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applications.  Nanofibers = were  fabricated  via
electrospinning, with TEO (3% and 6% w/w) and ZnO
integrated through an emulsion method, and compared

against a direct mixing approach. Scanning electron
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compared to those produced by direct mixing. Specifically,

effectively maintained the total bacterial count of

Attribution  (CC~ BY)  license packaged meat within the standard range (<6 Log CFU/g)
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s/by/4.0/). for up to 6 days. These findings highlight the significant

potential of electrospun CS/PCL nanofibers incorporating
emulsified TEO/ZnO  for developing effective
antimicrobial food packaging solutions, thereby enhancing
food safety and extending shelf life.
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Introduction

Food packaging is critical for preserving
food quality and safety by safeguarding
against environmental influences and
microbial contamination, which helps
maintain the quality and safety of
commercial products (Gasti et al., 2022).
Traditionally,  synthetic  plastic-based
materials have been widely employed for
this purpose. However, growing concerns
regarding these plastics stem from their
degradation into micro- and nanoplastics
through physical and chemical processes,
which can contaminate the environment,
enter the human food chain, and pose
adverse health risks (Liu et al., 2021).
Consequently, there is a heightened interest
in replacing conventional  synthetic
packaging with sustainable alternatives
derived from natural polymers, such as
polysaccharides and proteins (Liu et al.,
2022).

Chitosan stands out as a highly
promising biomaterial for biodegradable
film production, owing to its abundance,
cost-effectiveness, excellent film-forming
capabilities, low toxicity, and inherent
preservative attributes (Cardoso et al.,
2019). Derived from the partial
deacetylation of chitin, this polysaccharide
uniquely possesses potent antimicrobial,
antifungal, and antioxidant activities,
rendering it particularly suitable for food
packaging applications (Radulescu et al.,
2015). However, a significant limitation of
pure chitosan films is their poor water
resistance and low mechanical strength,
which leads to softening and disintegration
upon contact with water (Motelica et al.,
2020). These drawbacks severely restrict
their utility in food packaging, especially in

high-humidity environments.
Consequently, research efforts are focused
on strategies to enhance the
physicochemical and functional properties
of chitosan films, including blending with
other  polymers and incorporating
nanoparticles (Cao and Song, 2019;
Taherimehr et al., 2021).

Polycaprolactone (PCL) is a widely
studied  biodegradable

polymer, valued for its low melting point,

thermoplastic

excellent thermal processability, and low
viscosity. Its widespread use in packaging
applications is attributed not only to its
biodegradability = but also to its
biocompatibility with other polymers and
superior mechanical properties (Thakur et
al., 2021). To further enhance film
performance, the incorporation of inorganic
nanoparticles, such as silver or titanium
dioxide, has been shown to improve
mechanical attributes (Azari et al., 2020).
Similarly, zinc oxide (ZnO) nanoparticles
(ZnO NPs) can be directly integrated into
polymer matrices, including chitosan, to
bolster mechanical and barrier properties.
ZnO NPs also result in better packaging
performance and longer food shelf-life. The
primary antimicrobial mechanism is the
production of reactive oxygen species,
which can vary based on morphology and
size. In general, ZnO NPs can halt the
growth of fungi, Gram-positive, and Gram-
negative bacteria, lowering the risk of
cross-contamination and thereby increasing
the longevity of products (Kim et al., 2022;
Nejatian et al., 2023). For the fabrication of
such advanced materials, electrospinning
stands as the most common and effective
method for producing nanofibers from
biopolymers, yielding structures with high
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surface-area-to-volume ratios and desirable
mechanical characteristics (Phan et al.,
2021).

Chitosan electrospinning is enhanced by
additives like chitin nanofibers (improved
molecular orientation) or polyethylene
oxide (increased chain entanglement via H-
bonding) (Darbasizadeh et al, 2018;
Dobrovolskaya et al., 2018). Combining
chitosan with PCL in solvents like
acetic/formic acid increases solution
conductivity and viscosity, enabling
electrospinning at lower concentrations
(Van der Schueren et al, 2012).
Chitosan/PCL
effectively

