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Abstract

The production of biodegradable food packaging has gained a great deal of attention due to the environmental concerns
associated with the accumulation of plastic waste. In this study, chitosan (Cs)/gelatin (Gel) nanofibers (NFs) containing
Zataria multiflora extract (ZME) were prepared through the electrospinning technique. Morphological characteristics of NFs
were determined by scanning electron microscopy (SEM). NFs were cross-linked via a green process using citric acid and
heat treatment. The effect of NF cross-linking on the structure, water stability, and mechanical behavior of the scaffolds was
investigated. The antibacterial effectiveness of the prepared mats was studied by the colony counting method. In addition,
the scaffolds were applied in the preservation of edible mushrooms. SEM analysis revealed smooth and bead-free Gel70-
Cs30-ZME NFs with an average diameter of 188 nm. Cross-linked NFs possessed higher water contact angle (0° vs. 65.9°),
swelling degree (45% vs. 1079%), and mechanical properties (tensile strength of 0.14 MPa vs. 0.45 MPa) than as-spun mats.
Weight loss and water vapor permeability were reduced after cross-linking from 96 to 34% and from 6.7 to 5.2 g mm/kPa
h m?, respectively. Cross-linked Gel70-Cs30-ZME NFs exhibited satisfactory antibacterial activity with about 3 and 2 Log
CFU/mL reduction of Staphylococcus aureus and Escherichia coli populations, respectively. Electrospun mats delayed the
deterioration of mushrooms in comparison with the commonly used polyethylene films. Therefore, cross-linked Gel70-Cs30-
ZME scaffold with improved mechanical and functional properties has potential applications in fruit and vegetable packaging.
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Abbreviations

ANOVA  Analysis of variance
CFU Colony-forming unit
Cs Chitosan

E. coli Escherichia coli

FTIR Fourier transform infrared
GAE Gallic acid equivalent

Gel Gelatin

GRAS Generally recognized as safe
MHA Mueller Hinton agar

NFs Nanofibers

PE Polyethylene plastic film
PTCC Persian type culture collection
PVA Polyvinyl alcohol

QE Quercetin equivalent

RF Retardation factor

RH Relative humidity

S. aureus  Staphylococcus aureus

SEM Scanning electron microscopy

TFC Total flavonoid content
TPC Total phenolic content
WCA Water contact angle
WVP Water vapor permeability
M Zataria multiflora

ZME Zataria multiflora extract
Introduction

Food is affected by environmental conditions such as mois-
ture, oxygen, and microorganisms, therefore, packaging is
an important factor in the food industry to maintain the qual-
ity and safety of food [1]. Conventional packaging based
on plastic materials is widely used. But the waste from
these non-degradable packaging materials has caused seri-
ous environmental pollution. In recent years, research has
focused on biopolymer-based packaging as a green tech-
nology. Biopolymers from natural resources (including
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polysaccharides, proteins, and lipids) are biodegradable and
environmentally friendly and can be used as alternatives to
plastics [2, 3]. Moreover, microbial contamination is one of
the main causes of food spoilage. Thus, the application of
active packaging with antimicrobial properties has become
popular [4].

Electrospinning is a versatile, simple, and cost-effective
technique for fabricating fibers with nano- to micrometer
diameters. Electrospun nanofibers (NFs) with nanoporous
structure and high surface-to-volume ratio exhibit a high
loading capacity and sustained release of bioactive sub-
stances. Therefore, NFs have been investigated as promising
active food packaging systems [5—7]. Green tea essential oils
loaded polycaprolactone/casein NFs [6] and zein/polylactic
acid/hydroxypropyl methylcellulose NFs containing zenian
(Carum copticum) [5] were recently studied as potential food
packaging materials. Furthermore, Wu et al. prepared gelatin
(Gel)/zein NFs loaded with cinnamaldehyde and thymol as
an active food packaging system [8]. However, in some of
these reports, the application of food preservation was not
studied [5, 6].

The combination of Gel and chitosan (Cs) has been stud-
ied for the electrospinning of NFs [9]. Gel is a widely used
protein biopolymer due to its bioavailability, biocompat-
ibility, non-toxicity, low cost, and abundance. It has many
applications in the pharmaceutical, food, and biomedical
industries [10, 11]. Cs, a cationic polysaccharide, is obtained
from the deacetylation of chitin, which is extracted from
crustacean waste. In addition to biocompatibility and bio-
degradability, Cs has excellent antibacterial properties which
make it a desirable candidate for active food packaging
applications [12, 13]. In this regard, Cs casted film incorpo-
rated with tannic acid [14] and Cs/polyvinyl alcohol (PVA)
NFs containing 1,8-cineole [15] were investigated as active
food packaging.

