrospinning provides these materials with easily controlled porous interconnected
structures, target fiber morphology, and functionality. The porosity of these electrospun
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materials is related to the fiber diameter, which can be controlled primarily by the solution
concentration. Thus, higher solution concentration results in thicker fibers and greater pore
sizes, which finally increases total porosity [25]. The morphology of the fibers can also be
changed with the solution pH, for example ribbon-like smooth fibers are formed in acidic
solution, while deformed beaded fibers are formed in alkaline solution [26]. The mechanical
strength of the electrospun protein fibers can be altered, that is improved, by blending the
plant protein with synthetic polymers, or with the addition of the cross-linking agents. Toxic
cross-linking agents can also be replaced by electrospinning of multiple blend polymer
systems together with the plant protein. In electrospinning, the biggest concern is the usual
dissolution of the majority of polymers in organic highly toxic and carcinogenic solvents.
Thus, to reduce possible hazards to human health and to maintain the activity of biological
compounds, water-based dissolving polymers are generally suggested (or non-volatile
solvents) for the formation of green nanofibers. On top of this, the stabilization of the same
can also be conducted with the application of biobased cross-linkers. It was reported that
green electrospun fibers compared with traditionally electrospun ones improve polymer
crystal and ductile structure, promote cell growth with significantly greater cell number,
and result in relatively the same cell matrix deposition, with glycosaminoglycan and col-
lagen penetrating throughout the scaffold depths [27]. Generally, electrospun nanofibers
are well-established in the field of pharmaceutical applications for the controlled delivery
of drugs (antibiotics, antiseptics, and anti-inflammatory drugs) or biological compounds
such as cytokines, hormones, and other signaling molecules. One of the ways to control
the delivery of incorporated compounds in electrospun fibers is through the variety of
the electrospinning technique, including: blend, emulsion, coaxial, triaxial, or multiaxial
electrospinning, side-by-side electrospinning, drug-loaded nanocarriers (nanoparticles,
nanotubes, microspheres, liposomes, etc.) electrospinning, as well as post-surface modifi-
cations [28,29]. Depending on the fabrication technique, the globular protein unfolds in
the high quality solvent, while the active compound is: (1) added directly in the solution
(blend electrospinning); (2) dissolved in the shell or the core solution together with addi-
tional polymer (coaxial electrospinning); (3) dissolved in the emulsion as the inner phase
(emulsion electrospinning); (4) loaded in a separate nanocarrier and then within the plant
protein nanofiber; or (5) added after electrospinning through surface functionalization [19].
The fabrication process is responsible for the fiber morphology or fibrous structure, which
are both important in the design of the drug pace release mechanism. Another important
factor is the electrospun fiber composition that includes both type of polymers used as
well as drug properties (i.e., hydrophobic and hydrophilic) [28,29]. Depending on the
final product’s therapeutic function, the release of the drug can be permediated in several
modalities including: immediate or burst release (within several hours) [30], prolonged
or sustained (it may take days to years) [31], and on-demand delivery or triggered by
external stimuli (i.e., pH, temperature, light, magnetic field, etc.) [32] when necessary. The
process of drug release includes the transportation of the molecule from the inner polymer
structure to its outside surface and then to the release of the medium. The mechanisms that
are involved in this process can be based on diffusion (through water-filled pores or the
polymer matrix), hydrolysis, osmosis, erosion, swelling, polymer relaxation, degradation
(polymer structure deformation or collapse), polymer-drug or drug—drug interactions [33].
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Figure 2. Production of different plant protein-based electrospun nanofibers. Plant protein-based

electrospun fibers can have homogeneous cross-section obtained by blend electrospinning, core—shell
configuration obtained by co-axial or emulsion electrospinning or a two-phase structure (with a
discontinuous phase distribution) obtained by emulsion electrospinning; nano vehicles carrying small
molecule drugs can be encapsulated into the plant protein electrospun fiber matrices; post-processing
chemical treatments are used for the production of target functionalized electrospun fibers also; plant
protein-based electrospun fibers used as drug delivery systems can be produced by all production
procedures with the basic composition including the plant protein isolate, a non-toxic solvent, a
co-polymer, and the drug compound with or without a nanocarrier.

3. Recent Trends in Biomedical Application of Electrospun Plant Proteins
3.1. Zein—Source and Properties

Zein represents the main group of storage proteins found in the seeds of maize.
Commercial zein is essentially a byproduct of maize wet-milling in starch and oil technology.
The maize protein content varies from 6% to 12% on a dry basis, of which zein accounts
for 45-55%. Based on solubility, maize proteins primarily include albumin (soluble in
water), globulin (soluble in a salt solution), glutelin (soluble in alkali), and zein (soluble
in alcohol). The high amount of nonpolar amino acid residues and lack of charged amino
acids are responsible for zein’s water insolubility. Biologically, zein is a mixture of proteins
of various molecular sizes, solubility, and charge. According to solubility and sequence
homology, it can be separated into three fractions labeled «-zein, 3-zein, and y-zein. The
first one can be extracted using only aqueous alcohol, whereas the other zeins need a
reducing agent in the solvent to be extracted. Commercial zein is mainly o-zein extracted
by aqueous isopropyl alcohol, which selectively dissolves the protein and minimizes the
other zein fractions [34]. Electrospinning of zein has many advantages; such as no need
for aggressive solvents, adjuvant polymers, or cross-linkers. Its fiber-forming properties
are based on the formation of hydrophobic forces, hydrogen bonds, and limited disulfide
linkages between and within molecules. However, nanofibers fabricated from zein alone
are brittle, so plasticizers are often incorporated to make electrospun matrices soft and
permanently flexible. Due to its biodegradability and biocompatibility, zein has been vastly
studied for use in nutrition and biomedicine, particularly for the fabrication of smart food,
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bioactive membranes, wound healing, controlled drug delivery, and 3D scaffolds for tissue
regeneration (Table 1). For these purposes, zein can be combined with other biodegradable
natural or synthetic polymers, in order to obtain desired properties and function. Several
extensive review papers on the potential of zein-based materials for above-mentioned
application were published recently [35-38].