composite  nanofibers

encapsulate bioactive
compounds (e.g., cinnamaldehyde (CIN),
oregano oil (OEO), chrysanthemum oil
(CHEO)), demonstrating sustained release
(73-78% CIN retained after 96h) and potent
antibacterial  activity = against  food
pathogens (Rieger and Schiffman, 2014;
Lin et al., 2019; Ardekani-Zadeh and
Hosseini, 2019; Wang et al., 2019). Similar
antimicrobial efficacy is shown by clove oil
(CLV) in PCL/gelatin nanofibers, without
cytotoxicity (Unalan ef al., 2019; Mohajeri
et al., 2023). Thyme essential oil (TEO)
contains compounds such as thymol,
carvacrol, and 1,8-cineole, such that the
antimicrobial properties of the whole
essential oil are greater than any of its
components, indicating a synergistic effect
of each of the compounds in the essential
oil with each other. This plant is abundantly
found and is also cultivated in plant
breeding centers. Its essential oil is used in
foods and, in addition to therapeutic and
health applications, it is also consumed
orally. Due to its excellent antimicrobial
and antioxidant properties, thyme may be

added to packaging materials to increase
the shelf life of food products (Tajbakhsh
and Moumeni, 2015; Nieto, 2020).

Most previous studies have focused on
the direct addition of bioactive compounds
to electrospinning solutions to fabricate
nanofibers, which may result in a sudden
and intense release of the bioactive
compounds physically encapsulated on the
fiber surface. For example, encapsulation
of curcumin in gelatin nanofibers resulted
in a release of more than 70% after only 4
hours (Deng ef al., 2017). In another study,
where caffeine was directly mixed into a
cellulose spinning solution, 60% of the
caffeine was immediately released from the
nanofibers into an aqueous solution
(Furtado et al., 2020). Additionally, storage
time significantly impacts the antimicrobial
and mechanical properties of bioactive-
loaded nanofibers. Since essential oils are
volatile and prone to oxidation, their
gradual evaporation and degradation over
time reduce their effective concentration in
nanofibers, leading to  diminished
antimicrobial activity. Without controlled-
release systems (e.g., encapsulation in
emulsion, cyclodextrins or liposomes), this
decline becomes more pronounced (Aytac
et al., 2017). To overcome this challenge
and improve the mechanical properties of
the produced film, strategies such as
encapsulation (e.g., within nanoemulsions
before electrospinning), polymer
crosslinking, or combining EOs with stable
antimicrobial agents (e.g., silver or ZnO
nanoparticles) are recommended to
enhance the long-term stability and
performance of nanofibers (Farahani et al.,
2020). This  study
incorporating  TEO, either

innovates by
directly
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encapsulated or hybrid nanoencapsulated,
into chitosan/PCL
specifically investigates if TEO hybrid

nanofibers. It

nanoencapsulation within the nanofibers
provides more stable, sustained release than
conventional TEO encapsulation,

enhancing antimicrobial film longevity.

Materials and methods

Materials

PCL with a molecular weight of 80,000 Da
and medium molecular weight chitosan
(MMWC) with a deacetylation degree of
75-85% were purchased from Sigma-
Aldrich Company. The required solvents
were obtained from Dr. Mojallali Chemical
Industries Complex (Tehran, Iran) and TEO
was sourced from Barij Essential
Pharmaceutical Company. Bacterial strains
including Listeria monocytogenes ATCC
13932 and Escherichia coli ATCC 25922
were also prepared from the Industrial
Research and Training Center of Iran.

Preparation of electrospinning solutions

Two solution strategies were adopted in
polymer blending (Ardekani-Zadeh and
Hosseini, 2019; Ma et al, 2019). In the
emulsion method, a given amount of
chitosan (CS) was dissolved in acetic acid
solution (2%, v/v) by stirring at 600 rpm for
3 h to obtain a clear 2% (w/w) solution (To
remove any undissolved  chitosan
impurities, the chitosan solution was
filtered through a 1 pm filter). The pH of
the solutions was adjusted to 4 using a SN
of NaOH solution. Tween-80 (half the
amount of essential oil) was added as a
surfactant to the solution and stirred at 60
°C for 30 min to achieve a homogeneous

mixture. After cooling, TEO was gradually

added at different concentrations (3% and
6% w/w) into the aqueous phase under
vigorous stirring for 4 minutes, followed by
an additional 20 minutes of stirring. An 8%
(w/w) PCL dispersion was prepared by
dissolving certain amounts of PCL in
dichloromethane. The chitosan (2%) and
PCL (8%) dispersions were then mixed to
form two distinct phases (aqueous and oil)
in the emulsion at a volume ratio of 8:2. The
prepared mixtures were stirred
continuously for 8 hours at room
temperature.