The combination of Gel and Cs was chosen in this study
due to the high spinnability of Gel [16] and the outstanding
antimicrobial properties of Cs [12]. However, the as-spun
nanofibrous mats without any modification are water-solu-
ble and disintegrate immediately after exposure to aqueous
media [17]. On the other hand, high mechanical strength and
moisture resistance are essential for food packaging materi-
als. Cross-linking is an effective method to provide these
properties [1]. Using glutaraldehyde has been reported for
cross-linking of carboxymethyl cellulose/Gel casted films
[18] and Cs/PVA NFs [19]. Commonly used cross-linkers
such as glutaraldehyde and genipin are toxic and expensive
and therefore a safe alternative is required [20, 21]. Citric
acid is a non-toxic, abundant, and inexpensive tricarboxylic
acid which is naturally found in citrus fruits. Covalent amide
bonds are formed between the carboxyl groups of citric acid
and amino groups of Cs during heat treatment [22, 23]. Cit-
ric acid has been applied for cross-linking of Cs NFs in a few
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studies [24, 25]. The use of citric acid as a green crosslinker
in nanofibrous food packaging is a novel strategy and very
limited studies have been conducted in this field [26, 27] and
none of these studies have been done on Cs/Gel NFs. To the
best of our knowledge, using citric acid for cross-linking of
Cs/Gel nanofibrous packaging was explored in this study
for the first time.

Zataria multiflora (ZM), a member of Lamiaceae, is a
thyme-like herb that is used for the management of cough,
bronchitis, and irritable bowel syndrome and also as a fla-
voring spice. Furthermore, several studies have shown the
antibacterial, antifungal, antioxidant, and anti-inflammatory
activities of ZM. Thymol and carvacrol are the major com-
ponents of ZM [28]. These phenolic monoterpenes are clas-
sified as Generally Recognized As Safe (GRAS) by FDA
and possess broad-spectrum antimicrobial properties [29].
Moreover, Mahboubi et al. have reported the antibacterial
activity of ZM hydroalcoholic extract (ZME) against four
important foodborne pathogens [30]. Mohammadi et al.
showed the antimicrobial activity of sage seed gum casted
film containing ZM as a potential food packaging system
[31]. In another study, Cs/ZM coating enhanced the shelf life
of salmon fish [32]. Abdollahi-Kazeminezhad et al. prepared
antibacterial polyvinylpyrrolidone/kafirin NFs activated by
ZM essential oil as a potential food packaging system [33].
However, to the best of our knowledge, there is no study
conducted on citric acid cross-linked ZM activated nanofi-
brous food packaging. In other words, the combination of
Cs, Gel, citric acid and ZM was conducted for the first time
in the current paper.

In this article, citric acid cross-linked Cs/Gel NFs con-
taining ZME were successfully fabricated by the electrospin-
ning technique. The developed NFs were characterized using
scanning electron microscopy (SEM) and Fourier transform
infrared (FTIR) analysis. The water contact angle (WCA),
swelling degree, weight loss, mechanical properties, and
water vapor permeability (WVP) were also studied. The
antibacterial activity of NFs was evaluated using the colony
counting method. Finally, the efficiency of the electrospun
mat in the preservation of fresh mushrooms was investi-
gated. Therefore, the combination of Gel, Cs, and ZME,
with synergistic antibacterial activity in the form of NFs is
expected to be suitable for application in food packaging.

Materials and methods

Materials

Chitosan (Cs) (medium Mw), gelatin (Gel), citric acid, ace-
tic acid, sodium carbonate, Folin—Ciocalteu reagent, gallic

acid, quercetin, kaempferol, toluene, ethyl acetate, formic
acid, and aluminum chloride (AICl;) were obtained from
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Merck/Sigma-Aldrich (Germany). ZM was purchased from
a local grocery store and identified by the Department of
Pharmacognosy, School of Pharmacy, Shahid Beheshti Uni-
versity of Medical Sciences, Tehran, Iran under the voucher
number SBMU-8024. All the chemicals were of analytical
grade and purchased from Merck/Sigma-Aldrich (Germany).
Bacterial strains were obtained from the Persian Type Cul-
ture Collection (PTCC) (Tehran, Iran).

Preparation of the extract

ZME was prepared using the maceration method [30]. 100
g of dried and crushed leaves of ZM were macerated in 2 L
of 50% ethanol for 3 days. The extract was filtered and con-
centrated to dryness using a 90 °C water bath over about 24
h. ZME was stored at 4 °C for further experiment.

Total phenolic content (TPC)

The Folin Ciocalteu technique was selected to assess the
TPC of ZME using gallic acid as standard as previously
reported [34] with slight modification. 1 mL of diluted
Folin—Ciocalteu reagent (1:10 with deionized water) was
mixed with 200 pL of ZME in the test tube. After 10 min,
0.8 mL of sodium carbonate (7% w/v) was added to the mix-
ture and the test tube was allowed to stand for 30 min in total
darkness. Shimadzu UVmini-1240 spectrophotometer was
used to measure the absorbance of the sample at 760 nm.
The results were indicated as mg of gallic acid equivalent
(GAE)/g of ZME.

