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ARTICLE INFO ABSTRACT

Keywords: In this study, saffron extract (SE) was encapsulated in zein nanofibers (ZNs) via electrospinning and then ZNs
Saffron extract loaded with SE (ZNLSE) were applied as a nanocoating material. The effects of different zein concentrations
Electrospinning (15%, 25%, and 30% w/v), SE concentrations (5% and 10% w/w) and the applied voltages on the morphology of
E::;ii:g:gn ZNs were studied. The thermal stability of ZNs decreased with the addition of SE as determined by DSC. The
Sea bass molecular interaction between SE and zein was confirmed by ATR-FTIR. The encapsulation efficiency of crocins

and picrocrocin, in ZNLSE (10%), were 64% and 47%, respectively assessed by HPLC. The antioxidant activity of
ZNLSE (56.3%) was higher than that of the ZNs as assessed by ABTS method. Chemical deterioration in the
control and coated fish fillets was monitored in terms of total volatile basic nitrogen (TVBN), thiobarbituric acid
reactive substances (TBARS), peroxide value (PV), free fatty acid (FFA) and pH. The TVBN values of the treated
samples were 30% lower than those of the control group on 8th day of cold storage. The results of this study
indicated that ZNLSE has a significant potential as a coating material for prolonging the shelf lives of solid foods

such as fish fillets.

1. Introduction

Saffron is attracting consumers’ attention because it contains valu-
able bioactive compounds that exert imortant health-promoting effects.
Crocins, picrocrocin, and safranal are the three main bioactive com-
pounds identified in saffron stigmas. Special therapeutic benefits have
been attributed to these compounds including antitumor activities,
neuroprotective effects, antidepressant effects and enhancement of
memory (Lambrianidou et al., 2021).

Crocins, the main components of saffron, are water-soluble carot-
enoids responsible for the desirable color of saffron and they consist of a
group of crocetin glycosides (mono- and di-glycosyl esters of a dicar-
boxylic acid named crocertin). Picrocrocin, the second main component
of saffron, is a monoterpene glycoside responsible for the its bitter taste.
Safranal, the main volatile oil, is the product of the thermal or enzymatic
degradation of picrocrocin and it contributes to the unique aroma of
saffron (Ahmadian-Kouchaksaraie & Niazmand, 2017; Sarfarazi et al.,
2019).

Crocin like other carotenoids is highly sensitive to degradation
during food processing and storage due to consisting unsaturated
ditrepene groups. The stability of crocin is affected by environmental
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factors including elevated temperature, light, oxygen, low pH, and the
presence of metallic ions (Saroglu et al., 2021).

Nanoencapsulation techniques including nanoparticles, nano-
emulsion and nanocapsules have been employed to avoid the degrada-
tion of bioactive compounds of saffron under undesirable conditions
until their delivery to the physiological targets (Mirhadi et al., 2020). In
this context, electrospinning and electrospraying technologies have
gained increased interest for the encapsulation of bioactive ingredients
and food packaging. They are simple, versatile, and non-thermal and
thereby more appropriate for the encapsulation of heat-sensitive com-
pounds (Ansarifar & Moradinezhad, 2022; Cetinkaya et al., 2021).

In the present study, zein protein, which has high hydrophobicity
and good electrospinnability, was used as a carrier polymer. It has been
reported in previous studies that zein film has good barrier, mechanical,
and thermal resistance properties, making it a desirable packaging
material (Li et al., 2009; Wang et al., 2017).

It has been reported that saffron exhibits good antioxidant activity
(AA) in biological systems (Okmen et al., 2016; Parray et al., 2015).
However, the antioxidant and antibacterial activities of saffron extract
(SE) in food products have received limited attention (Armellini et al.,
2018; Bhat et al., 2021; Najafi et al., 2022). For instance, Aboutorab
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et al. (2021) reported that delayed oxidation in shrimp and showed
antibacterial activity. In this sense, the use of SE-loaded nanofibers for
the coating of sea bass fillets is proposed in the present study as a novel
technique to inhibit biochemical deterioration in fish meat.

This study was designed with three main objectives. The first was to
encapsulate saffron by electrospinning and study the effects of zein
concentration, SE concentration, and applied voltage on the morphology
of the fibers. The second was to characterize encapsulated samples in
terms of DSC and FTIR measurements including encapsulation effi-
ciency. The third was to evaluate the AA of ZNs loaded with SE (ZNLSE)
by ABTS assay and use ZNLSE as a coating layer on sea bass fillets to
utilize its effectiveness in delaying chemical deterioration.

