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Abstract

The main aim of the article was to produce gallic acid-loaded pea flour/polyethylene
oxide (PEO)-based nanofibers through the electrospinning method as an alternative
active packaging material. Incorporation of gallic acid caused significant changes in
both solution properties and fiber morphology. Increasing gallic acid concentration
resulted in increasing conductivity and decreasing consistency index, by the way
decreasing average fiber size diameter. In thermogravimetric analysis (TGA), gallic
acid addition resulted in a decrease in thermal degradation value of nanofibers. In
addition to these changes, new chemical bands formed were an indicator of the suc-
cessful encapsulation of gallic acid in Fourier-transform infrared (FTIR) spectra.
Nanofibers also showed promising results in terms of encapsulation of bioactive

compounds. Therefore, gallic acid-loaded pea flour/PEO-based nanofibers might be
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1 | INTRODUCTION

Grain legumes such as pea, lentil, and chickpea are classified as a pri-
mary protein source for almost 30% of the world population. In addi-
tion to these benefits, legumes are responsible for the nitrate cycle
and green manuring. After bean, the pea is the second most com-
monly cultivated legume (Coyne et al., 2020). Pea is regarded as a
considerable source of some nutrients including protein (20-26%
w/w), lipids (1-3% w/w), carbohydrate (46-50% w/w), and fiber
(14-18% w/w) (Cipollone & Tironi, 2020). The potential film-forming
ability of legume flours obtained from whole-grain materials is derived
from high starch and protein content (Galus et al., 2020). To take dif-
ferent advantages of pea flour, it might be utilized as an alternative

food packaging material. For example, polysaccharides are used to

considered as a promising active packaging material.

active packaging, electrospinning, encapsulation, gallic acid, pea flour

improve mechanical properties, and proteins are considered as a
barrier for gas and aroma at low relative humidity values. Further-
more, films containing both carbohydrate and protein source were
shown to have improved mechanical properties (Aydogdu, Yildiz,
Ayhan, et al., 2019). Nanoscale fibers were commonly preferred in
enzyme immobilization (Porto et al., 2019), textile production (Levitt
et al., 2018), biosensors (Mishra et al., 2017), drug delivery (Eslamian
et al.,, 2019), and tissue engineering (Brito-Pereira et al., 2018). Among
the methods, electrospinning is the most widely preferred method to
obtain nanofiber. It is very advantageous in terms of cost and simplic-
ity. It is possible to obtain well-ordered, homogenous nanofibers with
a high surface-to-volume ratio by electrospinning. Furthermore,
nanofibers might be produced from many different sources such as

natural, synthetic, and hybrid. Whereas soy, casein, zein, whey,
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collagen, and gelatin might be listed as the most commonly studied
protein source, cellulose, chitosan, starch, alginate, cyclodextrin, and
pullulan are the examples of carbohydrate sources.

According to the Plastic Pollution Coalition, in 2019, 40 million
tons of plastic waste was produced. It revealed the importance of
developing biodegradable and bio-based packaging materials (Sonar
et al., 2020). Therefore, using one of these natural sources, mentioned
above, is important to produce environmentally friendly films and
critical to increase sustainability (Uygun et al., 2020).

One of the
3,4,5-trihydroxybenzoic acid, namely, gallic acid, is commonly pres-

naturally occurring polyphenols,
ented in different sources such as fruits, vegetables, tea leaves, and
longan seeds. It might also be obtained from both solid and liquid by-
products of the agri-food industry such as wine. Gallic acid is also
referred as a bioactive compound because of its antioxidant, antifun-
gal, anti-inflammatory, and anticarcinogenic characteristics. However,
it is very susceptible to high temperature, light, and oxygen, which are
common conditions in food processing (Quiles-Carrillo et al., 2019).
However, it should also be noted that the polymer matrix is another
crucial parameter for stability and encapsulation efficiency. Although
the encapsulation of gallic acid with electrospinning technique is a
promising method, coating materials used in this technique are so lim-
ited. For example, in previous studies, cyclodextrin (Aytac
et al, 2016), zein,
Phaechamud, 2012), and hyroxypropyl methyl cellulose (Aydogdu,

cellulose  acetate  (Phiriyawirut &
Sumnu, & Sahin, 2019) were used as a coating material in
electrospinning.