Total flavonoid content (TFC)

Aluminum chloride colorimetric assay was employed
to determine the TFC of ZME [34] with minor changes.
Briefly, 1 mL of ZME and 1 mL of different concentrations
(540 pg/mL) of quercetin as standard solutions were trans-
ferred to test tubes and 1 mL of 2% w/v AlCl; was added to
each solution. After 40 min of incubation, the absorbance
of the samples was monitored at 420 nm. TFC of ZME was
determined from the calibration plot of quercetin concentra-
tion vs absorbance and reported as mg of quercetin equiva-
lent (QE)/g of ZME.

High-performance thin-layer chromatography
(HPTLC) fingerprint analysis

HPTLC analysis was performed to identify and quantify
kaempferol in ZME [35]. Different volumes of the kaemp-
ferol standard solution, corresponding to kaempferol con-
centrations of 0.11, 0.22, 0.55, 0.99, and 1.1 mg/mL, were
used to plot the calibration curve. The various kaemp-
ferol concentrations and 1 pL of ZME were spotted on the

HPTLC plate as 10.0 mm bands. CAMAG automatic TLC
sampler 4 (ATS4) equipped with a 25 pL syringe was uti-
lized to apply the samples. Samples were positioned 10.0
mm from the bottom edge, 25.0 mm from the side edge,
and 13.6 mm apart from each other. The plate development
was carried out in an ascending mode in a twin-trough
glass chamber using 10 mL of mobile phase. The mobile
phase consisted of a mixture of toluene, ethyl acetate, and
formic acid (6:4:0.3). The migration distance of the mobile
phase was 90 mm during the analysis. Afterward, the plate
was removed from the chamber and dried at 60 °C for 5
min. The plate was scanned using CAMAG TLC scanner
3 at the wavelength of 365 nm, using an absorbance mode.
The source of the radiation employed was a deuterium
lamp. The slit dimensions, data resolution, and scanning
speed were 5.00x 0.30 mm, 100 mm/step, and 20 mm/s,
respectively.

Preparation of the solutions

Firstly, the Cs solution (3.5% w/w) was prepared by dis-
solving Cs in 0.2 M citric acid and stirred at 55 °C for 3 h
and then at room temperature overnight. Gel powder was
dissolved in 50% (v/v) acetic acid under stirring at 45 °C
for 4 h to obtain a 30% (w/w) solution. Then the Gel and
Cs solutions were mixed (at 100:0, 80:20, 70:30, and 60:40
weight ratios) for 24 h at room temperature. ZME was added
to the solutions at a weight ratio of 1:10 (ZME:polymer) and
mixed for an additional 1 h to obtain Gel a-Cs $-ZME solu-
tions, where @ and f represent the weight percentage of Gel
and Cs solutions, respectively.

Electrospinning process

An electrospinning apparatus (Nanoazma, Iran) was used
for the fabrication of NFs. Gel-Cs-ZME solutions were dis-
placed into a 5 mL plastic syringe with a 23G steel needle.
The mixtures were pumped at a flow rate of 0.20 mL/h. The
collection distance and applied voltage were fixed at 15 cm
and 19 kV, respectively. All of the spinning operations were
performed at room temperature.

Surface morphology and diameter determination

The morphology of NFs was observed using MIRA3 FE-
SEM (TESCAN, Czech Republic) field emission SEM. Each
sample of prepared NFs was sputter-coated with gold. Based
on the SEM images, the diameters of 50 NFs were measured
using Imagel analysis software. Based on the results, Gel70-
Cs30-ZME NFs were chosen for further evaluation.
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Cross-linking of nanofibrous scaffolds

Gel70-Cs30 (fibers without ZME) and Gel70-Cs30-ZME
NFs were placed in a hot air oven and heated at 120 °C for
6 h to perform the cross-linking reaction, according to the
method described by Pangon et al. for PVA/Cs NFs [36] and
were coded as Cross Gel70-Cs30 and Cross Gel70-Cs30-
ZME, respectively.

NFs characterization
Water resistance analysis

SEM was applied to monitor the structural integrity of the
as-spun and cross-linked mats. For this purpose, NFs were
placed into aqueous media for 15 and 30 min, followed by
SEM evaluation.

Water contact angle (WCA)

The hydrophilicity and wettability of the as-spun and cross-
linked scaffolds were analyzed with a contact angle measure-
ment system. A droplet of distilled water (5 pL.) was dropped
at three different places on the NFs surface and the average
of these three measurements was reported.