Biomedical Application of Electrospun Zein

Zein nanofibers have become attractive to scientists developing biosensors for public
health and environmental protection purposes. Based on the characteristics of electro-
spun matrix embedded components, biosensors with distinct functions are achievable.
Highly enhanced sensitivity for the presence of carcinogenic acrylamide was obtained by
fabricating zein mats decorated with the precise arrangement of gold and silver nanopar-
ticles [39]. More recently, a biosensor based on electrodes coated with curcumin carbon
dots and zein electrospun nanofibers, detected S. aureus in milk using electrical impedance
spectroscopy [40]. Similarly, potential food poisoning ¢ be prevented using a zein-based
pH-responsive strip with alizarin loaded through intermolecular hydrogen bonding. The
color of the biosensor showed visually recognizable changes in real-time for the different
levels of the freshness of trout from a fish market [41].

The potential of zein as an active ingredient for controlled release and nanofiber-based
delivery carriers has been investigated for over ten years [42]. Owing to its unique interfa-
cial behavior, zein is especially suitable for the delivery of hydrophobic compounds [35].
Curcumin, a vegetal ingredient of exquisite antioxidant and anti-inflammatory properties,
but of poor bioavailability is water-insoluble. It has been often tested for its bioactivity as
part of materials for food packaging or inflammation treatment bandages [43]. In recent
research, curcumin was entrapped in a zein/SF/chitosan polymer blend. Both mats, with
and without loaded curcumin, exhibited excellent human gingival fibroblast adhesion
and growth, suggesting feasibility for wound dressing [44]. Similarly, water-insoluble
antioxidant, resveratrol, and silver nanoparticles were loaded to core—shell ultrathin fibers
fabricated by coaxial electrospinning to ensure a synergistic antibacterial performance.
Core fibers contained zein with silver nanoparticles, while shell was fabricated of PEO with
resveratrol. The tests in vitro revealed bacterial pathogen growth inhibition, through sus-
tained resveratrol release. Tested for improved packaging properties with cherry tomatoes,
the electropsun material proved beneficial for keeping the vegetable quality [45].

Due to the demand for their prolonged therapeutic effect, antibiotics are another
group of compounds tested in controlled release experiments, especially for wound healing
and therapy. Using coaxial electrospinning, researchers produced mats composed of two-
component fibers with zein as core and PCL as shell material; both polymers were with
added antibiotic tetracycline. Besides improved antimicrobial activity, the matrices contain-
ing zein showed good water stability, ductility, and better fibroblast attachment compared
with pristine PCL mats [46]. In another report, the same type of antibiotic was entrapped
in graphene oxide nanoparticles that were loaded on zein-based electrospun fibers. The
drug-loaded nanoparticles enhanced spinnability of the zein solution and physicochemical
properties of the produced fibers. The composite showed a significantly prolonged drug
release profile compared with the pristine zein nanofibers, as well as biocompatibility
with fibroblasts in vitro [47]. The antibiotic-releasing bilayer membranes fabricated solely
of zein were fabricated for the treatment of acute skin infections. Gentamycin-loaded
zein fibers were prepared by electrospinning on the casted zein film surface. Mechanical
properties of the bilayer membrane were found compatible with the skin tissue. In addition,
membranes showed antimicrobial activity and supported the growth of keratinocytes and
fibroblasts [48]. In a very recent study, thermally crosslinked zein/polyvinyl pyrrolidone
electrospun membrane for propranolol hydrochloride transport through mucoadhesive
delivery was designed and evaluated on ex-vivo porcine mucosal model [49].

Wound dressing strategies with polymer-based matrices standardly rely on keeping
the functionality of bioactive ingredients loaded on the matrix. Famous for its skin-soothing
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properties, Aloe vera extract was loaded together with zinc-oxide nanoparticles on nanofi-
brous zein/PCL/ collagen scaffolds. The composite had good mechanical properties and
was found antimicrobial, and growth-supporting for fibroblast cells [50]. Skin damage
recovery in vivo was evaluated in recent research. The induced skin burns in rats showed
faster recovery without scars after treatment with verapamil-loaded zein/VPA electrospun
mats [51]. Significant advancement in wound treatment techniques was achieved by in-
creasing the flexibility and portability of the electrospinning equipment. The researchers
carried out fabrication of zein/PEO membranes with clove essential oil fortification as a
wound dressing technique on a live mouse model. The fabricated zein-based electrospun
membrane presented excellent antibacterial properties and biocompatibility. Furthermore,
the membrane was superhydrophilic in the simulated body fluid, which suggested the
immense potential for absorption of wound exudate and preventing severe bleeding and
infections [52].