2. Materials and methods
2.1. Materials

Zein was purchased from Sigma-Aldrich (Germany). Dried stigmas of
saffron were purchased from Jamshidi Marandi producer (Khorasan-e-
razavi, Iran), during the season of 2020. Sea bass (Dicentrarchus labrax)
samples were purchased from Metro Gross Market (Istanbul, Turkey).
Crocin-4 with purity of % 98 was purchased from Biopurify Phyto-
chemicals Ltd (Sichuan, China). Other solvents and reagents were ob-
tained from Merck (Germany).

2.2. Preparation and identification of SE compounds by HPLC and LC-
MS

Preparation method freeze-dried SE described in detail in our pre-
vious study (Najafi et al., 2021). The SE bioactive components were
determined using a HPLC system (Shimadzu, Japan) which was equip-
ped with a quaternary pump and a UV-Vis photodiode array detector
(PDA). The Alltima column (C18 zorbax, 250 mm x 4.6 mm, 5 pm) was
used. The elution solvents were as follows: 0.1% TFA in water (solvent
A) and Methanol (solvent B). The elution was performed via gradient
method: 50% B for 5 min, linearly increase to 100% in 30 min and kept
at 100% for 5 min and then decreased into 50% for 1 min and kept for
10 min.

Trans-crocin-4 observed as the main peak in the HPLC chromatogram
of SE at 440 nm. This compound was identified by comparing its
retention time with its standard. For identification of other SE compo-
nents, the sample was analyzed by a LC-MS system (Thermo Fisher
Scientific, San Jose, USA). The fragmentation patterns, molecular
weight and quantity of main bioactive molecules of SE detected by LC-
MS, were completely reported in our previous study (Najafi et al., 2021).

The equations used for quantification of saffron compounds were as
follows: for crocin-4 and other crocins:Y = 156331X, R2 = 0.999, for
picrocrocin was: Y = 1952830X - 3808.1. Quantification of total crocins
were carried out by collecting the peak areas of each crocin.

2.3. Preparation and characterization of feed solutions

Ethanol-water solution (80% ethanol) was used for dissolving zein at
concentrations of 15, 25 and 30% w/v. Three grams of zein and different
amounts of SE (0.15 g and 0.3 g) were dissolved in 10 ml ethanol-water
solution, then solutions were stirred for 20 min at 600 rpm. These so-
lutions were electrospun to obtain ZNLSE (5% and 10% wt, with respect
to zein).

The electrical conductivity of the solutions was measured by a con-
ductometer (WTW LF95, Germany).

The surface tension measurements of feed solutions were performed
by the Wilhemy plate method using a tensiometer (Dataphysics DCAT
11 E, Germany).

The viscosity measurements of samples were conducted by using a
rheometer (Haake Rheostress 1, Germany) equipped with a plate-plate
sensor (dia = 35 mm, gap = 1 mm) at 25 °C. The shear rate range
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increased from 0.1 to 200 s * during 60 s. The data were modelled with
the power law equation by using the software of the rheometer (Rheo-
win, Germany) as follows:

T=Ky" (€]

where 7 is the shear stress (Pa), K is the consistency index (Pa. s"), n is the
flow behavior index and 7 is the shear rate (s Y. After K and n values
were obtained, then apparent viscosities () were calculated from the
equation as follows:

n=Ki""! @

The maximum shear rate was calculated according Eq. (3) is given
below, which is suitable for materials have power-law property in
tubular geometry:

3n+1, 4Q
4n 7R?

Tonax = ( 3

where Q is the volumetric flow rate of the material and R is the inside
radius of the tube. The radius of the needle (inner diameter of 18-G
needle is 0.838 mm) where feed solution coming out from it and
exposed to the electric field was 0.419 x 10~3 m. The flow rate of the
feed solution for this study was 0.8 mL/h, which is equal to Q = 2.22 x
1071% m3 s7!. Then, the maximum shear rates values were calculated
according to Eq. (3). The apparent viscosities were calculated from Eq.
(2). at the corresponding maximum shear rate values (Table 1) (Okutan
et al., 2014).

2.4. Electrospinning

The plastic syringe was filled with feed solution and placed into a
syringe pump (New Era Pump Systems Inc., NE-300, USA). The voltage
was applied by an external power supply (Nanofen, Ankara, Turkey).
The distance between the tip of the needle and the collector plate was 15
cm and the flow rate was 0.8 mLh™!. The electrospun samples were
produced at voltages of 6 kV and 14 kV and collected on aluminum foils,
which was used for covering the collector plate. ZNLSE containing 10%
SE produced at 6 kV, was selected to use for further analysis.

2.5. Characterization of fibers

2.5.1. Morphology of electrospun samples

The nanofibrous surface morphology including the diameter was
analyzed using a scanning electron microscope (SEM) Tescan Vega3
(USA) at 20.00 kV. Images are recorded at magnification ranges of 1 to
15000x. Then, the average fiber diameters were calculated using at least
100 randomly selected fibers diameter values using Image J software.