Swelling ratio

The nanofibrous mats (15 % 15 mm) were weighed (W1) and
immersed in distilled water for predetermined periods. Sam-
ples were then collected and weighed (W2) after removing
the surface liquid using filter paper. The swelling ratio was
calculated by the following equation [36]:

W2 - W1

x 100
W1

Swelling ratio(%) =

Weight loss

The nanofibrous mats were weighed (W1) and immersed in
distilled water for 24, 48, and 72 h. The samples were then
dried at room temperature for 24 h and weighed again (W2).
Weight loss was calculated using the following formula [36]:

W1l - w2

Weight loss(%) = Wi

x 100

Water vapor permeability (WVP)
WYVP tests of NFs carried out according to the gravimetric

method [37]. NFs samples were sealed on the top of the cups
containing distilled water, leaving little space between the
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water surface and NFs mats. Thus, one side of the nanofi-
brous mats was exposed to 100% relative humidity (RH)
inside the cup. The test cups were then placed in a glass
desiccator with dried silica gel at 25 °C. The weight of cups
was measured every 24 h over 4 days. WVP was determined
as follows [37]:

FL

wvpP = ——
AAp

where F is the slope of weight loss versus time (g/h) graph,
L is the film thickness (mm), A is the test area (cup mouth
area (m2)), and Ap is the partial vapor pressure difference
between the two sides of the nanofibrous mat (kPa).

Mechanical properties

The mechanical properties of the samples were determined
using STM-20, SANTAM universal test machine, Iran. Sam-
ples were tested using a load cell of 500 N and crosshead
speed of 1 mm/min to obtain stress—strain curves.

Fourier transform infrared (FTIR)

A WQF-510 FTIR spectrometer (Rayleigh Analytical Instru-
ment Corporation, China) was used to analyze the molecular
interactions and functional groups of pure materials and pre-
pared NFs within a range of 4000—400 cm™! and resolution
of 4 cm™.

Functional properties of NFs
Antibacterial activities

The agar well diffusion method was used to investigate the
antibacterial properties of ZME [38]. Two bacterial strains
(Staphylococcus aureus (S. aureus), ATCC 25923, and
Escherichia coli (E. coli), ATCC 25922) were selected for
this study. Mueller Hinton agar (MHA) plates were inocu-
lated with 100 pL of bacterial suspensions of 1.5x 10® col-
ony-forming units (CFU)/mL. An 8 mm diameter well was
aseptically punched on the medium surface. 100 pL of dif-
ferent concentrations of ZME (diluted with distilled water)
was added to each well, and then incubated at 35 °C for 24
h. After incubation, the zones of inhibition were assessed.
All experiments were repeated three times.

The antibacterial activities of Gel70-Cs30, Gel70-Cs30-
ZME, Cross Gel70-Cs30, and Cross Gel70-Cs30-ZME NFs
were evaluated by the colony counting method [39] against
S. aureus and E. coli. Polyethylene plastic film (PE) was
used as the control. The NFs were cut into circular discs
(24 mm in diameter) and sterilized under UV radiation for
40 min (20 min each side). 100 pL of bacterial suspension
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(1.5 x 108 CFU/mL in normal saline) was pipetted on each
sample and incubated for 24 h. Serial dilutions were made
using normal saline and 1 mL of each solution was mixed
with 15 mL of the nutrient agar medium in sterile plates and
incubated at 35 °C for 24 h. Finally, the number of colonies
was counted and reported as log (CFU)/mL.

Application of NFs for food packaging

Fresh mushrooms (Agaricus bisporus) were purchased from
a local supermarket and assigned to four groups: the first
group was packed with PE, the second and third groups were
packed with Cross Gel70-Cs30 and Cross Gel70-Cs30-ZME
NFs, respectively, and in the last group mushrooms were
kept unpacked which were considered as the control. All
samples were stored at 25 °C and observed periodically for
their appearance, weight loss, and spoilage. The weight loss
of mushrooms was calculated according to the following
equation [40]:

. Wi
Weight loss(%) = W

l

! % 100

W;: the initial weight of mushrooms, W: weight of mush-
rooms at storage time.

Statistical analysis

All experiments were performed in triplicate and the results
were presented as means + standard error of mean. Data
were analyzed by #-test and one-way analysis of variance
(ANOVA) (GraphPad Prism). Statistical significance was
considered at a P value <0.05.

Results

Total phenolic and flavonoid contents and HPTLC
of ZME

The yield of dried extract (ZME) was 21.8 g/100 g of dry
ZM leaves. The TPC and TFC were 162.4 +2.2 mg GAE/g
ZME and 21.7+0.3 mg QE/g ZME, respectively. HPTLC
analysis was also performed (Fig. 1a). To identify kaemp-
ferol, the retardation factor (Rf) of the compound in the
sample were compared to the standard. The matching Rf
value confirmed the presence of kaempferol. The Rf of
kaempferol was found to be 0.568 +0.002 (Fig. 1b). The
calibration curve was linear in the range of 0.11-1.1 mg/mL
(y=11.88x—-932.8, R?=0.998). The content of kaempferol
in the extract was 2.52 mg/g herbal extract.

a

Kaempferol Zataria multiflora
Extract

Peak are (AU)

