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Abstract

Legume proteins were utilized in this study to electrospin an bioactive component for use in food packaging. Firstly, the
protein extraction from legumes with ultrasound assistance with the use of deep eutectic solvents (UA-DES) has been studied.
The optimum extraction conditions were determined. Secondly, lentil protein isolate (L.PI) and chickpea protein isolate (CPI)
produced by the UA-DES were used in nanofiber production by electrospinning using polyvinyl alcohol (PVA) at different
ratios. Lastly, the usability of fibers obtained from protein isolates and PVA in coating bioactive components was tested
using ferulic acid (FA). The encapsulation properties of nanofibers produced at a ratio of 50:50 (PVA:PI) were investigated.
The characteristic and antibacterial properties and release kinetics of the produced FA-loaded nanofibers were evaluated.
The distribution of FA within the fibers was confirmed by fluorescence microscopy. Furthermore, the antibacterial proper-
ties were proven and the release kinetics of the produced FA-loaded fibers in different food simulants were determined. As
a result, the final encapsulated material obtained by coating FA with nanofibers created with PVA and LPI-CPI mixtures

might have suitable properties which may be used in various food applications.
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Introduction

Conventional methods have been used to obtain protein
and bioactive ingredients from plants. The disadvantage of
classical extraction methods is related to solvent and energy
usage, the risk of heat-labile components being destroyed,
and enduring extraction [1]. Moreover, these processes are
complex, expensive, and difficult to improve. Therefore, lig-
uid-liquid extraction has been proposed as a viable alterna-
tive [2]. In the present investigation, deep eutectic solvents
(DES) are used for protein extraction from green lentils and
chickpeas because of their low-cost, ecological acceptability.
Furthermore, they are non-volatile, non-toxic, and very sta-
ble [3]. DES is made up of substituted hydrogen bond donors
such as acids, alcohols, amines, and quaternary ammonium
salts. One of the most often used and recommended quater-
nary ammonium salts is choline chloride (ChCl) for the pro-
duction of DES as it is inexpensive and easy to extract from
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biomass. ChCl-based DES has seen an increase in interest
[4]. In the past, many DES were employed in the extraction
of proteins [5-9].

Leguminous proteins and peptides are recognized to
have antihypertensive, immunostimulating, antibacterial,
and antioxidant effects [10]. For this reason, in the current
study, we aimed to obtain electrospun material using legume
proteins. Proteins are one of the functional products that can
be used to electrospin material to create fibers [11]. Electro-
spinning is a technology of fiber production that may gener-
ate fibers with diameters as small as sub-micrometers and
nanometers [12]. In literature, under various circumstances,
zein [13], soy protein isolate [14], gelatin [15], and whey
proteins [16] and have been utilized as electrospun nanofiber
raw materials. Compared to polysaccharide- and lipid-based
films, protein-based films offer superior mechanical and gas
barrier qualities because of their distinct structure, which
results in a high intermolecular binding potential. Neverthe-
less their reduced mechanical strength and poor water vapour
resistance restrict their use in food packaging. Morevere,
the electrospinning of native or denatured proteins in aque-
ous solutions is ineffective, and these solutions have limited
electro-spinnability [17]. For this reason, fiber products can

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11483-024-09827-9&domain=pdf

348

Food Biophysics (2024) 19:347-359

be promoted by the presence of carrier polymers. In the pre-
sent study, polyvinyl alcohol (PVA) served as a polymer
carrier. PVA which produces fibers with extremely desirable
morphologies is a biodegradable and biocompatible polymer
[18] Furthermore, [19] studied that PVA was used in the
production of an orally dissolving dosage form of probiotics
by high-speed electrospinning. Besides using biopolymers
instead of plastics uses for food packaging is getting interest
due to environmental pollution concerns [20].

Produced protein-based fibers were used for ferulic acid (FA)
encapsulation in present study. FA is a hydroxycinnamic acid
that is high in antioxidants. FA is approved by the FDA as an
antibacterial molecule in its natural state [21, 22]. On the other
hand,it has also been approved globally as a dietary additive
to combat lipid peroxidation, because FA effectively scavenges
the superoxide anion radical [23]. However, because of its lim-
ited solubility in water and physiochemical instability in bodily
fluids, FA may exhibit poor bioavailability [24]. Transport of
such bioactive molecules through biodegradable and biocom-
patible polymeric matrices might increase the water solubility
of food additives [25]. Furthermore, micro-and nanoencapsula-
tion could be used as an effective option for the preservation
of antioxidants. Antioxidants included in packaging structures
may enhance their activity, allowing them to retain an optimal
impact throughout food storage because of the prolonged leav-
ing of antioxidant compounds [26]. Electrospinning has recently
been utilized to create electrospun fibers containing FA [27-29].