In this study, it was aimed to obtain gallic acid-loaded pea flour-
based nanofibers. It was also aimed to analyze morphological, thermal,
and chemical characteristics, loading efficiency (LE), and antioxidant
capacity of nanofibers to be suggested as active packaging material

for food with oxidation stability.

2 | MATERIAL AND METHODS

21 | Materials

Pea flour with 55 + 5% (w/w) carbohydrate, 22 + 2% (w/w) protein,
12 + 2% (w/w) dietary fiber 2 £ 2% (w/w) fat, 7-10% (w/w) moisture,
and 3 + 1% (w/w) ash was purchased from Molar Chemical Materials
Trading Co. Inc. (Turkey). Polyethylene oxide (PEO) (molecular weight
[MW] = 900 kDa) was supplied from Sigma-Aldrich. Polyoxyethylene
sorbitan monooleate, Tween 80 (p: 1.064 g/cm3 and u: 400-620 cps
at 25°C), as a surfactant and gallic acid with molar mass of

170.12 g/mol were purchased from Merck (Darmstadt, Germany).

2.2 | Solution preparation

PEO (3.5% w/v) was dissolved in water with a magnetic stirrer
(MaxTir 500, Daihan Scientific, Seoul, Korea) until obtaining homoge-
nous solution. Then, pea flour (5.25% w/v) was added in polymer

solution, and mixture was homogenized with a high-speed homoge-
nizer (IKA T25 Digital Ultra-Turrax, Staufen, Germany) at 10,000 rpm.
To adjust pH of solution to 10.2, 2-M NaOH solution was preferred.
After that, solution was heated in water bath until reaching 80°C. To
mix and keep solution temperature constant, mixture was stirred at
750 rpm for 1 h.

Then, gallic acid (0.1 g/ml) was dissolved in 80% ethanol aqueous
solutions (ethanol:water = 4:1 w/w) and added to pea flour/PEO solu-
tion. Gallic acid amount is 5% and 10% (w/w) of solid fibers. Because
addition of gallic acid decreased pH of solutions to about 3, the pH of
solutions was adjusted again to pH 10.2 with 2-M NaOH solution.
The pea flour/PEO solution without gallic acid was used as control.

2.3 | Solution properties

2.3.1 | Rheological properties

To measure rheological behavior of the pea flour/PEO polymer
mixture, controlled strain rheometer, the cone with 4° cone angle and
plate having 40-mm diameter, was preferred (Kinexus dynamic
rheometer, Malvern, UK). Experiment was carried out at room
temperature. Change in shear stress values with respect to shear rate
varying between 0.1 and 100 s~ was recorded, and collected data
were fitted power law equation:

=k ()", 1)

where 7, 7, k, and n referred to the shear stress (Pa), shear rate (s7Y),

consistency index (Pa-s"), and flow behavior index, respectively.

2.3.2 | Electrical conductivity

The electrical conductivity of solutions was measured by using a con-
ductometer (WTW LF95, Germany) at 25°C in triplicate.

233 |
solutions

Total phenolic content of pea flour

Total phenolic content (TPC) of solutions was measured by the
Folin-Ciocalteu method (Aydogdu, Yildiz, Aydogdu, et al., 2019). First,
pea flour/PEO/gallic acid solutions were diluted using 80% ethanol
aqueous solution; 0.5 ml of this diluted sample was taken and mixed
with 2.5 ml of 0.2-N Folin-Ciocalteu reagent. The mixture was kept in
dark place for 5 min. After addition of 2 ml of 75-g/L sodium carbon-
ate solution into the mixture, solutions were mixed by vortex and
stored in dark for 1 h. The absorption of was read at 760 nm by using
a spectrophotometer (UV 2450, Shimadzu, Columbia, USA).
Calibration curve was prepared with different gallic acid concentra-
tions, and by using calibration curve, TPC of solutions was determined

as gallic acid equivalent (GAE) in milligrams per gram dry weight.
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2.4 | Electrospinning

The electrospinning process was carried out by using electrospinning
device (Nano-Web 103, Mersin, Turkey). The syringe with a metallic
21-gauge steel needle and 11.53-mm inner diameter was placed hori-
zontally into the pump. Positively charged electrode, which was
powered by a direct current (DC) high-voltage supplier, was con-
nected with syringe. The flow rate of solutions and the voltage were
maintained as 0.6 ml/h and 15 kV, respectively. Nanofibers were col-
lected on to collector covered by aluminum foil. The distance between
the collector and needle tip was fixed as 30 cm. Experiments were
performed at 25 + 1°C and 30-40% relative humidity.