Fig.1 a HPTLC profile of kaempferol (track 1-6) and ZME (track
7-12) on the silica plate at 365 nm and b the corresponding three-
dimensional densitometric chromatogram of kaempferol standard
solution (at different concentrations) and the herbal extract

Diameter and morphology of different Gel-Cs-ZME
NFs

Figure 2a shows the SEM images of Gell00-Cs0-ZME,
Gel80-Cs20-ZME, Gel70-Cs30-ZME, and Gel60-Cs40-
ZME NFs. These photographs confirm the formation of
NFs in all formulations. The first three formulations had
uniform, smooth, and bead-free structures without any
visible particles, indicating the compatibility between the
ingredients and the integration of extract into the scaffolds.
With an increase in Cs concentration to 40%, beads and
defects were observed in Gel60-Cs40-ZME NFs.

The diameter distributions and the average fiber diam-
eter of samples are presented in Fig. 2b and c. As can be
seen, pure Gel NFs showed the highest average diameter
(775412 nm). By increasing the Cs concentration to 30%,
the average diameter of the NFs significantly decreased to
188 +7 nm (P <0.0001 vs. Gel100-Cs0-ZME and Gel80-
Cs20-ZME). There was no significant difference between
the diameters of Gel70-Cs30-ZME and Gel60-Cs40-ZME
NFs (P> 0.05).
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Fig.2 SEM images (a) and diameter distribution and average diam-
eter (b) of as-spun NFs with different Gel:Cs ratios; box and whisker
plot for fiber diameters. Box boundaries represent 50% (25-75%) of

Cs can provide enormous functional properties for food
packaging, including antibacterial and antioxidant activi-
ties [12]. Thus, NFs containing the highest amount of Cs
as well as no morphological defects were desirable in this
study. Therefore, Gel70-Cs30-ZME NFs were chosen as the
optimum formulation.

Water resistance analysis

Figure 3 shows the morphological changes of Gel70-
Cs30-ZME and Cross Gel70-Cs30-ZME NFs before and
after water contact. Based on the results, the fibrous mor-
phology of the Gel70-Cs30-ZME sample was completely

Fig.3 SEM images of as-spun
(top) and cross-linked (bottom)
NFs before and after water
contact for 15 and 30 min

Gel70-Cs30-ZME

Cross Gel70-Cs30-ZME

@ Springer

200 300 400 5
Diameter (nm)

Gel80-Cs20-ZME
[ Gel70-Cs30-ZME

%

[ Gel60-Cs40-ZME

0.
100 200 300 400 500

Diameter (nm)

=3

all data points and the line inside is the median value (c). (**** and
####: P<0.0001 vs. Gel70-Cs30-ZME and Gel60-Cs40-ZME NFs,
respectively)

lost after 15 min of water contact while cross-linked NFs
retained their morphology and swelled during 30 min of
water exposure.

WCA measurement

WCA indicates surface wettability [41]. It was observed that
the water droplet on the as-spun mat disappeared immedi-
ately, which was attributed to the super hydrophilicity of
the scaffold. In contrast, the cross-linked mat had a WCA
value of 65.9 +3.4° (Fig. 4a) indicating the efficacy of the
cross-linking process.
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Swelling ratio and weight loss analyses

Figure 4b illustrates the swelling patterns of Gel70-Cs30-
ZME and Cross Gel70-Cs30-ZME NFs. As can be seen, the
Cross Gel70-Cs30-ZME membrane showed a higher swell-
ing ratio compared with Gel70-Cs30-ZME scaffold at all
time points. The swelling degree increased from 419 +21%
to 1079 +62% for cross-linked NFs and decreased from
238 +£50% to 45+ 10% over 72 h for as-spun mats.

The weight loss data of Gel70-Cs30-ZME and Cross
Gel70-Cs30-ZME NFs are presented in Fig. 4c. As can be
observed, the weight loss of the as-spun mat was 81% at 24
h, and increased over time to 96% at 72 h. The cross-linked
scaffold exhibited an almost constant percentage of weight

30 60 180
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1440 2880
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e
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0 01 02 03 04 05
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loss at all time points (P> 0.05, ~34%) which was signifi-
cantly lower than that of the as-spun mat (P <0.001 at all
time points).

WVP measurement

One of the main functions of food packaging is limiting the
transfer of water vapor between food and the environment
and WVP reflects this ability of polymeric scaffolds [42].
As shown in Fig. 4d, Gel70-Cs30-ZME and Cross Gel70-
Cs30-ZME NFs possessed the WVP value of 6.69+0.20 g
mm/kPa h m? and 5.17 +0.19 g mm/kPa h m?, respectively
(P<0.01).
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Mechanical properties

The influence of cross-linking by citric acid and heat treat-
ment on the mechanical properties of NFs is presented in
Fig. 4e. Tensile strength and Young’s modulus of the cross-
linked scaffold were about three and four times higher than
that of the as-spun mat, respectively. The elongation at
break of scaffolds remained unchanged after cross-linking
(P>0.05).