In this study, the first purpose was to protein extraction from
green lentils and chickpeas using ultrasound-assisted deep eutec-
tic solvent (UA-DES) extraction method as it is a fast, effective,
environmentally friendly, and economical method. Addition-
ally, the ideal protein extraction conditions were determined.
The usability of the obtained protein which was extracted by
UA-DES as an electrospun nanofiber with PVA has also been
investigated. It is expected that quality fiber can be obtained
with as high a protein concentration as possible. This is signifi-
cant because nanofibers contain LPI and CPI can be used as a
matrix for nanocapsules to boost the nutritional content of food
or as a packaging material for functional ingredients. Currently,
there are no reports of studies about the use of LPI and CPI
for the creation of nanofibers using electrospinning according
to the authors' knowledge. The second purpose of this study is
to evaluate fiber formation by electrospinning LPI and CPI in
various amounts and to test the usability of fibers obtained in the
appropriate selected protein ratio as antioxidant (FA) carriers.

Material and methods
Material

Green lentil and chickpea samples were purchased from
a local market. Choline chloride (C-1879), polyvinyl
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alcohol (P8136,70,000, %87-90 hydrolyzed), ferulic
acid (128,708), phosphate buffer (17,202), and glucose
(G7021) were obtained from Sigma Aldrich (St. Louis,
MO, USA). Fructose (57-48-7), acetic acid (64-19-7),
citric acid (5949-29-1), glycerol (56-81-5) from Merck
(Darmstadt, Germany), and urea (57-13-6) from Isolab
(Istanbul, Tiirkiye) were purchased. The chemicals were
analytical grade. All analyses were carried out in three
parallels with two replicates.

Methods
Choosing of deep eutectic solvent (DES)

The DES was created in accordance with Rajha et al.
(2019). Choline chloride was used as the hydrogen accep-
tor while glycerol, urea, acetic acid, glucose, and fructose
were used as the hydrogen donor. Initially, the components
of the DES were a mixture 1:1:1 M ratio. All DES con-
tained water as 3rd component [7]. The prepared different
DES have used protein extraction from green lentils and
chickpeas at the lowest time (3 min) and lowest ultrasound
power (%30) of optimization. The amount of protein in
the extract was calculated by the Bradford assay [30] DES
prepared for each sample was used as a blank solution. The
outcomes were presented as mg BSA equivalent/g. The
BSA solution was prepared using water.

Optimization of Ultrasound-Assisted (UA) Extraction
with DES and Protein Isolate Preparation

BBD design of Design Expert (Trial Version 7.0.0, Stat-
Ease Inc., USA) was used for the optimization procedure.
Extraction was performed with an ultrasound device
(UP400S, Hielscher, Germany) using different times (3,9,
and15 min), power (30%, 45%, and 60% amplitude), the
molar ratio of urea (1, 1.5, and 2 M), and the molar ratio of
water (1,3, and 5 M) as independent variables. While dura-
tion and power were determined according to preliminary
studies, the urea molar ratio was determined according
to preliminary studies and literature [8]. The amount of
water was limited to 5 M according to preliminary study
and literature. When the studies were examined, it was seen
that adding appropriate amounts of water into DES would
increase the solubility of proteins [8], and the diffusion
rate of the solvent into the cell matrix would increase as
the viscosity decreased thanks to the added water [31].
Five center points were chosen in the design. Accord-
ingly, extraction was performed at 29 different points in
total. Samples were prepared in 100 mL beakers with a ratio
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of 30 mg/mL [7]. The ultrasound probe was immersed up
to its center point and then turned on. The beaker was sur-
rounded by ice to provide temperature control throughout the
application. After sonication, the extracts were taken into a
centrifuge tube. The samples were centrifuged (NF 1200R,
Niive, Turkey) at 4200xg for 10 min after extraction. The
protein amounts of supernatant were determined according
to the Bradford method [30].

The protein extraction was carried out for green lentils
(1.1 M urea, 4.3 M water, 34% amplitude power, 14.5 min
time) and chickpeas (1.1 M urea, 4.9 M water, 59% ampli-
tude power, 10.6 min time) at the determined optimum points
before the samples underwent centrifugation at 4000xg for
10 min and the supernatants were gathered. The cold EtOH
(15 mL, 4 °C, 24 h) was used to precipitate the proteins in
the supernatants and further centrifuged (4000 x g, 10 min).
The pellet was cleaned once again using the same method.
In a lyophilizer(Christ Alpha, 1 2 LD plus, Germany) the
resultant pellet was freeze-dried at 30 °C, under a vacuum
of 0.04 mbar, and stored at -20 °C [7].

Preparation of Polymer Solutions
for Electrospinning

A preliminary study was conducted and determined the pro-
tein isolates obtained from green lentil protein isolate (LPI)
and chickpea protein isolate (CPI) alone were not capable of
forming fibers. Therefore, PVA was used for preparing the
electrospinning solution. The protein solutions both LPI and
CPI were prepared at 150 g/L according to [32]. The PVA
solution was prepared by magnetic stirrer at 30% at 90 °C,
for 1 h. After that, the PVA: LPI and PVA: CPI mixtures at
different ratios (70:30, 60:40, 50:50, and 40:60 (w:w)) were
prepared at 90 °C 1 h [18, 20, 32].