2.5.2. Differential scanning calorimetry (DSC)

DSC curves of samples were recorded by using a Differential Scan-
ning Calorimeter (DSC Q10, New Castle, USA). The amount of 5 mg of
each sample was weighted carefully in aluminum pans and hermetically
sealed. An empty pan was used as a reference. The samples were heated
from 126 °C to 196 °C at 10 °C min~! under nitrogen atmosphere (50 mL
min~ ).

2.5.3. ATR-FTIR characterization of electrospun samples

The infrared spectra of samples were gathered using a Fourier
transformed infrared (ATR-FTIR) spectrometer (Bruker Model, Tensor
II). OPUS program software from Bruker GmbH was used for data
acquisition. IR spectra were recorded at a resolution of 2 cm™! and 16
scans were done for each spectrum and the scanning range was between
4000 and 400 cm ™.

2.5.4. Encapsulation efficiency
To determine the encapsulation efficiency (EE) of total crocins and



Z. Najafi et al.

Table 1
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The Conductivities, surface tensions, consistency indexes, flow behavior indexes, fluid behaviors and apparent viscosities of the zein and SE loaded zein solutions.

Solutions Zein%" SE% ” Conductivity (uS/cm) Surface tension (mN/m) K (Pa.s™) n(-) Maximum shear rate n (Pa.s) at max shear rate
Zein 15 - 1128+2° 27.07 + 0.06° 0.05+ 0.00°  0.81 + 0.04°  4.07 + 0.05 0.04 + 0.00°
Zein 25 - 1271+4° 27.26 + 0.11° 0.09 +0.009  0.96 +0.02°  3.89 +0.02" 0.08 + 0.00¢
Zein 30 1281432 27.28 + 0.04% 0.12+0.01°  0.97 +0.02"®  3.88 +0.02" 0.11 + 0.01¢
Zein-SE 30 1269+4° 26.83 + 0.11¢ 0.14+0.01°  1.09+0.03*  3.77 + 0.03° 0.16 + 0.00°
Zein-SE 30 10 1263+1° 27.14 + 0.05°° 0.17 £ 0.01*  1.05+0.01*  3.80 + 0.01° 0.19 + 0.00?

Data are displayed in means + standard deviation of three replications. Values in each column with different letters were statistically significant (p < 0.05).

2 With respect to solvent (ethanol/water, 8:2).
b With respect to zein polymer.

picrocrocin in the se, 10 mg of the sample was dissolved in ethanol 80%
(v/v), and the concentrations of SE components in dissolved nanofiber
solution was measured by HPLC. For assessment of the amount of SE
components on the surface of the nanofibers (free compounds), The
ZNLSEs was rinsed with distilled water (Alehosseini et al., 2019) and
then the solution filtered by a 0.2 pm (millipore) filter, finally the crocins
and picrocrocin content of filtered solution were determined by HPLC.
The difference between the amounts of total and free compound was
used to calculate the amount of the compound encapsulated in fibers.
Finally, the encapsulation efficiency of crocins and picrocrocin were
separately calculated according to Eq. (4).

SE compound encapsulated in the fibers

EE % =
° ™ Therotical SE compound in the fibers

x 100 (©)]

2.6. Determination of antioxidant activity by ABTS assay

The AA of saffron extract (SE), ZN, and ZNLSE containing 10% SE
(containing equivalent amount of SE) were measured. For ZNLSE, 10 mg
of nanofiber samples were dissolved in 5 mL of ethanol solution (% 80),
then they were stirred at 500 rpm for 15 min. SE solution at concen-
tration of 0.2 mg mL™! in ethanol solution was also prepared. AA of
solutions were determined using ABTS assay as stated by Bhatt et al.
(2012) as described in supplementary material (p.6).

2.7. Treatment of fish fillets with ZNLSE

At first, the skins of fresh fish samples were removed and then they
were filleted. The portioned (50 + 2 g) fillets were randomly separated
according to the sampling days and treatment groups defined for per-
forming chemical analysis (Section 2.8). The electrospinning process
was performed for 1 h to obtain equivalent amount of nanofiber mats for
coating of defined samples. The fillets were coated with ZNLSE by
rubbing to the surface of fish fillets as shown in supplementary material
(Fig. S2). Both control (coated by aluminum foil without ZNLSE) fih
samples and fish samples coated with ZNLSE were stored at 2 + 1 °C for
8 days.