FTIR analysis

Figure 5a shows the FTIR spectra of pure Gel, Cs, ZME,
citric acid, the physical mixture, and the prepared NFs.
The FTIR spectrum of Gel powder showed characteristic
bands at 1650 cm™! (C=0 stretching of amide I), 1547 cm™!
(N-H bending of amide IT), and 1241 cm~! (N-H bending of
amide III). A broad peak located at around 3300 cm™" was
attributed to the N—H and O—H stretching vibrations [43,
44]. For Cs, a peak positioned at 3457 cm™! corresponded
to N—H and O—H stretching vibrations. The peak at 2918
cm™~! was related to C—H stretching. Peaks at 1653 and 1597
cm™! belonged to C=0 stretching (amide I) and N-H bend-
ing vibrations, respectively. The peak at 1078 cm™! was
attributed to C—O—C stretching [24, 43, 44]. ZME showed
vibrations at 3422, 1600-1400, and 1253 cm™! correspond-
ing to phenolic groups, C=C—C of the aromatic ring, and
aromatic ether, respectively [39]. For citric acid, the peak at
3284 cm™! was attributed to O—H stretching. Two peaks at
1745 and 1691 cm™' were associated with C=O stretching
of carboxylic acid [45]. The FTIR spectrum of the physical

mixture exhibited a superposition of the peaks of pure sub-
stances. In ZME-loaded NFs, stronger absorption bands at
around 3400 and 1600-1400 cm™! (especially at 1459 and
1418 cm™!) confirmed the incorporation of ZME in NFs.
Figure 5b shows the cross-linking mechanism of Cs by citric
acid and heat treatment.

Antibacterial properties

Figure 6a shows the inhibition zones of different concentra-
tions of ZME against S. aureus (the Gram-positive bacteria)
and E. coli (the Gram-negative bacteria). ZME exhibited a
concentration-related antibacterial activity against S. aureus
(25 mg/mL: 10 mm, 100 mg/mL: 14 mm, and 400 mg/mL.:
18 mm). No inhibition zone was observed for tested concen-
trations against E. coli.

The antibacterial activities of NFs are presented in
Fig. 6b. As can be seen, Gel70-Cs30 NFs decreased the
population of S. aureus around 2 Log CFU/mL, which is
attributed to the antibacterial activity of Cs. The S. aureus
count after treatment with Gel70-Cs30-ZME NFs was 2.75
Log CFU/mL which is about 2 and 4 Log CFU/mL lower
than that of Gel70-Cs30 and control mats, respectively. This
indicates the combined antibacterial properties of Cs and
ZME. A comparison of bacterial populations treated with as-
spun and cross-linked samples demonstrates that the cross-
linking process reduces the antimicrobial effect.

In the case of E. coli, there was no significant dif-
ference between the bacterial populations treated
with Gel70-Cs30 and Gel70-Cs30-ZME NFs. This
result was also true for Cross Gel70-Cs30 and Cross

Fig.5 FTIR spectrum of Gel, a
Cs, ZME, citric acid, the physi-

cal mixture, and different NFs

(a), Schematic illustration of
cross-linking reaction between Gel
Cs and citric acid through ther-
mal annealing (b)
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Fig.6 Inhibition zones of dif- S. aureus E. coli

ferent concentrations of ZME
against S. aureus (left) and E.
coli (right) (a); Effect of dif-
ferent mats on the growth of S.
aureus and E. coli (b) (¥%*%*:
P<0.0001 and *: P<0.05

vs. PE, ####: P <0.0001,

###. P<0.001, ##: P<0.01
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Gel70-Cs30-ZME.)
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Gel70-Cs30-ZME samples and confirms the lack of anti-
bacterial activity of ZME against E. coli (Fig. 6a). Never-
theless, the Cross Gel70-Cs30 scaffold was able to reduce
the bacterial count by about 2 Log CFU/mL which was
lower than the as-spun mats.
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Mushroom preservation study
In the current study, the mechanical stability of NFs and

their moisture resistance were enhanced after cross-linking.
Therefore, Cross Gel70-Cs30 and Cross Gel70-Cs30-ZME
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scaffolds were selected for evaluation of food preservation
capacity.

The appearance of mushrooms packed with different sam-
ples during storage time is shown in Fig. 7a. According to
the results, the unpacked mushrooms had a dry and wrinkled
appearance, while the other samples maintained their fresh-
ness during 6 days of storage. As shown in Fig. 7a, the mold
was observed on the stem of mushrooms covered with PE
at 4th day. Thus, these mushrooms became inedible after 4
days. In contrast, the mushrooms packed with nanofibrous
mats did not exhibit decay till the end of the experiment.