Characterization of Polymer Solutions
Rheological Properties

The rheological properties of solutions of PVA: LPI and PVA:
CPI were measured using a shear control and Peltier system
rheometer (Thermo HAAKE, Mars III, Karlsruhe, Germany).
Measurements were made with the cone-plate configura-
tion (cone diameter: 35 mm, angle: 1°, cone plate spacing:
0.5 mm). The sample (1 mL) was placed between the cone and
the plate, and shearing was applied in the range of 0.1-100 s~
After 10 s of waiting at each shear rate value, the apparent vis-
cosity values, shear stress, and shear rate data of the samples
were determined. The temperature is set at 25 °C+ 1. The data
are generated according to the power-law model [33].

7 = k(y)"andn = k(y)"™"

(t shear stress (Pa), ye illustrates the shear rate ™, k
defines consistency coefficient (Pa-s"), n represents flow behav-
ior index (dimensionless), and n apparent viscosity (Pa-s).

Electrical Conductivity

A conductivity meter (HQ40d multimeter, Hach, USA) was
used to determine the electrical conductivity of the polymer
solutions. The probe of the device was immersed in the pre-
pared solution and the measurement was read on the screen.

Electrospinning

Electrospinning equipment (Nanospinner, NE300, Turkey)
with a variable high voltage power supply of 0-30 kV was
used. The anode is attached to a 16 pm inner diameter stain-
less steel needle attached plastic syringe containing polymer
solutions. On a syringe pump with a digital control system,
the syringe needle was set horizontally and directed toward
the collection. The flow rate of PVA: LPI and PVA: CPI
solutions (0.3 mL/h), applied voltage (21 kV), and the sepa-
ration between the needle and the collector (11 cm) were
determined by preliminary experiments [32].

Characterization of Electrospun Nanofibers
Scanning electron microscopy (SEM)

A digital SEM (Leica LEO: S-440, Cambridge, USA)
was used to examine the fiber morphology of electrospun
nanofibers. A thin coating of gold was applied to the sam-
ples. A 25 kV excitation voltage was used for visualization.
The average of diameters and diameter distributions of the
fibers were determined by measuring the diameter of 100
randomly selected fibers from different images taken at
20,000 zooms using the Image J software program [18].

Ferulic Acid (FA) Loading of Selected Protein/PVA
Nanofibers

Considering the particle diameters obtained with SEM
images and rheological properties, the highest protein/pol-
ymer ratio for PVA: LPI and PVA: CPI was determined as
50:50 (w:w). FA weighed as 2 mg/mL (FA/ PVA: PI solu-
tion) was added to the mixtures and kept in a magnetic stirrer
at room temperature for 1 h. The FA concentration in the
solution was determined according to the literature [33]. For
control, PVA solution was used alone and FA was added
at the same rate as 2 mg/mL (FA/PVA). The flow rate of
solutions (0.3 mL/h), applied voltage (21 kV), and the sepa-
ration between the needle and the collector (11 cm) were
determined by preliminary experiments [34].
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Encapsulation Efficiency

The effectiveness of FA encapsulation in nanofibers was
determined [27]. The nanofiber loaded with FA (1 mg) was
placed in a test tube containing ethanol (1 mL) and kept at
300 rpm for 10 min to release the FA in the capsule. The
tubes were then centrifuged at 10,000 x g for 10 min at
20 °C. The supernatant was eliminated and the precipitate
was resuspended in ethanol (1 mL) and centrifuged again
at 10,000 x g for 10 min at 20 °C. Absorbance measured
at 324 nm (UV 1700 Pharmaspec, Shimadzu, Japan). The
amount of FA was determined by the standard curve. Solu-
tions containing FA at different concentration (0.1-1 pg/
mL) were prepared and a graph was created by reading the
absorbance at 324 nm.

Optical Microscopy

The presence and distribution of FA encapsulated in PVA:
LPI and PVA: CPI (50:50 w:w) nanofibers at a %2 ratio were
observed using a digital fluorescence microscope (Nikon-Ti
Eclipse 2-DS Fi2 camera) [27].

Antibacterial Activity of FA-Loaded Nanofibers

Tests were carried out by incubating 20 mg nanofibers
sterilized with UV rays in 1 mL of Mueller Hinton Broth
(MHB) containing 103 CFU/mL E. coli (ATCC 25922) that
was activated at 37 °C and obtained from Erciyes Univer-
sity culture collection at 37 °C for 24 h. At the end of the
incubation period, appropriate dilutions were made from the
solutions and it was planted on 0.1 mL nutrient agar medium
by spreading method. Colonies formed in petri dishes kept
at 37 °C for 24 h were counted and calculated in CFU/mL.
Finally, bacterial colonies were counted after overnight incu-
bation at 37 °C. The outcomes were evaluated against the
quantity of bacterial colonies in the control group without
additional nanofibers [32, 35].