2.5 | Characterization of electrospun nanofibers

2.5.1 | Morphological analysis

The morphological characterization of the nanofiber sheets was carried
out using field emission scanning electron microscopy (FESEM) (JEOL,
Japan) at 10,000x magnification level. Fibers were stuck on metal stubs
and then coated with gold palladium (10 nm). Diameter of at least
100 fibers from the scanning electron microscopy (SEM) images of each
sample was measured by using ImageJ software (Maryland, USA).

2.5.2 | Total phenol content of electrospun fibers

To determine total phenol content (TPC) of nanofibers containing dif-
ferent amounts of gallic acid, the Folin-Ciocalteu method was used.
After dissolving 0.1-g nanofiber in ethanol-water solution (80:20), the
same procedure used for the determination of TPC of the solution was

followed. The LE of gallic acid was calculated from the Equation (2):

LE (%) = TPC of gallic acid-loaded nanofibers
0 TPC of gallic acid-added solutions

x 100. (2

The measurements were carried out in triplicate.

253 | Antioxidant capacity of electrospun fiber

To measure antioxidant activity (AA) of the nanofibers, 2,2-diphenyl-
1-picrylhydrazyl (DPPH) method described by Luca et al. (2013) was
followed with some modifications. After dissolving nanofibers in etha-
nol/water solution (80:20), 0.1 ml of that solution and 3.9 ml of
25-ppm DPPH solution were mixed and stored at dark place for 1 h.
The absorbance values (A,) was measured at 517 nm by using spec-
trophotometer (UV 2450, Shimadzu, Columbia, USA). For blank,
0.1 ml of methanol (A;) was mixed with DPPH solution, and the same
procedure was followed for the rest. By using calibration curve, con-
centrations (C; and C,) corresponding A; and A, were determined,

respectively. Then, the AAs were calculated according to Equation (3):

( mgDPPH > _G-C )

gdry weight of sample/  Wgample

where C; is the concentration of DPPH" immediately after the sample
(ppm) and DPPH" solution was mixed, C, is the concentration of
DPPH" 2 h after mixing (ppm), V is the volume of solution (L), and

Wiample is the amount of nanofiber (g).

2,54 | Thermogravimetric analysis

Thermogravimetric analysis (TGA) 2950 (Exstar TG/DTA 6300, RTI
Instruments, Inc., Woodland, USA) was used for TGAs. About 5-mg
nanofiber and raw materials was heated from room temperature to
500°C at a rate of 10°C/min and with nitrogen at a flow rate of

30 ml/min. Analyses were performed in triplicates.

2.5.5 | Differential scanning calorimetry

The thermal analysis of electrospun nanofibers was conducted by
using the differential scanning calorimeter (Pyris 6 DSC, PerkinElmer,
Massachusetts, USA), equipped with a cooling system with nitrogen.
A piece of sample (4-5 mg) was placed in a hermetically sealed alumi-
num pan, and sample was heated from room temperature to 250°C at
a rate of 5°C/min. As a reference, an empty sample pan was used.
The differential scanning calorimetry (DSC) measurements were per-

formed in triplicate.

2.5.6 | Fourier-transform infrared analysis

Fourier-transform infrared (FTIR) analyses of electrospun nanofibers
and raw materials (pea flour, gallic acid, and PEO) were carried out by
using FTIR spectrophotometer (IR-Affinity1, Shimadzu, Kyoto, Japan)
in attenuated total reflectance (ATR) mode using a diamond ATR crys-
tal. The infrared region analysis was recorded with 32 scans over the

wavenumber range of 600-4000 cm™2.