Due to continuous research of other promising biopolymers, zein is being explored as a
potential candidate to be used on tissue engineering applications. Glucose crosslinked gela-
tine/zein matrices were evaluated to regenerate bone in vivo and in vitro. The nanofiber
scaffolds presented rapid mineralization in the mimicked body fluid containing bone
minerals. The cytotoxic effect on MC3T3el cells of the nanofibrous scaffolds was negligi-
ble [53]. When cell growth factors are loaded on the bone-mimicking matrix, there is an
improvement in the differentiation and promotion of the proliferation of osteoblasts. The
recombinant human bone morphogenetic protein 2 and dexamethasone enhance tissue
differentiation efficacy. Herein, it is necessary to maintain the stable release of the factor [54].
In a technically more complex approach, researchers designed a bilayer membrane with
a unique drug delivery property combined with coaxial electrospinning and 3D printing
aimed at periodontal tissue regeneration [55]. The honeycomb-like structure of PLA was
fabricated by a 3D printer associated with the zein-based core-shell nanofibers to form
the bi-layer membranes. The fabricated membranes exhibited appropriate wettability and
mechanical strength for periodontal regeneration and higher stability against an aqueous
environment, as well as a two-stage sustained release of tetracycline hydrochloride for eight
days. Electrospinning may be a very suitable technique for making planar nanofibrous
scaffolds for mimicking the skin cell environment. Electrospun zein/PCL/gum arabic
nanocomposite scaffolds for skin regeneration were fabricated and fully characterized.
Zein and gum arabic provide protein and polysaccharide content for skin regeneration and
support, respectively, while PCL provides the mechanical elasticity and strength needed.
Furthermore, it was found that the scaffold had porosity suitable for skin fibroblast prolif-
eration and infiltration. Additionally, such composite scaffold demonstrated antibacterial
properties due to the presence of cyanogenic glycosides in gum arabic, together with
enhanced hydrophilicity [56].

3.2. Soy Protein—Source and Properties

Soy protein (SP) is an abundantly available and cheap plant protein isolated from
soybean after applying oil extraction. It consists of a mixed assortment of proteins with
molecular weights ranging from about 140 to 300 kDa and with different physicochemical
properties. The majority of soy proteins are storage proteins, 90% of which are globulins
represented by several types of water-extractable fractions that differ in size and quan-
tity [57]. SP contains polar, non-polar, and charged amino acid residues, including tyrosine,
lysine, phenylalanine, leucine, glutamate, and aspartic acid that can interact with various
biologically active molecules and drugs, the most common interactions being hydrogen
bonds, hydrophobic interactions, and van der Waals forces. In addition, SP has good
biocompatibility, has been extensively used to prepare nanoparticles, hydrogels, and emul-
sions, and has broad application prospects in the functional food and biomedical fields [58].
Compared with zein and wheat gluten, SP is not easy to electrospin on its own. Polymers
such as PVA [59], PCL [60], PEO [61], PLA [62], or some other proteins are often added to
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enhance biomedical usability of the electropsun SP by ensuring smooth fiber morphology
and elasticity of the material (Table 2).

Table 1. Electrospun zein and its potential biomedical application.

Drug, Bioactive Biomedical Effects and Suggested

Protein  Adjuvant Polymer/Solvent Elect_lllos[;inning Compound and/or Application of the Electrospun Reference
yp Condition Tested Material
. . s . Biosensors for bacterial
None/Acetic acid Uniaxial Curcumin carbon dots contamination [40]
. P Biosensors for bacterial
None/Ethanol Uniaxial Alizarin contamination [41]
C . Better fibroblast growth in blends
SE, Chitosan (Ch)/Formic Uniaxial Zein Vlvlff}? grrl:g’w /o with SF and Ch; Sustained drug [44]
acid . release;
adjuvant polymers Wound dressing
Resveratrol, Nanosilver; Improved drug release with C-S
* C: PEO (no Zein)/Ethanol Coaxial Monolyth PEO and system, Pathogen growth [45]
**S: None,/Ethanol Zein vs. Core—shell inhibition;
PEO-Zein Food packaging
Tetracycline; Improved drug release with
* C: None/Ethanol Monolyth PCL vs. two Zein-PCL, Better fibroblast
**S: PCL, PEO (no Coaxial Core—shell systems: adhesion comparatively to pristine [46]
zein)/ Acetic acid Zein-PCL, PCL fibers;
Zein-PCL/PEO Wound dressing.
Tetracycline loaded on . .
None/Dimethylformamide Uniaxial graphene oxide Improved drug relea§e with GO; [47]
. Wound dressing.
particles (GO);
PCL improves blend performance,
Al 700: Antibacterial,
PCL, Collagen/Chloroform, Uniaxial V. 0e Vezra! /rllj C,L Fibroblast adhesion, 50]
Ethanol uaxia arious zein Sustained drug release; -
ratios R
Wound dressing,
Skin regeneration
Antibacterial in vitro;
Zein PEO/Ethanol Uniaxial Clove essential oil Wound dressing in situ on a mice [52]
model
. Sustained drug release better in
PVA /Ethanol Uniaxial Ry e PVA/Zein blend; [51]
ano miaxia PVA // Alelirlllvts. Burn wound healing in vivo better
gihate with PVA/ Alginate blend
Polvvinyvl- Favorable drug release and
olyviny Uniaxial Propranolol cytotxicity in vitro, and mucosal [49]
pyrrolidone/Ethanol drug delivery ex vivo
. Gentamycin; . .
None/Ethanol Uniaxial Mulitlayer membrane Susta} ned drug rglease, [48]
on zein film Skin regeneration
system
PCL, gum arabic Various polymer ratios Preszg%ee;foﬁﬁri?g) rl;i)ix};zsctfg;ir;blast
(GA)/ Acetic acid, Formic Uniaxial in Zein/PCL/GA roperties: [56]
acid blends _prop .
Skin regeneration
* C: PEO (no Zein)/ Coaxial
Hexafluoroisopropanol on 3D Curcumin, Tetracycline, Sustained drug release; [55]
S zein/PLA B-glycerolphosphate Periodontal tissue regeneration i
PCL/Hexafluoroisopropanol platform
Glucose-crosslinked Cranial bone regeneration in vivo
Gelatin/ Acetic acid Uniaxial Zein/Gelatin blends as improved with crosslinked [53]
bone tissue scaffolds polymers
*C: PLA (no Sustained drug rel
. \ g release,
Zein)/ Hexafl*L:oSr.msopropanol Coaxial Dexgggf}izs, one Mesenchymal stem cell growth; [54]