Release Kinetics of FA from Nanofibers

Two distinct food stimulants; hydrophilic (10% v/v etha-
nol/distilled water) and hydrophobic (50% v/v ethanol/dis-
tilled water) were used at 25 °C in the release studies [36,
37]. Furthermore, the in vitro release kinetics of nanofibers
were evaluated in phosphate buffered solution with pH 7.4 at
37 °C [38]. Nanofibers were weighed at 5 mg/mL into differ-
ent prepared media solutions and samples were taken at 1, 2,
4,6, 8,24, and 36 h. The concentration of FA released into
the environment was determined by absorbance measure-
ment at 324 nm (UV1700 Pharmaspec, Shimadzu, Japan).
All conditions were kept the same for control (PVA) and
PVA-PI samples. The kinetics of FA release from nanofibers
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were interpreted according to the Fick diffusion law (Eqg-1),
Power-law (Eq-2), and Weibull model (Eq-3) [36] using the
Statistica (Tibco Software Inc. USA).

Mt o 4 2

Yoo = 1- 2] _rzanz exp(—=Da,"1) 1)
Mt

— =kt"

Voo 2
1 —exp(ar®) (3)

Statistical Analysis

Minitab 17 (Minitab Ltd., Coventry, UK) was used to con-
duct the statistical analysis. The ANOVA and Tukey tests
were employed to establish statistical significance with a
95% confidence level. The optimization process was con-
ducted by a Design Expert (Trial Version 7, Stat-Ease Inc.,
Minneapolis, MN). Lack of fit, R2 of the ANOVA-derived
parameters, or coefficient of determination, and the F-test
were used to assess the suitability of the model.

Result and Discussion
Choosing Appropriate DES

The highest protein yields in both green lentils and chick-
peas were obtained from DES extractions produced with
ChCl:urea:water (1:1:1) (Fig. 1). According to the study by
[7], the maximum yield of protein extraction was obtained
from ChCl: acetic acid (15 mg/g) and ChCl:urea (14 mg/g)
from pomegranate peel. In a study in which polysaccharide
extraction was optimized with US-DES, it was reported that
higher extraction efficiency could be achieved with DES
when comparing US-DES with hot water extraction under
optimum extraction conditions [39]. Another study reported
an increase in yield and a significant reduction in extraction
time, although DES-based extraction was performed at lower
temperatures compared to the traditional water extraction
method. This was attributed to the higher solubility of cur-
cuminoids in DES than in ethanol [31]. In the current study,
it is seen that the extracts using DES have a higher efficiency
than the extracts obtained with water. This situation can sim-
ilarly be attributed to the higher protein solubility in DES.

RSM Optimization for UA-DES

Optimum protein extraction conditions were determined accord-
ing to BBD in RSM using urea molar ratio (A), water molar ratio
(B), ultrasonic power (% amplitude) (C), and application time
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“¢ mean significant differences among the green lentil samples (p<0.05)

“*mean significant differences among the chickpea samples (p<0.05)

Fig. 1 Protein content of deep eutectic solvent extracts

(D) as independent variables. Among these independent factors,
the urea molar ratio was 1-3, the water molar ratio was 1-5,
the ultrasound power was 30-60%, and the time was 3—15 min
(Table 1). The model's ability to fully forecast the variation is
confirmed using the lack of fit test, which illustrates how well
the models fit [40]. There was a value of >0.05 for the lack of
fit for the protein extraction optimization from green lentils and
chickpeas. The model was valid according to the p-value used
to assign the interaction of the independent variables. The R?
of the sample was determined as %94 and %94 for green lentils
and chickpeas, consecutively. It was found that the optimization
model created with BBD was meaningful (Table 2).

The ideal circumstances for green lentil protein extrac-
tion were obtained as 1.13 M urea, 4.34 M water, 34.07%
amplitude, and 14.53 min. The theoretical maximum content
of protein was 38.12 mg GAE/g. The experimental protein
content of extracts was found as 38.50 mg BSA/g. The dis-
crepancy between the predicted and experimental values was
minor. Therefore, the pattern was competent and dependable
for the protein extraction from green lentils for forecasting.
It was presented the second-order polynomial equation for
green lentils in terms of coded components;

R1 = 14.97 — 3.30A + 7.94B — 1.36C + 4.21D
— 0.54AB — 0.76AC — 0.040AD — 1.71BC
+2.05BD — 10.14CD — 1.25A% — 3.05B>
+2.69C* + 1.28D?