2.6 | Statistical analysis

Analysis of variance (ANOVA) was conducted by Minitab (Version
16, State College, PA, USA). If significant differences were found,
Tukey's multiple comparison test was used for comparisons (p < 0.05).
3 | RESULTS AND DISCUSSION

31 |

Physical properties of solutions

The viscosity of solutions is one of the most important parameters in

the success of the electrospinning process because it should be high
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enough to show a synergistic effect with electrostatic repulsion to
overcome surface tension. Another prerequisite for fiber development
is the formation of chain entanglements, which is strongly affected by
the concentration of biopolymers and directly associated with the
solution's viscosity. Chain entanglements both provide elasticity to
polymer melt and help obtain uniform fiber diameter (Pinheiro Bruni
et al., 2020).

The rheological properties of solutions are shown in Table 1. All
solutions obeyed the power law. The viscosity of solutions depends
on the solvent type, the polymer type, and polymer concentration
(Kriegel et al., 2009). In this study, because the same amount of PEO
and pea flour was used for each sample, the rheological properties of
solutions differed with respect to gallic acid concentration.

All sample solutions represented non-Newtonian shear thinning
behavior (n < 1). A lower flow behavior index indicated possible inter-
action between protein and polysaccharide molecules via hydrogen
bonding (Jia et al., 2020).

The consistency index value (k [Pa-s"]) was also significantly
affected by the presence of gallic acid and its concentration. Increas-
ing gallic acid concentration resulted in a decrease in the consistency
index of each sample. During the sample preparation, gallic acid was
dissolved in ethanol/water solution and added to the polymer mix-
ture. Therefore, the decreasing trend in consistency index for samples
with gallic acid addition might be explained by the dilution effect of
gallic acid. However, for samples containing different gallic acid con-
centrations, a lower k value might be interpreted as looser inter-
molecular interactions (Deng et al., 2020). Therefore, it might be
concluded that the addition of gallic acid decreased the possible
hydrogen bonds between hydroxyl groups of starch and etheric oxy-
gen of PEO (Pereira et al., 2011).

In addition to rheological behavior, the polymer mixture's conduc-
tivity is another critical factor that affected bead free fiber formation
and its size distribution. Conductivity should be high enough to over-
come surface tension. By the way, it provides an opportunity for
stretching of the polymer solution and starting electrospinning. Up to
a certain point, high electrical conductivity promoted thinner fiber for-
mation. However, after that level, it increased electrostatic repulsive
forces and bending instability. This made it difficult to obtain homoge-
nous nanofibers (Aydogdu et al., 2018a). The electrical conductivity of
all solutions was shown in Table 1. Increasing gallic acid concentration
in the solution resulted in an increase in conductivity values drasti-
cally. This might be due to the dissociation of gallic acid and the pres-
ence of the hydrogen donor (—OH) group (Aytac et al., 2016).

Furthermore, after gallic acid addition, the pH of the solution
decreased. In order to set its pH to 10.2 again, 2-M NaOH was added.
Therefore, this procedure increased charged molecules in the polymer
melt and conductivity. In this study, even the higher electrical conduc-
tivity of solutions containing 10% gallic acid did not result in jet insta-
bility. Homogenous fibers were obtained from solutions containing
10% gallic acid (Figure 1).

3.2 | Characterization of electrospun nanofibers

3.21 | Morphological analysis of nanofibers

One of the essential criteria to obtain homogenous fiber morphology
is sufficient interaction between the electrospun polymer mixture.
Pea flour is a multicomposite material containing mostly carbohy-
drates (55% w/w) and protein (22% w/w). Vega-Lugo and Lim (2012)
reported that globular protein conformation obstructed physical inter-
action with carrier polymer during electrospinning. However, the con-
formation of proteins might alter depending on pH and temperature.
Therefore, to increase possible bond formation between materials
from different origins, some unique treatments might be required.

The isoelectric point (pl) of pea protein was recorded as 4.5 (Oguz
et al., 2017). Protein starts to aggregate, their solubility minimizes, and
their total net charge is zero at pl. At alkaline pH, proteins start to
unfold, by the way, their polypepetide chain entanglements and
chain-chain interaction with PEO increase.