2.8. Physicochemical analysis

The different chemical indicators for fish deterioration were esti-
mated, including the total volatile basic nitrogen (TVBN, expressed as
mg N/100 g fish) using distillation method (Ceylan et al., 2017) and the
thiobarbituric acid reactive substances (TBARS, expressed as mg malo-
naldehyde equivalent/kg fish) with the distillation method described by
Crackel et al. (1988). More details of these methods and also the pho-
togeraphic images can be found in supplimentary material (p.7-8,
Fig. §3). Furthuremore, to understand the degradation of the lipids in
fish samples, they were extracted using chloroform (see supplementary
material) and the extracted phase which containing oil was used to
determine PV and FFA according to the method described by Ozogul
et al. (2016) with slight modifications. The detailed explanation for
these methods with the images of different steps are provided in sup-
plimentary material (p.9, Fig. S4). The pH of fish samples was

determined after homogenizing in distilled water (1:10 w/v) using a
digital pH meter (WTW pH 330i Taschen pH Meter; WTW GmbH).

2.9. Statistical analysis

The experiments were done in triplicate and the results were re-
ported as mean + standard deviation. The variances between means
were analyzed using SPSS 25.0 software (SPSS Inc., Chicago, IL, USA).
Differences between means were considered significant at p < 0.05.
Duncan’s test was used to compare mean values. For physicochemical
analysis, significant differences between two groups of treatments were
determined through two-sided t-tests (means test of equality) at the 95%
significance level (p < 0.05) using SPSS 25.0 Statistics software.

3. Results and discussion
3.1. Properties and electrospinnability of feed solutions

The electrical conductivities, surface tensions, and rheological re-
sults of feed solutions are presented in Table 1. Non-zero electrical
conductivity is required and low surface tension is preferred for elec-
trospinning (Moradkhannejhad et al., 2018).

The electrical conductivities of the solutions increased significantly
with zein concentration. The formation of the Taylor cone can be
accelerated when a solution with high electrical conductivity is used for
electrospinning (Dehcheshmeh & Fathi, 2019). However, the conduc-
tivity of the 30% zein solution decreased with the addition of SE (p <
0.05). Joukar (2012) examined the electrophysiological conduction of
rat heart and reported that higher doses of SE significantly slowed the
electrical conductivity of the heart. Therefore, SE may have ability to
reduce the electrical conductivity. Low electrical conductivity (high
conductivity being considered as >10 mS/cm) is preferable for nano-
fiber formation since the feeding solution is subjected to weaker elec-
trical forces (Moradkhannejhad et al.,, 2018). A decrease in the
conductivity of the solution could also reduce beading as a result of less
stretching of the polymer jets, which tends to produce thicker nanofibers
(Aslaner et al., 2021; Facchi et al., 2021). This was the case in our study,
as seen in Table S1. As electrical conductivity decreased, thicker fibers
were obtained.

The surface tension values of the solutions increased with zein con-
centration (p < 0.05). The addition of SE decreased the surface tension
of the feed solutions. The low surface tension values of the feed solutions
at 26.83-27.28 mN m ' compared to the surface tension of water at
~72mN m~! enabled them to be electrospun. The low surface tension of
the solutions was probably due to the presence of ethanol (~22 mN
m’l).

The electrical field strength values for the electrospinning process
were 6 kV/15 cm = 0.40 kV/cm and 14 kV/15 cm = 0.93 kV/cm. As
surface tension decreases, the required electrical field strength for jet
initiation during electrospinning also decreases. Electrical conductivity
and surface tension have counter-effects on electrospinning; namely,
low electrical conductivity requires high electric field strength whereas
low surface tension requires low electric field strength for jet initiation.
(Kriegel et al., 2009). In the present study, feed solutions containing
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15% and 25% zein with relatively high electrical conductivity and low
surface tension could be electrospun at lower electrical field strength;
however, it appears that the zein concentration prominently affected the
process.

According to the results, the feed solutions displayed non-Newtonian
behavior. The feed solutions without SE exhibited pseudoplastic
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behavior, whereas solutions containing SE were dilatant. The calculated
apparent viscosity values increased with zein concentration and the
additions of SE. Dehcheshmeh (2019) reported that higher viscosity of
feed solution may promote fabrication of thicker nanofibers as a result of
the acceleration of the process. Our results (Table S1) were in accor-
dance with the previously published data.
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Fig. 1. SEM images and diameter distributions of electrospun mats obtained at 6 kV: 30% (w/v) zein polymer solution loaded with SE contents at (a) 0%, (b) 5%, and
(c) 10% (w/w) and SEM images and diameter distributions of electrospun fibers obtained at 14 kV: from 30% (w/v) zein polymer solutions with SE contents at (d)

0%, (e) 5% and (f) 10% (w/w). Magnification is 7500 x .
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3.2. Characterization studies

3.2.1. Morphology of fibers

The SEM images of ZNs obtained by the electrospinning of various
concentrations of zein are shown in Supplementary Fig. S1. Spherical
droplets containing very rare fibers were seen to result from the elec-
trospinning of zein 15% (w/v) solution. This is probably due to low
viscosity as a result of lower zein contents compared to other solutions.
If polymers are insufficiently entangled, beads or droplets can occur
during electrospinning (Kriegel et al., 2009). Fibers were successfully
formed at the 25% concentration of zein but were found to have beads.
Chang et al. (1999) reported that insufficient zein concentrations cause
the formation of beads due to the fact that Rayleigh instability cannot be
avoided. Beadless, smooth, and ultrafine nanofibers were obtained from
the zein solution at 30% w/v. The fiber diameter increased with zein
concentration (Table S1). Zein solutions with higher concentrations had
higher viscosities, which is not favorable due to the “bending instability”
phenomenon. Therefore, reduction in jet path due to less stretching of
the feed solution resulted in the formation of fibers with larger diameters
during the electrospinning of zein solutions with higher concentrations
(Ramakrishna et al., 2005).