Figure 7b presents the weight loss values of mushrooms.
According to the results, the weight loss of all samples
increased by increasing the storage time. The highest and

Fig.7 Effect of different mats a
on appearance (a) and Weight
loss (b) of mushrooms during
storage time. (¥*: P<0.01, **%*;
P<0.001 and ****: P<0.0001
vs. unpacked mushrooms)

Unpacked

6t day

Cross Gel70-Cs30 Cross Gel70-Cs30-ZME PE

lowest weight loss values were recorded for unpacked and
PE-treated mushrooms, respectively (93% and 7% at 6th
day, respectively). A weight loss value of around 65% was
obtained for mushrooms treated with Cross Gel70-Cs30 and
Cross Gel70-Cs30-ZME NFs on day 6, which was signifi-
cantly (P <0.0001) lower than that of the control group.

Discussion

Nowadays, using biopolymers and natural active substances
has been a topic of research interest in the field of food pack-
aging due to their bioavailability, biocompatibility, and
antimicrobial activity [3]. Despite these advantages, their
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application is limited because of low moisture stability and
mechanical properties [1]. In this regard, our effort was to
develop cross-linked Gel-Cs NFs containing antibacterial
ZME, through a feasible and safe method, which does not
require using any toxic cross-linkers.

ZM is rich in active polyphenols [28, 29]. Hence, the
standardization of the extract was carried out by measuring
total phenolic and flavonoid contents. Different amounts of
polyphenols have been reported for ZME. Mahboubi et al.
[30] and Fatemi et al. [46] reported lower TPC and higher
TFC values, compared to the present study, respectively.
These variations are mainly due to differences in environ-
mental characteristics, climatic conditions, and the type of
solvent used [47]. HPTLC is an analytical tool that sepa-
rates, identifies, and quantifies chemical compounds of a
sample in a single step. It is a rapid and relatively low-cost
technique that requires small sample volumes and minimal
mobile phase [48]. HPTLC fingerprint analysis was con-
ducted to determine kaempferol in ZME. Kaempferol is one
of the flavonoid components in ZME [49]. Based on the
data, this component was found to be 2.52 mg/g in the herbal
extract (Fig. 1).

The surface morphology and diameter size of NFs were
determined with the aim of SEM analysis (Fig. 2). The
presence of beads in NFs with higher Cs content has been
reported previously [50]. The amine groups in the Cs struc-
ture become protonated in acidic solutions and a positively
charged and highly viscous solution is obtained. As a result,
the electrical field cannot overcome the surface tension on
the tip of the jet. This phenomenon leads to the formation of
beads and non-uniform NFs [50, 51]. Achieving thinner fib-
ers due to higher Cs concentration is in agreement with the
results of previous experiments performed on drug-free [52]
and e-polylysine loaded NFs [44]. The positive charge of Cs
could lead to the high conductivity of the spinning solution
and the fabrication of NFs with smaller diameters [44].

To verify the effectiveness of the cross-linking process
some tests including SEM analysis after water contact (water
resistance) (Fig. 3), WCA, swelling, weight loss, WVP, and
mechanical analysis (Fig. 4) were operated. The enhance-
ment of the water resistance of NFs after cross-linking
(Fig. 3) has been observed previously in glutaraldehyde-
mediated Cs /PVA NFs [53]. Similar to the present study,
SEM images showed that the porous structure was preserved
in cross-linked scaffolds while the as-spun ones lost their
fibrous morphology after soaking in water which could indi-
cate the partial dissolution of the polymer structure [53].

The WCA value reflects the surface wettability of
nanofibrous membranes, which is affected by the chemi-
cal composition [41]. The WCA value of 0° has been
reported for Gel/polycaprolactone [54] and Cs/polylactic
acid NFs [55]. The increase in the surface hydrophobicity
upon cross-linking may be attributed to the involvement of

polar groups in the formation of hydrophobic ester bonds
between Cs and citric acid (Fig. 5b), resulting in a higher
WCA value [45].

The swelling degree is a sum of weight gain and weight
loss of membranes upon immersion in water. The weight
gain results from the stability of the 3D structure of the
scaffold and its water-retaining capacity while weight loss
occurs when the membrane is unstable and disintegrates in
water [56]. In the present study, weight gain was the domi-
nant phenomenon for cross-linked Gel70-Cs30-ZME NFs
(Fig. 4b), which can be attributed to the enhanced water
stability caused by cross-linking, while weight loss hap-
pened for uncross-linked NFs which may be due to their
high water-solubility.

Weight loss analysis (Fig. 4c) reveals the stability of a
membrane in aqueous media. In this study, the water stabil-
ity of NFs increased dramatically after cross-linking, which
is in agreement with the results of Pangon et al. that showed
the as-spun Cs/PVA NFs containing different multicarbo-
xylic acids dissolved completely in water, while the cross-
linked mats exhibited a low percentage of weight loss [36].
This could be due to recombination and increased interaction
between components through heat treatment cross-linking
(Fig. 5b) [25].