Although the main aim of addition of NaOH to polymer solution
was to promote denaturation of proteins, alkali treatments also chan-
ged the gelatinization process of starches. At alkaline pH, hydrogen
bonding between amylose and amylopectin molecules was disrupted,
which decreased gelatinization temperature (Uygun et al, 2020).
Therefore, with the help of pH adjustment, heat treatment might
accelerate bond formation between PEO and pea flour. By this way,
more homogenous solution and possible bond formation were
obtained. It can be seen from Figure 1 that all nanofibers prepared
with different gallic acid concentrations had a homogenous structure.

As shown in Figure 1b,c, gallic acid addition did not damage the
nanofiber structure. This was taken as an indication of successful gal-
lic acid encapsulation by electrospinning.

The average diameters and diameter distribution of the
electrospun nanofibers are also shown in Figure 1. In this study,
except for the solution characteristics, any parameter that affected

TABLE 1 Rheological properties and electrical conductivities of solutions and average diameter and TPC of solutions
TPC of solutions
Electrical conductivity Average diameter (mg gallic acid equivalent
Gallic acid (%) k (Pa-s") n (nS/cm) (nm) [GAE]/g dry matter)
0 2.66 £0.01* 0.85 £ 0.01° 1419 + 3¢ 297 + 68° 9.42 +0.49°
5 229 +0.06° 0.88 + 0.02° 13,700 + 126° 219 + 48° 14.48 £ 0.27°
10 1.52 +0.03¢ 0.89 +0.01° 38,433 + 466 191 + 38° 36.46 +0.03%

Note: Columns having different letters are significantly different (p < 0.05).

Abbreviations: k, consistency index; n, flow behavior index; TPC, total phenolic content.
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fiber morphology was kept constant. Therefore, rheological properties
and electrical conductivity were responsible for the average fiber size.
As seen from Table 1, there was a parallel trend between increasing
consistency index and average fiber size. Higher k values were inter-
preted as more increased molecular entanglements, which resulted in
larger fiber diameter (Aydogdu, Sumnu, & Sahin, 2019). Since the solu-
tions with high consistency index elongated less, shortened jet path
resulted in high diameters.

Furthermore, a higher consistency index meant a more viscous
solution, which decreased mobility of ions and conductivity. As seen
in Table 1, there was an inverse relation between conductivity and
fiber size. Solutions with higher conductivity formed thinner fibers,
which were directly related to experiencing stronger elongation force
through the collector plate. The average diameters of nanofibers
ranged almost between 190 and 300 nm with a standard deviation of
between 38 and 68 nm. The narrow distributions and small standard
deviations of nanofibers were the evidence of obtaining uniform
nanofibers by electrospinning process.

3.2.2 | TPC and AA of solutions and nanofibers
According to the study conducted by Millar et al. (2019), TPC of pea
flour varied from 121.93 + 1.00 mg to 129.85 + 2.58 GAE per 100 g.
This phenolic activity comes from the different concentrations of
protocatechuic acid, p-hydroxybenzoic acid, vanillic acid, trans-p-
coumaric acid, cis-p-coumaric acid, cis-p-coumaric acid derivative, and
trans-ferulic acid (Lépez-Amoros et al., 2006). Therefore, the reason
behind the TPC of pea flour/PEO sample without gallic acid might be

the presence of these compounds (Table 1). However, TPC of that
sample was lower than the already reported values. During solution
preparation, adjusting pH to 10.2 and heating to 80°C for a while
might cause degradation of some phenolic naturally present in pea
flour. It was also revealed that harsh treatments such as high-pressure
steam heating, microwave heating, and roasting decreased the pheno-
lic and AA of flours (Yildiz et al., 2021). On the other hand, as
expected, the addition of gallic acid increased TPC of solutions corre-
lated with the concentration.

The TPC of gallic acid-loaded pea flour/PEO nanofibers was
shown in Table 2. Increasing gallic acid concentration in formulation
resulted in increasing TPC of fibers.