Fiber diameter histograms and SEM images of ZNs containing 30%
zein in terms of SE addition and varying applied voltages are presented
in Fig. 1. The fiber diameter increased significantly with the addition of
10% SE (p < 0.05). Increasing in diameters may be caused by in-
teractions between bioactive components and zein, which will further
lead to a decrease in the polyelectrolyte character of a biopolymer so-
lution. This also decreases the repulsion between the polycationic pro-
tein chains. Similarly, Antunes et al. (2017) reported that the addition of
eucalyptus essential oil/cyclodextrin to zein solutions increased fiber
diameter. In the present study, fiber diameter increased with the applied
voltage (Fig. 1 and Table S1). Fiber diameter is usually expected to
decrease with increasing voltage, but thicker fibers were formed at a
voltage of 14 kV. Since higher voltages create stronger electric fields, the
repulsion charges of the jet increase and that leads to greater stretching
of the jet formation of thinner fibers. Increases in nanofiber diameter
may also happen due to accelerations in polymer solution motions.
Therefore, it is assumed that increasing voltages with stronger electric
fields may be able to draw bigger droplets from feeding solutions and the
average fiber diameter could thus be larger than that of fibers obtained
at lower voltages (Alehosseini et al., 2019; Zhu et al., 2017).

3.2.2. Thermal properties

The DSC thermograms for SE in pure form, zein powder, ZNs, and
encapsulated SE at 5% and 10% within ZNs are shown in Fig. 2. The ZN
denaturation transition was observed as an endothermic peak at 127.66
+ 0.72 °C. Many endothermic peaks were detected for SE because it has
many bioactive compounds. The sharp peak detected at 145.74 +
0.60 °C may correspond to the melting point of picrocrocin (Garavand
et al., 2019). After the combination of zein and SE, the endothermic
peaks of 5% and 10% ZNLSE complexes were decreased to 118.7 +
3.64 °C and 108.2 + 4.70 °C, respectively. It can be concluded that the
distribution of SE in the zein polymer matrix may result in diminished
thermal stability of the ZNLSE due to its hydrophilicity. In the DSC curve
of the ZNLSE, no sharp endothermic peak appeared, which may confirm
that the SE exists in an amorphous form rather than a crystalline form. It
may also indicate the presence of bonding between zein and SE mole-
cules with the formation of a compact structure (Chen et al., 2019).

3.2.3. FTIR spectroscopy

The infrared spectra of pure zein powder, SE, ZNs, and 10% ZNLSE
are given in Fig. 3. The spectrum of the pure zein powder revealed
absorbance bands of lowest peak intensities for -NH and —~OH groups at
3294 cm’l, carboxylic acids at 2925 cm’l, amide I (C=O stretching) at
1647 crn’l, amide II (N-H bending) at 1515 cm’l, amide III (C-N
stretching) at 1241 cm™!, and C-N stretching at 1452 cm™!

LWT 163 (2022) 113588
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Fig. 2. DSC profiles (heat flow versus temperature) of pure zein powder, SE, ZN
and ZNLSE.

(Dehcheshmeh & Fathi, 2019).

The characteristic peaks of SE appeared at 3294 cm™?, 2924 cm ™},
1608 cm ™}, 1577 ecm™}, 1269 cm™}, 1224 em ™}, 1163 em ™%, 1017 em ™},
and 747 cm~!. The peak at 3292 cm ™! was attributed to the O-H of
sugar groups existing in the structure of crocin (Alehosseini et al., 2019).
The wide peak between 2921 and 2880 cm ™! exhibits symmetric ~CHj
and -CHjy stretching vibrations and asymmetric ~-CHp, stretching vibra-
tions. The bands at 1608 cm™! and 1577 cm ™! indicate the asymmetric
and symmetric stretching peaks of carboxylic groups (C=C stretching).
Furthermore, at 1608 cm ™! (C=O stretching), ester and ketone groups
connected to an aromatic ring chain were observed (Dehcheshmeh &
Fathi, 2019). The peak observed at 1269 em! represents the C-C-C
bonding and C-C-H bonding of the aromatic groups of SE components.
The peak at 1224 cm ™! was attributed to the C-O stretching vibrations
of the cyclic ether groups. The band at 1163 cm™! matches the CCH
bonding from the aromatic rings and the C-O-C in-plane bending of the
inter-ring chain. The peaks at 1017 cm ™! and 747 cm™ are due to the
—CH in-plane bending of the aromatic rings connected to the ortho and
meta directing groups.