Generally, low WVP values are preferred to extend the
shelf life of packaged foods [12]. Similarly, Tayeb and
Tajvidi reported a decrease in WVP of nanocellulose film
using a cross-linking agent and heat treatment as a result
of the esterification reaction between the components [57].
Besides, the cross-linking process makes the polymer chains
more compact and reduces the diffusion of water molecules
[58].

Since the electrospun membranes are prepared for food
packaging application, they must be able to provide suit-
able mechanical properties during processing, transporta-
tion, and handling to maintain their integrity [1]. In the cur-
rent study, the stiffness of the scaffolds was enhanced due
to cross-linking (Fig. 4e). This may be due to the interaction
and formation of strong bonding between components which
makes the structure more compact [59]. Similar trends of
increasing tensile strength and Young’s modulus due to
cross-linking by citric acid and heat treatment have been
demonstrated for sesame protein membrane [59] and starch
film [60]. In general, cross-linking reduces the elongation
at break of scaffolds and makes them less flexible, which
is not favorable in food packaging applications. However,
in the case of citric acid, different and controversial results
have been reported, which are attributed to the plasticizing
effect of citric acid [1, 59, 60]. In this work, the absence of a
significant difference between the elongation at break of the
as-spun and cross-linked mats indicates that cross-linking
with citric acid and thermal annealing did not decrease the
flexibility and ductility of NFs.
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FTIR analysis elucidates chemical interactions between
active ingredients and polymers during the preparation pro-
cess. The main peaks of the pure materials were similar to
those documented in previous studies [39, 43—45]. In this
study, no major difference was observed between the FTIR
spectra of as-spun and cross-linked fibers (Fig. 5a). Accord-
ing to the cross-linking reaction, the effect of cross-linking
on the FTIR spectrum is determined by the changes in peaks
associated with amide I and II [25, 61]. These peaks were
obscured by the characteristic peaks of Gel at these points.

Since microbial contamination is considered to be an
important reason for food spoilage [4], Cs and ZME were
used as antimicrobial agents in prepared NFs. The antibacte-
rial studies of NFs (Fig. 6b) revealed that both as-spun and
cross-linked Gel70-Cs30-ZME scaffolds could effectively
reduce the populations of S. aureus and E. coli. Lower anti-
bacterial activity in cross-linked scaffolds may be due to the
interaction of functional groups of Cs during cross-linking
process. In fact, the protonated amino groups of Cs polymer
interact with the negatively charged molecules on the bacte-
rial cell surface and cause the permeability and leakage of
the intracellular material, resulting in bacterial cell death
[12]. During heat treatment, amino groups interact with the
citric acid and lead to the formation of covalent amide bonds
[23]. Hence, these amino groups were unavailable and Cs
cannot fully exert its antibacterial activity. Grkovic et al. fab-
ricated cross-linked Cs/polyethylene oxide NFs using citric
acid and thermal annealing. They showed that by increasing
the heating temperature from 80 to 145 °C, the cross-linking
improved while the antibacterial activity decreased due to
the amino groups reduction [25].

To evaluate the application of NFs in food packaging,
edible mushrooms were used (Fig. 7). The longer shelf life
of mushrooms packed with NFs is presumably related to
the antimicrobial properties of electrospun mats and preven-
tion of moisture accumulation compared to PE. In a similar
study, less spoilage of strawberries covered with NFs con-
taining the antibacterial peptide nisin was attributed to the
absorption of surface moisture and antibacterial activity of
the NFs [62]. Dehydration is an important factor affecting
the mushroom quality during its shelf life. In this study, a
28% reduction in weight loss value was achieved by packing
the mushrooms with NFs in comparison with the control
group (Fig. 7b). Similar results were also reported by Shao
et al. when they coated edible mushrooms with zein NFs
containing cinnamaldehyde essential oil [63].

Conclusion
In the current work, Gel/Cs NFs loaded with ZME were

fabricated as an antibacterial food packaging material via
the electrospinning technique. Citric acid was used as the

@ Springer

cross-linking agent. Gel70-Cs30-ZME NFs were chosen
as the optimum formulation due to the uniform and bead-
free structure as observed by SEM. Thermal annealing was
applied in order to complete the cross-linking reaction and
prepare cross-linked NFs. Cross Gel70-Cs30-ZME NFs
exhibited higher surface hydrophobicity and water vapor
barrier property and lower solubility compared with the as-
spun sample. The cross-linking process had a positive effect
on the mechanical properties. Antimicrobial studies revealed
that the ZME-loaded NFs could efficiently inhibit bacte-
rial growth due to the presence of Cs and ZME. Besides,
prepared NFs were effectively able to extend the shelf life
of edible mushrooms. Considering the water resistance,
mechanical and antibacterial properties, and food preserva-
tion ability, the novel Cross Gel70-Cs30-ZME electrospun
membrane could be a potential candidate for food packaging
application.
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