“

The ideal circumstances for chickpea extraction depending
on the BBD of RSM were 1.08 M urea, 4.91 M water, 49.14%
amplitude, and 10.59 min. The determined predicted protein
content of extracts by RSM was 25.81 mg BSA/g, while the
experimental value was found as 25.83 mg BSA/g. According
to the data, there were only slight discrepancies between the
expected and experimental values, and the model was satisfac-
tory. It was presented the second-order polynomial equation
for chickpeas in terms of coded components;

R2 = 1537 —=2.20A + 6.01B — 0.21C + 3.00D
—3.07AB + 1.38AC — 3.16AD + 1.75BC + 1.05BD (5)
+2.69CD + 0.37A% — 2.80B> — 0.065C? + 0.44D*

It has been depicted in Fig. 2, the relationship between the
variables as well as how the independent variables affected
the outcome.

Electrospinning
Electrical Conductivity and Rheological Properties

A slight decrease was observed in the conductivity of elec-
tricity of the sample containing FA compared to the solution
containing the same ratio of protein. In a study conducted
to produce hybrid electrospun gliadin nanofibers containing
FA/hydroxypropyl-beta-cyclodextrin inclusion complexes,
it was reported that solutions containing FA had lower con-
ductivity than pure gliadin solutions [41]. As the amount of
protein increased, the electrical conductivity rose. In a study,
nanofibers production was performed with black bean pro-
tein isolates and PVA reported that conductivity increased as
protein concentration increased, similar to the present study.
The evidence suggested that the bean protein isolate, which
has 10 times higher electrical conductivity compared to the
PVA solution, increased the electrical conductivity [18].[42]
reported that the conductivity increased with the increasing
ratio of sunflower protein isolates in PVA. In the current study,
the electrical conductivity of LPI was approximately 20 times
that of PVA polymer, and the conductivity of CPI was approx-
imately 14 times. Therefore, as the amount of protein isolates
increased, the conductivity increased (Table 3). All of the pol-
ymeric solutions prepared for use in electrospinning showed
Newtonian flow behavior. Viscosity is an important parameter
for Taylor cone formation stability in electrospinning. Beaded
structure occurs when viscous forces and surface tension cre-
ate an unstable jet and liquid properties cause capillary frag-
mentation [43]. At a higher viscosity, the jets produce smooth
fibers that are mostly bead-free, as it improves the steadiness
of the jet due to the cohesive properties of the polymers [44].
When the rheological properties of the prepared solutions are
examined, it is observed that the PVA solution prepared at a
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Table 1 Box-Behnken Design

ChCl Urea H,0 Amplitute (%) Time (min)  Green Lentil Pro- Chickpea
(BBD) and measured responses (molar (molar (molar tein (mg BSA/g)  Protein (mg
for RSM ratio) ratio) ratio) BSA/g)

1 1.50 3.00 30.00 3.00 5.34 16.04

1 2.00 3.00 45.00 15.00 13.05 12.90

1 1.00 5.00 45.00 9.00 20.82 24.37

1 1.50 5.00 45.00 3.00 14.36 15.17

1 1.00 1.00 45.00 9.00 6.40 7.71

1 1.50 3.00 45.00 9.00 11.58 13.31

1 2.00 1.00 45.00 9.00 2.78 9.09

1 1.50 1.00 45.00 3.00 2.96 2.95

1 2.00 5.00 45.00 9.00 15.06 13.48

1 1.50 5.00 45.00 15.00 28.91 25.03

1 1.50 5.00 30.00 9.00 25.67 15.05

1 1.00 3.00 45.00 15.00 18.29 23.16

1 1.50 1.00 60.00 9.00 441 5.12

1 2.00 3.00 30.00 9.00 14.35 13.77

1 1.00 3.00 60.00 9.00 21.38 14.70

1 1.00 3.00 45.00 3.00 14.33 11.80

1 1.50 3.00 45.00 9.00 16.77 14.24

1 1.50 3.00 45.00 9.00 15.78 18.08

1 1.50 3.00 60.00 15.00 13.47 22.26

1 1.50 1.00 45.00 15.00 9.32 8.62

1 1.50 3.00 60.00 3.00 22.83 11.71

1 1.00 3.00 30.00 9.00 22.77 21.03

1 1.50 3.00 30.00 15.00 36.52 15.84

1 1.50 5.00 60.00 9.00 19.76 19.81

1 1.50 3.00 45.00 9.00 18.80 14.06

1 1.50 1.00 30.00 9.00 3.47 7.35

1 1.50 3.00 45.00 9.00 11.91 17.14

1 2.00 3.00 45.00 3.00 9.24 14.17

1 2.00 3.00 60.00 9.00 9.91 12.97

30% concentration has the highest viscosity. As the protein
ratio increased in the PVA:PI mixture, the viscosity decreased.
For PVA: PI, no fibers could be produced at 40:60 PVA:PI
concentrations with a viscosity below 0.1 Pa.s in both LPI and
CPIL. It was seen that k and ns, values increased with increas-
ing PVA ratio (Table 3). Shear tension and viscosity have a
linear relationship for one-dimensional Newtonian fluids. In
a study using pea protein isolate, the viscosity increased with
an increasing PVA ratio from 50 to 80%. Also, a decrease
in electrical conductivity was observed with increasing PVA
content and decreasing protein content [32]. It is possible that
the tendency of polymers to form hydrogen bonds is what
causes blends with higher overall polymer concentrations to
have a higher viscosity. Consequently, these solutions with
high bonding capabilities will become viscous [45]. When
2% FA has been added to the PVA: PI mixture, the viscos-
ity decreased slightly. However, this decrease did not have
a negative effect on fiber production. [46] reported that FA
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reduced the hot dough viscosity, setback viscosity, and final
viscosity of corn and sorghum starch pastes (Fig. 3).