None/ Hexaﬂuofoisopropanol

Bone regeneration

* C—Core; ** S—Shell.
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Biomedical Application of Electrospun Soy Protein

With a desire to minimize involvement of potentially toxic organic solvents, sustain-
able strategies for waterborne electrospinning of SP/PEO blend were proposed recently and
proved fully biocompatible in vitro [63]. A food-grade component mix of SP, whey protein,
and a starch hydrolysate maltodextrin, showed better spinnability and hence superior fiber
quality. This improvement was the result of protein glycation with reducing polysaccha-
rides because of the close contact of the reactants inside the fibers achieved by the stretching
and bending motions of the jet during electrospinning [64]. Loading SP matrices with
food-grade antioxidants and antiseptics might be suitable for food or biological material
storage. In that manner, ultrafine fibers carrying ginger essential oil were produced using a
polymeric blend of SP, zein, and PEO. This material tested growth-inhibiting for five bacte-
rial species [65]. Very recently, matrices of SP/PVA nanofibers containing different ratios of
essential oils from two culinary plants, showed growth inhibition of several Gram-positive
and Gram-negative pathogens [66]. Over 10 years ago, it was reported that electrospun SP
blended with PEO exhibited inherent antibacterial qualities against E. coli and S. aureus [61].
This may be due to the presence of residual isoflavones, which have demonstrated antioxi-
dant, anti-inflammatory, and cytostatic properties, but are also known to have an adverse
effect on nitric oxide production, resulting in delayed wound healing [67]. Moreover, SP
isolates contain two major allergens, glycinin and conglycinin, which might counteract the
healing process [68]. Despite these facts, several researchers have focused on the use of
soy-based nanofibers for wound dressing and drug release purposes testing both in vitro
and in vivo models. Enhanced antibacterial activity was obtained by fabricating uniform
nanofibers based on alginate, PEO, and SP blended aqueous solutions with vancomycin
antibacterial drug loading. The fibers provided antibacterial activity against S. aureus
related to the released vancomycin dose, while the fiber assessment in vitro with human
dermal fibroblasts confirmed non-cytotoxicity and biocompatibility [69]. The same team
carried out coaxial electrospinning with SP, PEO, and alginate blend containing tetracycline
in core, and PCL in shell. It took the antibiotic several times longer to be released from the
core-shell fabricated system than from the monolithic fibers, i.e., without the shell [70].

Confirming biocompatibility of electrospun fibers using tissue culture is a crucial step
in evaluation of their biomedical relevance. SP/PCL blend containing tea tree oil showed
antioxidant, antibacterial, and mouse fibroblast growth-supporting properties [71]. Elec-
trospun mats fabricated of SP and PVA fibers with analgesic drug ketoprofen-preloaded
tubular mineral sepiolite, demonstrated increased mechanical strength, and a much bet-
ter drug release profile [72]. In a related manner, the composite mats were fabricated
using SP/hydroxyethyl cellulose/PVA loaded with halloysite nanotubes capturing the
anti-inflammatory drug diclofenac sodium. The presence of mineral nanotubes ensured sus-
tained drug release from the mats for over two weeks. The composite showed antibacterial
properties as well as cell biocompatibility in vitro [73].

Of all the plant proteins described here, SP is the most convenient substrate for cell
adhesion owing to its amino acid composition. This clearly reflects in its increased assess-
ments as tissue engineering and cultivated meat cell scaffold [74,75]. Because the porous
nanofibrous matrix makes cells attach easier and nutrients more readily available, elec-
trospun SP/PVA blend has been demonstrated to better support cell proliferation in vitro
than solvent-cast film [11]. Some peptides in SP have amino acid sequence that serve as the
anchorage site for receptor-based cell attachment. In that sense, human mesenchymal stem
cell studies showed successful cell adhesion and proliferation on the SP/PEO fibers with
optimized morphology and produced from an alkaline blend solution [76]. Electrospun
materials fabricated only of SP fibers have also been investigated. In that case, SP isolate has
been dissolved in an aqueous solvent system containing reductant. The obtained solution
was electrospun into bulky, water-stable scaffolds composed of ultrafine fibers. An in vitro
study showed that the 3D soy protein scaffolds well-supported uniform distribution and
adipogenic differentiation of adipose-derived mesenchymal stem cells [77]. More recently,
SP and silk fibroin dissolved in formic acid were used to fabricate electrospun mats that
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supported the growth of skin fibroblasts but reduced the proliferation of melanoma cells.
Furthermore, the nanofibrous scaffold demonstrated its suitability for skin wound dress-
ing in vivo [78]. In another study, SP fibers provided more favorable conditions for the
maturation of induced retinal pigment epithelium (iRPE) sheets in vitro, than synthetic
PCL-based matrices. It is worth pointing out that SP matrices were produced through
a method known as blow electrospinning where air pressure facilitated fiber dispersal
from SP/PEO water solution. The comparative transcriptome analysis in conjunction with
principal component analysis demonstrated that iRPE on nanofibrous scaffolds, either
natural or synthetic, matured more consistently than on nonfibrous substrates [79]. After
optimizing process parameters, a group of researchers produced a novel SPI/PLA highly
oriented nanofibrous conduit for peripheral nerve defect regeneration in the rat model.
The material had improved tensile strength, surface wettability, and in vivo degradability,
directing in vitro neural cell growth and extension, enhancing neurite outgrowth, and
promoting in vivo nerve regeneration [80].

Table 2. Electrospun soy protein and its potential biomedical application.