The characteristic bands of zein were observed at 1652 cm ™! (amide
), 1544 cm ! (amide D), 1241 cm ! (amide III), and 1453 cm ! related
to C=0 stretching vibrations, N-H in-plane bending, C-N stretching
vibrations, and C-N stretching vibrations, respectively. The stretching of
-NH and —OH groups and C-H stretching vibrations of aliphatic (-CHz
and CH3) groups were revealed at 3294 cm ™! and 2930 cm ™}, respec-
tively (Cetinkaya et al., 2022; Liu et al., 2018).

The FTIR spectra of ZNLSE had characteristic peaks at ~3294 em ™},
2958 cm™?, 2931 em™, 1650 cm™, 1541 cm ™, and 1450 cm ™. There
were differences in peak assignments for ZNLSE compared to ZNs; first,
the amplitude of a peak with wavenumber between 3600 and 3100 cm ™!
(representing -NH, —CH, and mainly —-OH groups) was observed in the
spectrum of ZNLSE. In other words, the peak transmittance intensity at
3293 cm ™! was greatly strengthened for ZNLSE compared to the same
peak for the ZN spectrum. The characteristic band revealed electrostatic
interaction between zein and SE. Secondly, the carbonyl-amide region
between 1650 and 1450 cm™' changed in the ZNLSE spectrum. The
characteristic transmittance of amide I groups at 1652 cm ™! in the ZN
spectrum shifted slightly to 1650 cm ™', while the transmittance of
amide II groups in the ZN spectrum shifted slightly from 1544
cm '-1541 cm ™! for the ZNLSE spectrum (Liu et al., 2018). It is assumed
that the carboxyl group (—COO) of the SE may interact with the amino
group (—NHj) of zein and form an ionic complex. Thirdly, peaks
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Fig. 3. ATR-FTIR spectra of pure zein powder, SE, Zein nanofiber (ZN) and Zein nanofiber loaded with SE 10% (ZNLSE).

corresponding to the vibrations of aromatic rings and an inter-ring chain
(1608 cm™!, 1577 em™), 1364 ecm™}, 1316 em™}, 1292 em™!, 1269
cm ™}, and 747 cm™!) that were present in the SE spectrum completely
disappeared in the ZNLSE spectrum. These disappearing peaks were
related to vibrations of C-C-C (the C-C stretching vibration of SE was
restricted after encapsulation), C-C-H, and C-O-C of aromatic rings and
the inter-ring chain of native SE. These results confirm the interactions
of hydrophobic and hydrogen bonding among zein proteins and SE. The
results were in accordance with the findings of Tarantilis et al. (1998),
who revealed that the “fingerprint” (1100 cm™! to 1400 cm ™) might be
the key band for structural and conformational changes of conjugated
double bond systems in saffron plant.

Furthermore, there was a shift of the amide bands to a region of
lower wavenumber for the ZNLSE spectrum. Antunes et al. (2017) re-
ported in their study that the peaks of amide I and amide II depend on
the size of the o-helix structure and a lower wavenumber suggests
greater structural stability, which is related to the increased H bonding
occurring at the N-H group. Finally, the “fingerprint” that appeared for
the shoulder band of ZNLSE at 1080 cm ™" (seen at 1040 cm ™! for SE)
revealed that the structural conformation of SE was not broken after
interacting with zein proteins (Zhang et al., 2019). Based on the points

explained here, it can be concluded that nanoencapsulation of SE was
achieved successfully.

3.2.4. Encapsulation efficiency

The encapsulation efficiencies of total crocins and picrocrocin in
ZNLSE (10% SE) were 63.9 + 0.2% and 47.6 + 0.1%, respectively.
Alehosseini et al. (2019) produced both electrosprayed particles and
electrospun fiber structures from zein solutions incorporated with SE at
different concentrations. Their results, obtained via spectrophotometric
method, revealed that the EE of the crocins in zein fibers decreased from
97% to 80% with the increasing of SE loading from 2% to 4%, respec-
tively. In the present study, at 10% SE loading, the EE of the crocins was
reduced even more (64%). This could be attributed to the increasing
component/wall material ratio in the encapsulation systems.