Morphology and Size Distribution of Nanofibers

Aqueous protein solutions in their natural state or denatured
state can't form fibers in electrospinning without the use of a
polymer to act as a carrier because protein molecules with a
spherical structure do not offer enough chain structure to form
fibers [17]. Therefore, the LPI and CPI were mixed with PVA
at different ratios. The SEM images of nanofibers produced
from PVA:LPI and PVA:CPI at different ratios were presented
in Fig. 4. The fibers' diameters were 0.140+0.00, 0.133 +0.00
and 0.114 +0.00 um for 70:30, 60:40, and 50:50 for PVA:LPI
(w:w), while they were 0.159+0.01, 0.128 £0.01 and
0.11+0.1 pm for 70:30, 60:40, and 50:50 for PVA:CPI (w:w),
respectively. The diameter of the control fibers produced only
with PVA was found as 0.165 um. As the protein concentration
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Table 2 ANOVA_ for the Sum of squares DF Mean square F-value
recovery of protein from green
lentil and chickpea Green Lentil
Model 32.31 14 2.31 16.52""
A- Urea(Molar ratio) 2.44 1 2.44 1750
B- H,O (molar ratio) 16.78 1 16.78 120.14™
C-(Amplitute %) 0.10 1 0.10 0.69"
D-Time (min.) 3.64 1 3.64 26.07""
AB 8.080E-003 1 8.080E-003 0.058 "
AC 0.060 1 0.06 0.43 "
AD 1.624E-003 1 1.624E-003 0.012™
BC 0.19 1 0.19 1.327
BD 0.02 1 0.02 0.12"
CD 5.86 1 5.86 41.93""
A? 0.11 1 0.11 0.76™
B? 2.19 1 2.19 15.70""
C? 0.37 1 0.37 263"
D’ 0.06 1 0.06 0.40"
Residual 1.96 14 0.14
Lack of Fit 1.29 10 0.13 0.77"
Pure Error 0.67 4 0.17
Cor Total 34.27 28
R-Squared 0.94
Adj R-Squared 0.86
Pred R-Squared 0.75
Adeq Precision17.00
Chickpea
Model 791.55 14 56.54 14777
A- Urea(Molar ratio) 58.01 1 58.01 15.15"
B- H,O (Molar ratio) 433.06 1 433.06 113.09"
C-Amplitute (%) 0.53 1 0.53 0.14"
D-Time (min.) 107.87 1 107.87 28.17°
AB 37.64 1 37.64 9.83™
AC 7.66 1 7.66 2.00"
AD 39.87 1 39.87 10417
BC 12.22 1 12.22 3.19™
BD 439 1 439 1.15™
CD 28.87 1 28.87 7.54™
A? 0.91 1 0.91 0.24™
B? 50.95 1 50.95 13317
C? 0.027 1 0.03 7.106E-003 ™
D’ 1.23 1 1.23 0.32™
Residual 53.61 14 3.83
Lack of Fit 35.91 10 3.59 0.81"
Pure Error 17.70 4 443
Cor Total 845.16 28
R-Squared 0.94
Adj R-Squared 0.87
Pred R-Squared 0.72
Adeq Precision14.21

(* P<0.05; **P<0.01; *** P<0.001; **** P<0.0001; ns P>0.05
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(A) Urea (molar ratio); (B) H20 (molar ratio); (C) Amplitute (%); (D) Time (min)

1200

D:Time(min) A:DES

1200

D:Time(min)

Fig.2 Response surface plots (3D) as a function of significant interaction between factors of green lentil (a) and chickpea (b)

Table 3 Rheological properties and electrical conductivity values of
electrospinning solutions

1

PVA:LPI K n Nsq ms cm™
40:60 023+0.0 075+0.0 0.09+0.00 16.7+0.2"
50:50-FA 0,18+0.0  1,05£00  020+0,03 12.4+0.3°
50:50 020+0.0 096+0.0  0.17+0.03 14.4+0.1°
60:40 -FA  0,28+0.0  1,04+£0.04 0,36+0,06 10.4+0.14°
60:40 0.43+0.03 098+0.0 039+0.03 11.9+0.02¢
70:30 0.48+0.0 1.00+£0.0 048+0.03  9.6+0.01"
100:0 1.89+0.0 1.05+00 221003 1.4+0.008
PVA: CPI

40:60 0.08+0.0 097+0.0 0.06+00  155+0.1*
50:50-FA  0,18+0,0  1,06£00  0,23+0.0  10.6+0.1°
50:50 027+0.0 1.03+0.0 029+0.0 13.3+0.1°
60:40 -FA  028+0,0 1,03+0.0 0,31+0.0 8.4+0.0¢
60:40 0.43+0.1 1.01£0.0 043+0.0 8.6+0.14
70:30 0.65+0.1 1.03+0.0  0.74+0.0 6.1+0.0°

in the medium increased, the diameters of the obtained fibers
decreased. The viscosity of the polymer solution is one of the
factors with a significant impact on the diameter of the fibers.