Drug, Bioactive Biomedical Effects and

Protein Pol Ancg ?/‘g:)liizent ElectrTosp;nnmg Compound and/or Suggested Application of Reference
y yp Condition Tested the Electrospun Material
Zein (Z), . L . .
. s Ginger essential oil in Antibacterial;
PEO/ Acetic acid, Uniaxial L [65]
Ethanol SP/Z/PEO blend Food packaging
. . .. Plant essential oils Antibacterial;
PVA/ Acetic acid Uniaxial in SP/Z/PEO blend Food packaging [66]
Antibacterial and Fibroblast
S . Tea tree oil scratch test in vitro;
PCL/ Acetic acid Uniaxial in SP/PCL blend Food packaging, [71]
Wound dressing
PEO, Alginate Vancomycin, Improved drue release from
(A)/ Alkaline Uniaxial SP/PEO/A blends vs. P zﬂen ol V%, i 515 [69]
solution PEO/A blend
PVA /Alkaline Uniaxial Ketoprofen loaded on Improved drug release with (72]
solution sepiolite, in SP/PVA blend nanocarriers
SOY. Hydroxyethyl Diclofenac sodium loaded Improved wound dressing
protein cellulose Uniaxial on halloysite nanotubes in and drug release with [73]
(HEC)/Water SP/HEC blends nanocarriers
* C: PEO, Alginate
(A)/Alkaline Tetracycline; Monolyth Drug release
solution Coaxial SP/A/PEO vs. improved with coaxial system; [70]
**S: PCL (no Core—shell system Biocompatibility in vitro;
SP)/Dichloromethane, SP/A/PEO -PCL Wound dressing
Dimethylformamide
PEO/ Alkaline . Optimization of SP/PEO Mesechymal stem cell
. Uniaxial . proliferation; [76]
solution fiber morphology ) .
Tissue regeneration
None,/Buffer Stability of 3D scaffolds,
. s 2D vs. 3D Mesechymal stem cells
solution, SDS, Uniaxial . . [77]
. cell scaffolds proliferation;
Cysteine

Tissue regeneration
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Table 2. Cont.
. . Drug, Bioactive Biomedical Effects and
. Adjuvant Electrospinning R
Protein Polvmer/Solvent Tvpe Compound and/or Suggested Application of Reference
y yp Condition Tested the Electrospun Material
- Better skin tissue regeneration
N . SP/SF blends vs. pristine SP ~." . .
SF/Formic acid Uniaxial and SE, and casted SF discs in vitro anFl wpund healing [78]
in vivo
Uniaxial, blow SP/PEO fibers (blow Equal or better cell growth on
and standard . SP/PEO;
PEO/Water . electrosp.) vs. PCL fibers . . . [79]
electrospin- (stand. electrosp.) Retinal epithelium
ning ' p- regeneration
PLA/ Uniaxial, SP/PLA blends vs. pristine Superior peripheral nerves

Hexafluoroisopropanol highly oriented

PLA;
Different collectors

regeneration with SP/PLA
conduits

[80]

* C—Core; ** S—Shell.

3.3. Wheat Gluten—Source and Properties

Wheat gluten (WG) is obtained after wheat dough is washed to remove water-soluble
components. The dry leftover substance contains 75-85% protein and the rest are carbohy-
drates and lipids. Gluten is unique in terms of the amino acid composition and contains
high amounts of glutamic acid, proline, and low amounts of amino acids with charged
side groups, which makes it water-insoluble. The composition of WG is complex and
includes glutenin and gliadin proteins. Glutenin is polymeric protein composed of subunits
linked together through disulfide bonds; these subunits are classified into two groups: high-
molecular weight and low-molecular weight glutenin subunits. Gliadins are monomeric
proteins that are classified, in order of decreasing mobility in acidic polyacrylamide gel
electrophoresis, as «-, 3-, v-, or w-gliadins. The solubility of these proteins is determined
by disulfide bonds. Gliadins are soluble in alcohols, while glutenins are soluble in acidic
solvents. Although dietary intake of gluten is associated with metabolic disorders among
celiac disease populations, there is no report to date about allergy related with electrospun
WG-based coatings or films [81].

Biomedical Application of Electrospun Wheat Gluten

It is believed that the gluten fiber formation by electrospinning is a result of both chain
entanglements and the presence of reversible junctions in the protein, in particular, the
breaking and re-forming of disulfide bonds that occur via a thiol/disulfide interchange
reaction. However, heat and high pressure imposed on gluten induce conformational
changes that may prevent fiber formation [82]. One study suggests that very thin porous
membranes composed of oriented WG fibers can be set up as a thermally stable and
prolonged-release system of urea [83]. The hydrogen bonds between urea and WG proteins
were fabricated by soaking the electrospun membranes in a urea solution. The urea release
rate was then measured while having the urea-loaded membranes immersed in water.
Since urea is known as a keratolytic, similar systems might be developed to help treat skin
conditions and wound healing. WG can also be used to increase the protein content in
fibrous blends with other plant-derived and protein rich substances such as soy flour and/or
polyvinyl alcohol (PVA). The fiber cross-linking can be performed with glutaraldehyde [84]
or preferably with some green alternative such as oxidized sucrose [85]. The blends were
applicable as nontoxic and biodegradable adsorbents for extraction of nanoparticles from
water. Yet in another study, WG solubility in aqueous solution was increased by using PVA
that was partly thiolated with DTT. This ensured the beneficial combination of properties
by keeping the polymer ability to make hydrogen bonds with WG, as well as by enabling
the polymer to reduce disulfide bonds in the protein molecule [86]. Using non-reducing
conditions and sonication improved WG solubility in SDS-phosphate buffer. Moreover,
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post-heat treatment of electrospun protein fibers played a significant role in inducing a
higher degree of protein cross-linking while creating a cotton-like structure with blood
absorption capacity and water stability appropriate for medical application [87]. Increased
fiber quality, as well as functionalization capacity of gliadin electrospun matrices was
achieved with the addition of polysilsesquioxane. This silicio-organic compound reduced
standard viscosity of the protein solution and ensured obtaining tinner fibers [88]. Another
group of researches incorporated glycerol monolaurate into wheat gluten-based film, and
found that the addition improved the film’s water stability and antimicrobial activity
against S. aureus and E. coli [89]. The same team produced a WG/ zein blend that was
glycated with xylose through the Maillard reaction. The blend had a higher thermal stability,
water vapor resistance, water stability, and elasticity than the non-glycated one [90].