The HPLC chromatograms for SE and ZNLSE (10%) are presented in
Fig. 4. Peaks related to trans-crocin-4, trans-crocin-3, and cis-crocin-3
were identified in SE and electrospun samples dissolved in water to
measure the unencapsulated components (Fig. 4 bl). For determination
of the levels of both encapsulated and free components, the electrospun
fibers were dissolved in ethanol (80%) and the resulting chromatogram
of that sample is shown in Fig. 4(b2).
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Fig. 4. HPLC-DAD profiles of the RP separation of (1) picrocrocin at 250 nm and crocins at 440 nm from a representative saffron extract at concentration of 1 mg
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4, (3) trans-crocin-3, (4) cis-crocin-4, (5) cis-crocin-3 with the retention times of 5.0, 10.0, 16.9, 26.3 and 26.9 min, respectively.

3.3. Antioxidant activity

The AA of a coating material determines its ability to limit the
oxidation of food products. The AA of pure ZN was 31.6 + 1.9%. Similar
values were found by other researchers for the AA of pure ZN. The in-
hibition of ABTS free radicals by ZN can be explained by the high surface
area of the nanofibers, which provides more contact with the solution
containing free radicals. Moreover, the presence of a-zein in the nano-
fibers contributes to the AA (Altan et al., 2018; Aytac et al., 2016; Aman
Mohammadi et al., 2021). SE showed AA of 17.5 4 1.3%, which could
be due to the presence of bioactive constituents, particularly crocin,
kaempferol, and phenolic components (Popovi¢-Djordjevic et al., 2021).
Interestingly, after the encapsulation of SE (10%) into ZNs, the AA of
ZNLSE rose to 56.3 + 5.8%. These findings revealed that the combina-
tion of SE and ZN showed a synergistic effect. This effect could be

attributed to the nanoencapsulation of SE components, providing a
stronger contribution to the AA. Moreover, interactions between the free
amino groups (NH3) of zein and the carboxyl group of SE may form more
stable radical molecules, which could avoid oxidation.

3.4. Chemical analysis of fish samples

In the present study, the total volatile basic nitrogen (TVBN) contents
in fish meat at the end of storage should not exceed the level of 35 mg/
100 g (Ceylan et al, 2017). The TVBN levels of control and
ZNLSE-treated samples were below that limit value until the end of the
storage period (Table 2). TVBN values for samples coated with ZNLSE
were lower than those obtained for control samples. Baygar and
Alparslan (2015) noted that TVBN values for fillets of seabass stored at 4
+ 2 °Cwere found to be 18.11, 21.61, and 23.70 mg/100 g on the 0, 2nd,



Z. Najafi et al.

Table 2
Changes in physicochemical properties of 10% ZNLSE-coated and uncoated sea
bass fillets during refrigerated storage (2 °C).

TVBN (mg/ Day 0 Day 2 Day 4 Day 6 Day 8
100g)
Control 18.10 + 21.76 + 19.88 + 24.03 + 28.56 +
1.544 0.16>4 2,11 1.17% 0.00°*
Coated Fish ~ 18.10 + 17.83 + 18.76 + 19.41 + 19.97 +
Samples 1.54% 0.1628 2.67% 0.5828 0.4328
TBARS (mg MDA/kg)
Control 3.42 + 5.49 + 5.61 + 253 + 2.38 +
0.58° 0.14* 0.59%* 0.22°A 0.26%
Coated Fish ~ 3.42 + 2.66 + 412+ 1.04 + 1.04 +
Samples 0.58%8 0.31 %8 0.7%8 0.15® 0.22°®
PV (meq 02/kg)
Control 1.3+ 257 + 3.6+ 4.4 + 3.88 +
0.09° 0.15% 0.05% 0.13%* 0.03%
Coated Fish 1.3 + 1.95 + 3.00 + 3.05 + 3.27 +
Samples 0.09¢ 0.053 0.05°® 0.05°® 0.08%8
Free Fatty Acid (%)
Control 0.16 + 0.27 + 0.36 + 0.42 + 0.55 +
0.01¢ 0.019 0.02°A 0.03% 0.01%*
Coated Fish ~ 0.16 + 0.18 + 0.22 + 0.31 + 0.35 +
Samples 0.01¢ 0.01% 0.018 0.02°® 0.02%8
pH
Control 6.31 + 6.27 + 6.38 + 6.78 + 7.10 +
0.05¢ 0.08%A 0.02¢A 0.02°4 0.03%*
Coated Fish ~ 6.31 + 6.29 + 6.13 + 6.15 + 6.22 +
Samples 0.05° 0.08%°A 0.03% 0.01°%® 0.0258

Data are displayed in means + standard deviation of three replications.
“*Within each row, different superscript lowercase letters show differences be-
tween different storage days (p < 0.05).

A-B Within each column superscript upercase letters show differences between
different treatment groups (p < 0.05).

and 6™ day, respectively. In the present study, TVBN values of 19.97 and
28.56 mg/100 g were obtained for ZNLSE-treated and uncoated samples
on the 8" day of storage. Lower values of TVBN for the coated groups on
different days of storage indicated that ZNLSE was successful in pre-
venting the rapid increase of TVBN values.