@ Springer

In the electrospinning process, it is known that the increased
viscosity creates resistance to elongation, and accordingly, the
diameter of the fiber increases [47]. Furthermore, proteins are
dissolved in water, they form ions, which are responsible for
a solution's electrical conductivity. By applying a strong elec-
tric field, these charges are intended to enable the jet to extend
more, resulting in a reduction in the diameter of the electrospin-
ning fibers [48]. As the protein ratio increases, the decrease in
the diameter of the fibers can also be explained by this chang-
ing electrical conductivity. Depending on the type of protein,
carbohydrate, and carrier polymer used, fiber diameters can be
affected differently [49].

Encapsulation of Ferulic Acid (FA) and Encapsulation
Efficiency

The encapsulation efficiency for 50:50 PVA:LPI and
PVA:CPI was found as 78.69% and 78.69%, respectively.
It was observed that the use of LPI and CPI did not differ
in terms of encapsulation efficiency. The encapsulation
efficiency was reported as 83.7% in a study, in which FA
was loaded into the amaranth protein isolate: pullulan
nanofibers prepared at a ratio of 80:20 w:w [27]. p-carotene
was encapsulated into nanofibers prepared using soy
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Fig.3 Flow behavior of electrospun solution produced with lentil
protein isolate (LPI) (A) and chickpea protein isolate (CPI) (B)

protein isolate and PVA at a 50:50 w:w ratio and the
encapsulation efficiency was reported as 65% [20]. The
findings of the current investigation demonstrate that
legume protein isolates (LPI and CPI) are suitable sources
that can be used in nanofibers production and encapsulation
of antioxidants such as FA.

Antibacterial Activity

The effect of FA-loaded nanofibers produced with PVA:LPI
and PVA:CPI on E. coli was given as logl 0CFU/mL (Fig. 5).
All fibers had an antibacterial effect compared to the control
sample. The nanofibers created with PVA:FA were used as
a control for nanofibers of PVA:LPI:FA and PVA:CPI:FA.
The number of colonies was reduced as a result of treat-
ment with PVA:FA nanofibers compared to the control. It
is known that FA has antimicrobial properties against both
gram-positive and gram-negative bacteria [50]. However, the
number of colonies treated with nanofibers containing LPI
and CPI was also very low compared to PVA:FA. In addi-
tion to the antimicrobial effect of FA, it was said that LPI
and CPI might have serious bioactive properties. Antihyper-
tensive, immunostimulating, antimicrobial, and antioxidant
properties of leguminous proteins/peptides are known [10].
Besides, it was reported that peptides and proteins derived
from legumes showed high bacterial growth restriction
(91-97%) [51]. Considering the reductions in the number
of bacterial colonies according to control, there was a 71.3%
decrease in PVA:FA while this value increased to 82.1%
in PVA:LPI:FA and 78.9% in PVA:CPI:FA. Antibacterial
activity of LPI nanofibers, which are rich in polyphenols,
against E. coli [52, 53] and concentration dependence on
antimicrobial activity for chickpea proteins [54] have been
reported. Extracted proteins and peptides from legumes have
indicated antibacterial activity against the most common
foodborne pathogens [55]. In the current study, the antibac-
terial activities of the nanofibers produced with LPI and CPI
were quite high compared to the control and control nanofib-
ers of PVA:FA Fluorescent images for protein nanofibers
prepared with both PVA:LPI and PVA:CPI showed that the
FA was well dispersed throughout the nanofibers (Fig. 6).

Release Kinetic of FA

In the present study, diffusion was described by Fick's sec-
ond law, considering the cylindrical structure of electro-
nanofibers. However, many controlled release technologies
are not based on pure diffusion, different approaches have
been explored to consider other mechanisms [36]. In addi-
tion, the diffusion coefficient (D) obtained according to
Fick's law, kinetic constant (k), and diffusion exponent (n)
of the release system mechanism determined according to
a power law, a and b constants of release according to the
equation of Weibull were determined (Table 4). It was seen
that FA was released from the fibers much faster in hydro-
phobic food simulant than hydrophilic. Therefore, it can be
used as active packaging and additive for hydrophobic foods
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SEM (A-F) images of: 70:30 Polyvinyl alcohol (PVA):lentil protein isolate (LPI) (A); 60:40 PVA:LPI (B); 50:50 PVA:LPI (C) 70:30 PV A:chickpea protein isolate (CPI)
(D); 60:40 PVA:CPI (E); 50:50 PVA: CPI (F) fibers without ferulic acid. Xc: average diameter of the fibers obtained.