Being spinnable on its own or with other hydrophilic polymers makes WG-based
mats an attractive system for studying controlled drug release in therapy. The kinetics of
azathioprine release improved when electrospun WG fibers included PVA, which ensured
thicker fibers and better material stability. Experiments in vitro showed that, while the
WG component was degrading, the drug was released more gradually thanks to its inter-
action with PVA. The WG/PVA mats also proved non-toxic for endothelial cells [91]. An
interesting approach in drug release control was tested using coaxial electrospinning of
gliadin. The ultra-thin shell of the fibers was gliadin-based, while the encapsulated core
was ketoprofen-gliadin nano-composite. In comparison with unshielded fibers, the coating
layer ensured a better sustained release of the ketoprofen over a period of 16 h with almost
complete content release and no initial burst effect [92]. A brief overview of WG utilization
in biomedicine is shown in Table 3.

Table 3. Electrospun wheat gluten and its potential biomedical application.

. . Drug, Bioactive Biomedical Effects and
. Adjuvant Electrospinning N
Protein Polvmer/Solvent Tvpe Compound and/or Suggested Application of = Reference
y yp Condition Tested the Electrospun Material
None/Buffer solution, . Using non-reducing Improved
Uniaxial solvents absorption of biofluids [87]
None/ Acetic acid Uniaxial Glycero.l monolaurate  Antibacterial 1n.V1tr0, Food [90]
in WG packaging
None/ Acetic acid, . . .
Alcohols, Acetone Uniaxial Urea in WG Wound healing [83]
Wheat gluten
PVA /Acetic acid, Uniaxial Azathioprine in Drue relea [91]
Ethanol, 2-Propanol WG/PVA blend g release
N None/ Ketoprofen (K);
Hexafluoroisopropanol o Drug release
. Monolyth Gliadin/K . . .
**S: None/ Coaxial improved with coaxial [92]
. A vs. Core—shell
Trifluoroacetic acid, 3 1. system
. Gliadin/K-Gliadin
Hexafluoroisopropanol

* C—Core; ** S—Shell.

3.4. Other Plant Protein Sources

Here we discuss the progress made in creating electrospun materials that incorporate
proteins derived from agro-industrial plants that have received limited attention or have
been only recently reported in this field. Over the past several years, there has been a
substantial increase in the assortment of plant-derived proteins used in electrospinning,
resulting in varying degrees of bioactivity and biomedical functionality in the resulting
nanofibrous matrices.

3.4.1. Legumes

The soybean, being a prominent example of leguminous plants in the field of protein
electrospinning, has spurred the investigation of proteins from other legume species as
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well. Using pea proteins (PPs) became attractive because pea seeds have lower levels of
proteinase inhibitors and phytic acid, which reduces the risk of allergic reactions in humans
compared with soybean. Similar to SP, PP can be used to impart functional properties such
as emulsification, gelling, and water-holding capacity in foods and bio-materials [93]. The
components of PP are globulin (65%) and albumin (25%) with a small amount of water-
insoluble prolamin (5%) and glutelin (5%) [94]. While globulin is the major storage protein
and soluble in salt solutions, albumin is soluble in water and regarded as a metabolic and
enzymatic protein with cytosolic functions. However, electrospinning PP is difficult due
to its globular structure and the lack of molecular entanglement [95,96]. PP isolate was
electrospun with carbohydrate polymer pullulan by using a green electrospinning tech-
nique. Analysis of produced nanofibers indicated that the protein and the polysaccharide
were in an entangled form. Thermal crosslinking of the nanofibers was also examined and
showed that the thermic treatment of electrospun mats provides preferable hydrophobicity
compared with the non-crosslinked samples [96]. Technofuncionality, including solubility,
of PP was improved by heat-controlled glycation with maltodextrin, before needleless
electrospinning [97]. Fibers produced using various solvents or PVA have shown varying
sizes and artifacts. Despite this, studies have shown that nanofibers fabricated of pea pro-
tein can effectively combat E. coli and L. monocytogenes when combined with antibacterial
agents such as cinnamaldehyde [95]. Cinnamaldehyde also has anti-inflammatory and
other antimicrobial, antifungal, and anti-biofilm properties, making it a potential candidate
for wound healing [98]. Interestingly, artificial intelligence has been utilized to discover
an anti-aging peptide in the pea protein genome that can be used for wound healing.
This peptide has been found to enhance the proliferation and production of keratinocytes
and fibroblasts, resulting in a 40% reduction in wound area in vitro after 48 h compared
with the control. Therefore, its use in wound healing should be considered [99]. The first
report on common bean protein (BP) electrospinning was provided recently [17]. BP is
characterized by its well-balanced amino acid content, rich in essential amino acids such as
lysine, tyrosine, and phenylalanine. Phaseolin is the major storage protein in bean seeds
and represents about 30-50% of the total protein content. It is a glycosylated protein with
a trimer quaternary structure. Lectin proteins and protease, trypsin, and Bowman-Birk
inhibitors are other important proteins found in beans [100]. The functional properties of
bean protein such as solubility and emulsifying capacity from flours and BP isolates have
already been evaluated [101]. According to the study [17], the denaturation of the protein
isolates was not sufficient to form fibers. The fiber-like morphologies were only obtained
when BP was dissolved in hexafluoroisopropanol, but traces of this toxic solvent were
found in electrospun matrices. In this regard, using formic acid solutions would be more
convenient, improved with the addition of a surfactant. Protein isolate of another legume
was assessed in electrospinning experiments for the first time last year [102]. Typically, the
isolate is a byproduct of peanut flour production. Using PLA as an adjuvant polymer, the
research showed that by increasing the protein portion in the electrospun blend, the tensile
strength of the nanofibers decreases while their hydrophobicity increases.