Fibers containing 5% and 10% gallic acid had 92.6 + 3.1% and
74.4 £ 2.0% loading efficiencies, respectively. Therefore, it might be
concluded that gallic acid was successfully encapsulated into pea
flour-based nanofibers. It should be noted that one of the main
reasons of such high efficiency is the advantageous operation
temperature of electrospinning. As a natural phenolic acid, gallic acid
is a heat-sensitive compound (Friedman & Jirgens, 2000), so process
temperature becomes important during encapsulation. Because it
operates at room temperature, electrospinning is the most appropriate
technology to handle heat-labile compounds. A similar finding was
also recorded in the study of quercetin- and ferulic acid-loaded
amaranth isolate/pullulan nanofibers. The LE values were in the range
of 84-94% (Aceituno-Medina et al., 2015).

Furthermore, high encapsulation efficiency of nanofibers might
also be related to accelerated solidification rate of wall polymers (pea
flour/PEO) and high solubility of encapsulated material (gallic acid)
within the polymer mixture (Hani et al., 2017). As seen in Table 2,

FIGURE 1 Scanning electron microscopy (SEM) images of electrospun nanofibers with different gallic acid concentrations: (a) control, (b) 5%,

and (c) 10%

TABLE 2

TPC of nanofibers (mg gallic acid
Gallic acid (%) equivalent [GAE]/g dry matter)
5 13.42 + 0.45°
10 27.15 £ 0.75°

Note: Columns having different letters are significantly different (p < 0.05).

Loading efficiency and total antioxidant activities of gallic acid-loaded pea flour/PEO electrospun nanofibers

Gallic acid loading Antioxidant activity
efficiency (%) (mg DPPH/g dry weight)
92.6 +3.17 5.29 + 0.242

74.4 £2,0° 572 +0.33°

Abbreviations: DPPH, 2,2-diphenyl-1-picrylhydrazyl; PEO, polyethylene oxide; TPC, total phenolic content.
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fibers with higher gallic acid amounts had lower LE related to average
fiber size. Fibers having smaller diameter had higher exposure areas,
in other words specific surface areas (Zhang et al., 2018), which cau-
sed rapid oxidation of gallic acid. Furthermore, during the
electrospinning process, when the polymer is ejected from the
needle's tip, water evaporates and solid fibers are collected on the
plate. This solidification process is more rapid when fibers' diameters
are smaller. Therefore, the time required to form a barrier around the
active compound decreases and some of the gallic acid might not be
encapsulated efficiently (Hani et al., 2017).

In the structure of gallic acid, there are three —OH groups ortho-
position bond to the aromatic ring, which are effective for showing
AA (Ghitescu et al., 2015). Table 2 shows the AA of gallic acid-loaded
pea flour/PEO nanofibers. Similar to the TPC results, it proved that
loaded gallic acid preserved its AA after electrospinning. However, as
the gallic acid amount increased, AA of nanofibers did not increase
significantly (p < 0.05). This could be related to having lower LE of
those nanofibers.

3.2.3 | Thermal analysis of nanofibers

The thermal stability of composite films gave an idea about inheri-
tance character of each component and molecular interaction
between them. The thermal behavior of nanofibers, gallic acid, PEO,
and pea flour was analyzed by TGA, and weight loss thermograms as a
function of the temperature are shown in Figure 2.

Thermal degradation behavior of the films was in between main
components, which were PEO and pea flour. The degradation temper-
ature of PEO was around 350°C, and it was found that almost 4% of
sample weight remained at the end of the experiment. On the other
hand, compared with pea flour and gallic acid, gallic acid-loaded
nanofibers achieved relatively higher thermal stability with a degrada-
tion temperature as seen in Figure 2. The main reason for that is the

strong intermolecular interaction between all components.

100

80

=3
=]
1

Weight (%)

0- T T T T T T T T T
50 100 150 200 250 300 350 400 450 500
Temperature ( oC)

FIGURE 2 Thermogravimetric thermograms of gallic acid and
electrospun nanofibers with different gallic acid concentrations:
(a) gallic acid, (b) 10%, (c) 5%, (d) control, (e) pea flour, and (f)
polyethylene oxide (PEO)

Although the first degradation temperature of control films was
264°C, for the gallic acid-loaded nanofibers, it was recorded as 232°C.
Therefore, it might be concluded that the addition of gallic acid into
the nanofibers decreased the thermal stability of them. It was inter-
preted that the addition of gallic acid at different levels in the formula-
tion weakened the internal film structure and lowered the thermal
degradation temperature.