The content of thiobarbituric acid reactive substances (TBARS) is an
important indicator when evaluating the degree of lipid oxidation in
meat products (Zheng et al., 2022). On the initial day, the TBARS value
of the control sample was 3.42 mg MDA/kg. The TBARS values obtained
for ZNLSE-coated samples and control group samples on the last day of
storage were 1.04 mg MDA/kg and 2.38 mg MDA/kg, respectively.

The TBARS values reached to maximum point at 4" day of storage
and then decreased. The simillar trend was obsereved in other studies
(Thiansilakul et al., 2010; Zhou et al., 2019; Ozogul etal., 2016). MDA is
an intermediate by-product generated during lipid oxidation and it can
be further oxidized to other oxidation products such as organic acids and
alcohols. These compounds do not react with TBA and this might be the
reason for decreasing TBARS values during storage period. On the other
hand, as can be seen from Table 2, the TBARS values of ZNLSE-coated
samples were significantly lower than those of the control group sam-
ples during storage (p < 0.05). Aboutorab et al. (2021) also found that
the TBARS values of control shrimp samples were higher compared to
shrimp dipped into SE-loaded nanoemulsions.

PV analysis was performed to measure the concentration of the pri-
mary oxidation products (hydroperoxides) during 8 days of refrigerated
storage. The initial PV of control fillet was 1.3 + 0.09 meq oxygen/kg of
fish sample. PVs for un-coated fish fillets elevated continuously up to the
amount of 4.4 + 0.13 at the 4™ day of storage and then decreased from
day 6 to 8. The reason can be decomposition of hydroperoxide into other
oxidation products during storage. The similar results have been found
by Ozogul et al. (2016) and Thiansilakul et al.(2010), who indicated the
PVs of fish fillets decreased after reaching to a maximum value during
cold storage. The PV of coated samples progressively increased
throughout storage time and these samples had lower PV than control
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samples during storage days.

The initial FFA values of fish fillets was 0.16% of oleic acid, which
was similar to that found by Ebadi et al. (2019). FFA value gradually
increased in all samples over the time and reached to 0.55 and 0.35%
oleic acid for control and coated fish samples after 8 days of storage,
respectively. This increase can be related to the enzymatic hydrolysis of
fish lipids. Our results also indicated that FFA value in the fish fillets
coated with ZNLSE, was significantly lower than control group (P <
0.05). It can be probably due to the antimicrobial ability of the nano-
coating material as can be proved by the results of TVBN and pH.

He and Xiao (2016) reported the range between 6.0 and 7.0 for pH
values of fish fillets. The initial pH values of our sample was 6.31. The
pH of control samples gradually increased and reached to 7.10 at day 8
during storage. The storage time had a significant effect on pH values of
control samples (P < 0.05). However, its effect was not significant for
coated samples during storage. During the storage period, the increase in
pH can be due to the collection of alkaline compounds which generated
by bacterial enzymes (Ebadi et al., 2019). Throughout whole storage
period, the pH values of coated samples were significantly lower than
that of the control sample (P < 0.05).

4. Conclusions

SE was successfully encapsulated into ZNs by electrospinning. Pic-
rocrocin and four glycosyl esters of crocetin, namely trans-crocin-4,
trans-crocin-3, cis-crocin-3, and cis-crocin-4, were detected in SE by LC-
MS. A zein concentration of 30% w/v is necessary to form enough chain
polymer entanglements to prevent the formation of bead morphologies.
The diameters of the obtained fibers increased with SE concentration as
well as applied voltage. Smoother beadless fibers were obtained from
30% zein solution containing 10% SE at 6 kV and 14 kV with average
diameters of 440 nm and 544 nm, respectively. DSC profiles confirmed
the change in the crystalline form of SE, which indicated the successful
incorporation of SE molecules in the zein proteins. The ATR-FTIR graphs
confirmed the disappearance of peaks because of secondary interactions,
shifted signals, and in-plane bending of —OH groups in ZNLSE. The
spectra confirmed the formation of hydrogen bonds between zein and SE
in ZNLSE. Furthermore, interaction between the free amino groups
(NHy) of zein and the carboxyl group of SE components was associated
with the high AA of 10% ZNLSE due to the production of more stable
radical molecules. All of these results clarified the successful encapsu-
lation of SE.

The findings of physicochemical analysis indicated that ZNLSE
containing 30% zein and 10% SE has great potential to be used to extend
the shelf life of seafood products and delay their spoilage during cold
storage. The fabricated ZNLSE can be used as an antioxidant coating and
active packaging material. Therefore, the protective effects of ZNLSE for
food products should be examined further by additional analysis in
future studies.
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