3.4.2. Oil Crops

Protein isolates from oilseed crops, such as canola or sunflower, refer to the group
of proteins that are recovered from the byproducts generated during the oil extraction
process. Since the protein content is relatively high (20-35%), it is reasonable to explore
its utilization in more inventive way, such as electrospun materials. The major storage
proteins in canola or rapeseed are cruciferin, a large heterodimer globulin and napin, a
smaller al-bumin, which together comprise 85-90% of the total proteins. Moreover, present
in small amounts are structural proteins and metabolic proteins [103]. Alkali-extracted and
acid-precipitated canola proteins (CPs) have low solubility around the pH that is employed
in protein recovery, e.g., pH 3, 4, or 5 depending on the process. Napin-rich protein shows
solubility values >90% in the range of pH 2 to 10, which is a unique characteristic for a plant
(seed) protein. Conversely, cruciferin-rich protein isolates show lower solubility in the same
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pH range [104]. In a recent study of CP nanofiber formation, the protein isolate underwent
pH shift with or without ultrasound assistance, prior to electrospinning the protein solution
enriched with PEO [105]. The study indicated the effectiveness of ultra-sonic treatment
during alkaline pH shift on the physicochemical properties of the CP solution (solubility,
viscosity, and conductivity) as well as the structural refinement of the produced fibers.
Furthermore, the antibacterial activity of electrospun matrices loaded with clove essential
oil was assessed. This oil, besides being antiseptic, is famous for its analgesic and anesthetic
properties [106]. Therefore, such modification of CP-based materials can be applied for the
production of pain-reliving pads or food packaging material.

Concerning its unattractiveness as a food supplement, mostly due to its undesirable
dark color, sunflower protein (SFP) isolate has also been evaluated, as a component of
electrospun films. Much like other oilseeds, sunflower seeds contain around 20% of proteins
that are 70% oligomeric globulin and 25% water-soluble albumin. In one paper, different
ratios of the isolate were combined with PVA in an attempt to prepare a solution feasible
for electrospinning. The authors used FTIR analysis to investigate the protein denaturation
and interactions between SFP and PVA after heat treatment-induced hydrophobicity [107].

3.4.3. Tubers

The proteins of starchy root vegetables such as common potato, and taro, were recently
tested for fiber formation and functional matrix design by electrospinning. The protein
sources are tuberous roots or underground stems of the plants. Potato cultivation is spread
worldwide while taro, a native to southeast Asia, is specific to the tropics. In comparison
with other food crops, protein production of potato per hectare and per day is second after
wheat [108]. Fresh tubers are rich in starch and have a variable amount of protein (1-5%).
The majority of the soluble protein fraction are albumins (55%) and globulin (25%) [109].
They often obtain electrospinning experts from the residual streams of starch production.
In order to enhance polymer physicochemical stability, taro proteins (TPs) were crosslinked
with chitosan and PEO using either a heat treatment or glutaraldehyde vapor. The in vitro
antibacterial activity of the crosslinked nanofibers showed a stronger bacteriostatic effect
on S. aureus than on E. coli. Moreover, the morphology and proliferation of human skin
fibroblast seeded on the electrospun matrices becomes improved with the introduction of
higher TP content in the polymer blend. These results suggest the feasibility of crosslinked
electrospun TP—chitosan-PEO nanofibers for bioactive wound dressing materials [110].
With less focus on the biomedical aspect, two studies were performed about fibers of potato
protein (PtP) and maltodextrin obtained by needleless electrospinning [111,112]. The earlier
of the two describes the fiber properties after varying PtP and maltodextrin content and
heat-inducing glycation process between the protein and polysaccharide. In the later study,
the activity of trypsin inhibitor (a minor albumin fraction) within the electrospun fibers was
investigated. It showed that the higher PtP content in the blend provides higher inhibition
activity. Furthermore, knowing that trypsin cleaves next to lysine, the authors could not
find a clear correlation between the number of free lysine groups in the fibers and the
inhibitory effects on trypsin. Glycation of the two polymers affects the functionality of the
electrospun matrices in a yet indefinite manner.

3.4.4. Amaranth

Amaranth is a pseudocereal with a relatively short life cycle that requires little water,
and it is capable of growing at a wide range of altitudes. These advantages, including its
low cost, are responsible for its current growing use and application in food production.
The amaranth seed has a high protein content (14%) compared with many common cereals.
The protein fractions of amaranth are primarily composed of albumin (65%) and globulin
(17%), while prolamin and glutelin are present in lesser amounts. Amarantin (a fraction
of globulin), prolamin, and glutelin have poor solubility in water which makes their
processing and hence the application difficult [113]. Experimenting with electrospun
amaranth protein (AP) started more than 10 years ago [114]. The researchers blended
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AP with carbohydrate pullulan using formic acid as a solvent. Good fiber structure in
blends with greater protein contents was only obtained upon surfactant addition. In its
following publications, the research team loaded curcumin [115], as well as ferulic acid
and quercetin [116] in the fiber matrix and observed that the antioxidant activity of the
entrapped compounds was maintained after an in vitro digestion of the matrix. A higher
proportion of AP in the polymer blends affected the compound diffusion, thus resulting in
a more controlled release. Besides having antioxidant properties, the tested compounds are
known for their anti-inflammatory or antiallergenic properties which altogether identify the
biomedical functionality of the produced electrospun materials. Moreover, in another study
using similar electrospinning conditions, the loading of nisin in matrices was evaluated.
Nisin is a heat-stable antibacterial peptide often used as a food preservative. The result of
the study showed the bacteriostatic activity of nisin against a food-borne pathogen [117].
Since that last report, to our knowledge, there have been no newer publications about using
AP in electrospun materials.