Similar behavior was also observed in proso millet starch-based
curcumin-incorporated films (Baek & Song, 2019). Furthermore, this
decrease was also the evidence of successful encapsulation of gallic
acid into nanofibers. The addition of gallic acid to the pea flour/PEO-
based nanofibers interfered with interaction between protein-protein
bonds and led to a reduction of the thermal stability. After the onset
temperature, the first weight losses were associated with decomposi-
tion of polysaccharides, which corresponded to the elimination of
hydrogen groups, decomposition, and depolymerization of the starch
carbon chains (Sanyang et al., 2015). In this study, the first thermal
degradation was related to pea flour. In the literature, pea starch deg-
radation onset temperature was recorded as 310°C (Cano
et al., 2015). However, the reason behind the decrease in Tynset value
for pea flour/PEO-based nanofilms could be the significant interaction
between components. Because of good compatibility and miscibility
between gallic acid and starch molecules, crystallinity levels might
suppress, resulting in a reduction in onset temperature.

The second degradation behavior was related to the presence of
PEO. As seen in Figure 2, although the onset temperature of the sec-
ond decomposition was in the range of 384-393°C for nanofilms,
pure PEO onset degradation temperature was 400°C (Aydogdu
et al., 2018b). PEO had a semicrystalline structure, and blending it
with another polymer depressed the crystallinity, by the way
decreased its thermal stability. These findings showed some similari-
ties with those reported in the study of Aydogdu et al. (2018b).
Nanofibers composed of PEO and hydroxypropyl methylcellulose had
lower thermal stability with lower Tonset Values than pure PEO.

Finally, at the end of the final degradation temperature, residue
remained in pea flour/PEO-based films without gallic acid was lower
than the nanofibers containing gallic acid. Generally, active compo-
nents with an aromatic ring might produce more stable end products
under nitrogen atmospheres. Similar outcomes were also recorded in
curcumin and green tea extract containing starch films (Baek &
Song, 2019).

DSC curve of gallic acid, PEO, pea flour, and nanofibers is demon-
strated in Figure 3. All nanofibers exhibited an endothermic peak
around 62°C, which was related to the melting point of pure PEO.
Although the melting point of pure PEO was recorded as 68°C in the
study of Aydogdu et al. (2018b), depression of melting point might be
associated with disruption of semicrystalline structure. This result was
also the evidence of good miscibility and interaction between compo-
nents as supported by TGA results. Furthermore, similar thermal
behavior was also recorded in the research of HPMC/PEO-based
nanofilm (Aydogdu et al., 2018b).

Pea flour is mostly composed of starch and protein. As seen, pea

flour had wide range endothermic peak, which was the indicator of
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higher heterogeneity in the flour. It was mainly composed from pro-
tein, starch, and lipid. The wide range peak is the indicator of the melt-
ing of starch crystallites, amylose lipid complexes, and melting of
amylose and protein denaturation. Although starch gelatinization and
protein denaturation temperatures for pea flour were recorded as
62°C (Chung et al., 2008) and 84°C (Shevkani et al., 2015),

Normalized Heat Flow Endo Down (W/g)

[ T T T T
50 100 150 200 250 300

Temperature "C

FIGURE 3 Differential scanning calorimetry (DSC) curves of gallic
acid and electrospun nanofibers with different gallic acid
concentrations: (a) gallic acid, (b) pea flour, (c) control, (d) 10%, (e) 5%,
and (f) polyethylene oxide (PEQO)

respectively, there is no endothermic peak representing these thermal
behaviors in DSC curve. While preparing solutions, to increase
electrospinnability, solutions were heated to 80°C, and their pH
values were adjusted to alkaline pH. Therefore, these treatments led
to complete denaturation and gelatinization.