Fig.4 SEM images of electrospun fibers

that require a high amount of antimicrobial and antioxidant

4.5 release in a short time.
In the power-law model, the value of n characterizes the
intracapsular release mechanism of the compound. In the

39 case of cylindrical capsules, it is called 0.45 <n Fickian
diffusion, 0.45 <n < 0.89 non-Fickian diffusions, n=0.89

2.5 state II diffusion, and n > 0.89 superstate II diffusions
2 [56]. It was determined that the n value was 0.45 < except
1.5 in the hydrophobic environments where the release from
1 PVA:LPI and PVA:CPI fibers was very rapid. In the

W

Log,, (CFUmL)

Weibull equation, the release mechanism is indicated by
the b parameter: values less than 0.75 indicate that release
happens according to Fick's diffusion law, and b> 1 values
indicate that complex release mechanisms occur [36].
Similar to the results obtained from the power law, when

> Nad N Nad Vg Vg Vg
S < < L < <
*L-'QQ\ QQVV %Qx &x (\,é‘\Q %Qx &\

QQY’ Qﬁ /\5*\ (\)éﬂ& the b values obtained for the fibers were examined, except

for the hydrophobic environments where the release from

A el L bl s s O st o e the nanofiber produced with PVAZLPI and PVA:CPI were
analysis 37°C for 24 h. very rapid, the value of b was less than 0.75. In general, the
hydrophilic application of the nanofibers of PVA:LPI and

Fig.5 Antibacterial activity PVA:CPI is more convenient as the release takes longer and

occurs more slowly.
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Fig.6 The fluorescence microscopy images of ferulic acid-loaded
nanofibers

The release of FA was slower in PVA control nanofibers,
while the nanofibers obtained from PVA:LPI and PVA:CPI
showed a similar release profile. The k values for nanofiber
produced with PVA, PVA:LPI, and PVA:CPI were found as
0.14,0.17, and 0.15, respectively. The n value was found as
0.26, 0.36, and 0.40, respectively. Similarly, b values were
the lowest in PVA, while it was the highest for nanofiber of
PVA:LPI. The values of k, n, and b revealed that the domi-
nant release of FA from nanofibers in vitro environment was
suitable for Fick's law (Table 3).

Conclusion

In this study, optimization of UA protein extraction from
green lentils and chickpeas with DES was performed, and
using ChCl:urea resulted in the highest protein content.
The optimum points were determined as 1.13 M urea,
4.34 M water, 34.07% amplitude, and 14.53 min for green
lentils, 1.08 M urea, 4.91 M water, 59.14% amplitude, and
10.59 min for chickpeas. The production of nanofibers by
the electrospinning from protein isolates produced by UA-
DES at the optimum point showed that nanofibers could
not be produced at <40:60 PVA:PI (w:w), however, rheo-
logical data and SEM images suggested that fiber could be
produced at 50:50 PVA:PI (w:w). Encapsulation efficien-
cies were determined as 78.69% and 78.69% for 50:50
PVA:LPI and PVA:CPI, respectively. Antibacterial activ-
ity was investigated and release properties of FA-loaded
nanofibers in simulated food and in vitro environments
were evaluated. Our findings would seem to demonstrate
that UA-DES was an effective and efficient technique for
the extraction of LPI and CPI. It was also observed that
nanofibers produced with LPI and CPI had a high anti-
bacterial effect. In conclusion, The findings of the cur-
rent investigation showed that legume protein-containing

Tab.le 4 Fick, Power Law and Fick Power Law Weibull

Weibull Model parameters
PVA-LPI D (um?/s) R? k n R? a b R?
Hydrophilic 1x107 0.90 0.18 0.17 0.97 -0.20 0.19 0.97
Lipophilic 3x107 0.99 0.14 0.51 0.99 -0.11 0.78 0.99
In vitro 1x107 0.94 0.15 0.40 0.99 -0.15 0.52 0.99
PVA-CPI
Hydrophilic 1x107 0.82 0.16 0.28 0.99 -0.17 0.33 0.96
Lipophilic 7x 107 0.98 0.19 0.48 0.94 -0.09 1.13 0.97
In vitro 1x10™ 0.93 0.17 0.36 0.99 -0.17 0.47 0.99
PVA
Hydrophilic 1x107 0.71 0.19 0.19 0.87 -0.21 0.23 0.88
Lipophilic 3x107 0.91 0.17 0.41 0.92 -0.16 0.59 0.93
In vitro 1x107 0.77 0.14 0.26 0.87 -0.14 0.30 0.88

PVA: Polyvinyl alcohol; LPI: Lentil protein isolate; CPI: Chickpea protein isolate
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FA-loaded nanofibers with high antioxidant and antibacte-
rial properties could be produced and these edible nanofib-
ers might be used for food preservation purposes.
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