A concise summary of biomedical utilization of electrospun pea, canola, taro, and
amaranth proteins is presented in Table 4.

Table 4. Electrospun plant proteins and their potential biomedical application.

. - Drug, Bioactive Biomedical Effects and
. Adjuvant Electrospinning ..
Protein Polvmer/Solvent Type Compound and/or Suggested Application of Reference
y yp Condition Tested the Electrospun Material
Pea protein PVA /Alkaline and Uniaxial Cinnamaldehyde in Antibacterial food [95]
P Acidic solutions PP/PVA blend packaging
Canola protein PEO/Water Uniaxial Clove essential oil Antibacterial packaging [105]
Crosslinking with Antibacterial;
Taro protein PEO, Ch1t0§an/Acet1c Uniaxial glutaraldehyde and Skin flbroblas.t growth [110]
acid heat treatment supporting;
Wound healing
. Curcumin, Quercetin
Amara.nth Pullulan (If)/Forrmc Uniaxial and Ferulic acid in D1jug r.elea.se upon [115,116]
protein acid digestion in vitro

AP/P blends

4. Conclusions, Prospects and Challenges

Driven by demand for the alternative to animal proteins, byproducts of agro-industrial
crop processing are an easily accessible protein source with enormous economic potential.
Plant protein-based materials produced through electrospinning are raising attention due
to their bioactive properties that make them applicable as fibrous matrices for treatment
of damaged tissue, sometimes functionalized with drugs, or entangled with viable cells.
When the contact with living tissue is not the endpoint, the protein fibers are used for
making food-borne pathogen sensors, antibacterial wrapping, liquid absorbents, or air
filters (Figure 3). However, the physicochemical diversity of the proteins, as well as the
technicality of electrospun fiber production, makes these applications variably successful
and restricted. From the growing number of studies that suggest some kind of biomedical
utilization of electropsun plant proteins, one can immediately notice the great versatility
of zein. This should not come as a surprise since zein is an amphiphilic protein, easy to
functionalize, and often used in formulations that require resistance to water, heat, and
abrasion [36]. The second most widely used fibers, with the relatively highest efficiency
in cell growth support, are fabricated of SP. This protein exhibits a variety of peptides
that promote migration and cell proliferation, key factors for tissue regeneration, among
them is lunasin with RGD-like sequences that promote stable cell adhesion [75]. Owing
to its numerous hydrogen bonds, WG is quite soluble in aqueous systems and hence very
reliable in hydrophilic physiological environments [118]. In such conditions, WG fibers can
undergo gradual decomposition for sustained drug release or a steady process of wound
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healing. Other proteins, although less available, need obviously more attention of experts
in order to become relevant in a particular biomedical niche. Improving nano-structure of
protein fibers and their systematic assessment in blends or composite matrices together with
better control over the active compound binding and release, or improved cell adhesion,
can positively impact their fate.

Biosensors

Wound dressing

Drug release

|
|

Tissue regeneration

!

Other purposes

% 0 10 20 30 40 50 60 70 80 90 100

B Zein M Soyprotein m Wheat gluten m Other plant proteins

Figure 3. Distribution of electrospun plant proteins in proposed biomedical applications. The
percentage values in the chart are based on the studies mentioned in this review. Apart from the
studies on amaranth, the large majority were published during the past five years.

Although agricultural plant-based waste offers a plethora of protein sources for the
production of electrospun materials, several ongoing limitations make it necessary to re-
solve the challenges for their biomedical applications. The major concern is the purity
of proteins isolated from agricultural waste, which can highly restrict their clinical use.
Impurities, such as remaining compounds from plant tissue, or residual pesticides, pose
a potential risk as triggers of undesired immunoreactions or pathogenesis. Besides that,
the purity of the isolates reflects on the efficacy and reproducibility of the electrospinning
process as well as on the electrospun material endpoint functionality [17]. Improvement of
material stability by adding cross-linkers and co-polymers in quantity sometimes larger
than the actual protein, increases the process complexity and prolongs its optimization.
Another issue with plant proteins is their limited water solubility. Successful electrospin-
ning with water or mild buffers was proven so far only for canola and soy proteins. Using
food-grade or generally recognized-as-safe solvents for electrospun biomedical materials
is of the utmost requirement since harsh organic solvents bring risks of toxicity and en-
vironmental hazards [68]. However, water is not a perfect protein solvent because many
proteins are quite hydrophobic and tend to aggregate or poorly unfold. Due to its surface
tension, using water can lead to non-continuous electrospinning processes and heteroge-
nous fiber structures. Recently, hopes have been raised with employment of green eutectic
solvent for zein electrospinning, which is a completely novel approach in electrospinning
technology [119].

On the whole, plant-derived proteins are a promising platform for development
of new electrospun materials relevant in biomedicine, with considerable contribution
to agricultural sustainability. Bringing favorable outcome in both domains, biomedical
products with plant protein fibers have great prospects of finally stepping into the market.
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Abbreviations

AP amaranth protein
BP bean protein

CP canola protein
PCL  polycaprolactone
PEO polyethylene oxide
PLA  polylactic acid

PP pea protein

PtP  potato protein
PVA  polyvinyl alcohol
SF silk fibroin

SFP  sunflower protein
SP soy protein

P taro protein

WG  wheat gluten
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