As seen in Figure 3, gallic acid exhibited an endothermic melting
transition due to its crystal structure at 270°C. However, gallic acid-
containing nanofibers had a broader peak with lower intensity com-
pared with gallic acid. This alteration was high probably due to change
in the crystal size distribution of gallic acid by dissolution in the
electrospinning solution (Musuc et al., 2013).

3.24 | FTIR analysis

The FTIR spectra of pea flour, gallic acid, PEO, and nanofibers are
shown in Figure 4. FTIR spectrum was categorized into three main
regions, which are fingerprint (800-1600 cm™?), —CH stretch (2800
and 3000 cm™Y), and —OH stretch (3000 and 3600 cm™?) (Uygun
et al., 2020). In the spectrum, bands positioned between 600 and
1200 cm~! were because of starch, which is the major constituent of
the pea flour. Related to peaks located at these points, between 1100
and 1150 cm™? is attributed to C—O, C—C, and C—O—H stretching
and 900-1100 cm™! was attributed to C—O—H bending and glyco-
sidic linkages of starch (Yildiz et al., 2021). The peaks at 1240-
1280 cm™! also represent CH,OH-related mode, which was a typical
spectrum for the V form of amylose (Kizil et al., 2002). The band from
1500 to 1700 cm™! was related to amide groups. The band located
between 1500 and 1650 cm~! was because of amide | groups (C=0),
amide Il groups of proteins (C—N stretching), and N—H angular

% Absorbance

% Absorbance

Wavenumber (cm'’)

FIGURE 4

Wavenumber (cm-1

7500

Fourier-transform infrared (FTIR) spectra of gallic acid, pea flour, and electrospun nanofibers with different gallic acid

concentrations: (a) polyethylene oxide (PEQ), (b) control, (c) 5%, (d) 10%, (e) pea flour, and (f) gallic acid
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deformation (Yildiz et al., 2021). It should be noted that characteristic
peaks, which were corresponding to pea flour, were also observed in
nanofiber. Furthermore, at the fingerprint region, nanofibers showed
a triplet absorbance (1058, 1110, and 1148 cm™Y) with a maximum
peak at 1100 cm™. This peak corresponded crystalline structure of
PEO (Aydogdu, Sumnu, & Sahin, 2019). (Yildiz et al., 2021). It should
be noted that characteristic peaks, which were corresponding to pea
flour and PEO, were also observed in nanofiber. As seen, the changes
in the intensity and wavelength in the spectrum were related to
destruction of crystalline structure of PEO due to interaction between
PEO and pea flour. As the gallic acid amount increased, new peaks

were located in spectrum of nanofiber between 1470 and 1759 cm™.

For example, the bands positioned at 1610 and 1703 cm™!

corre-
spond to the C=0 stretch of conjugated acids that belongs to gallic
acid. Finally, gallic acid-containing nanofibers had a peak at
1550 cm™, and a similar peak at 1540 cm~! was observed in the
spectra of pure gallic acid. The other peaks (1024, 1319, and
1423 cm™Y) belonging to gallic acid coincided with other bands of

PEO and pea flour.

4 | CONCLUSION

This study focused on the gallic acid encapsulation with the
electrospinning method to produce a potential active package. It was
shown that using a suitable encapsulation method, it was possible to
encapsulate heat-sensitive bioactive compounds with a high LE (up to
92.6 + 3.1%). Furthermore, gallic acid has not only changed solution
properties but also altered the morphology of nanofibers. Although
increasing gallic acid amount resulted in decreasing both the consis-
tency index and flow behavior index of the solution, the solution's
1419 +3 to
38,433 + 466 pS/cm. The average diameter of nanofibers decreased
from 297 + 68 to 191 + 38 nm by 10% gallic acid loading. The fabri-
cated nanofibers were analyzed by TGA, DSC, and FTIR, and the
results implied interactions between pea flour, PEO flour, and gallic

electrical conductivity increased from

acid. Nanofibers indicated different thermal properties than pure gallic
acid, which could be taken as evidence of gallic acid encapsulation.
Therefore, gallic acid-loaded pea flour-based nanofibers with AA can
be used as novel active food packaging material to increase the shelf

life of food products.
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