In the conventional mixing method, a
2% CS solution was first prepared by
dissolving 2 g of CS powder in 100 ml of
acetic acid (2% v/v). PCL was dissolved in
acetic acid to prepare an 8% (w/v) solution.
Then, these solutions were mixed for 72
hours at room temperature. Next, the
essential oil was added to the above mixture
at concentrations of 3 and 6% (w/w) and
mixed for an additional hour.
Characterization  of  electrospinning
solutions
The viscosity of the electrospun solutions
was determined using a rotational
viscometer (Brookfield, model DV III
ULTRA, USA). For this purpose,
concentric cylinder geometries including
ULA, SC4-18, SC4-25, 31 and SC4-34
were used. During the test, the temperature
of the sample inside the geometry was kept
constant at 25°C by a circulator (Nejatian
and Abbasi, 2019).

Electrospinning process

The electrospinning process performed in
the present study was based on the slightly
modified procedure described by Nejatian
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et al. (2023). The upper surface of a clean
polyethylene film was covered by the
polymer solutions prepared in the previous
step using an industrial electrospinning unit
(INFL260B, Iran). This device is nozzleless
and has 2 electrospinning units. The
electrospinning process parameters such as
spinneret and collector settings,
electrospinning distance (12 cm), linear
speed of 20 cm/s, temperature (30°C), and
humidity 40% were controlled and adjusted
using an advanced integrated control

system.

Characterization of electrospun fibers

Field emission scanning  electron
microscopy (FE-SEM) was used to
characterize the morphology of the
electrospun nanofibers, and the average
fiber diameter was determined by Image J
software by randomly measuring 50 fibers.
Before imaging, the samples were coated
with a thin layer of gold and imaging was
performed at different magnifications. In
addition, energy-dispersive X-ray
spectroscopy (EDX, EDS) was used to
study the chemical composition of the
nanofibers formed on the film (Nejatian et
al., 2023).

The nanofibers were also characterized
by Fourier transform infrared spectroscopy
(FTIR) over the wavenumber range of 400-
4000 cm™!, with a spectral resolution of 4
cm’!. The crystal structure of the prepared
nanofibers was investigated using an X-ray
diffraction (XRD) device over the 20
scanning range of 2-50° at a step size of
0.02°/min (Ardekani-Zadeh and Hosseini,

2019).

Water vapor permeability (WVP)

The WVP of the nanofibers was determined
according to the American society for
testing and materials E96 method (ASTM,
2002). For this purpose, 10 ml of distilled
water was added to the permeability
measurement cells. Then, the surface of the
cells (with a diameter of 30 mm) was
covered with nanofibers using silicone
grease adhesive and the cells were placed in
a desiccator including dried silica gel. The
difference in humidity on both sides of the
nanofibers at a temperature of 25°C creates
a vapor pressure difference of 2.337x10°
Pa. The weight changes of the cells were
measured at 2-hour intervals over 12 hours
using a digital precision scale with an
accuracy of 0.0001 g. Then, by plotting the
curve of cell weight changes versus time, a
straight line was obtained. Next, WVP was
measured according to the following
equation (ASTM, 2002):

WVTR xL

AP
Where, WVP is the water vapor

permeability in terms of g mm/kPa h m?,

WVP =

WVTR is the water vapor transmission rate
(obtained by dividing the slope of the
drawn line by the film surface area), L is the
average thickness of the sample (mm), and
AP is the difference in vapor pressure inside
and outside the cell, equivalent to
2.337x10° Pa.

Evaluation of antibacterial activity

The antibacterial activity of the sample was
evaluated by the colony forming unit (CFU)
method according to the reference. The
samples were sterilized by 70% ethanol and
physiological solution. Then the bacterial
suspension was prepared according to the
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McFarland standard and its OD was checked
at A 630 nm. 1000 pL of bacterial suspension
was poured on the samples and incubated for
24 hours at 37+1°C. Next, dilution was done
in a ratio of 10 to 90 and the diluted bacteria
were placed on Nutrient Agar culture
medium and incubated for 18 hours at a
temperature of 37£1°C. After incubation, the
average number of colonies was determined
by the Image J software and the antibacterial
activity of the samples was calculated using
the following equation (Aytac et al., 2017),

Ny — N,
R(%) = A B

x 100
A

Where, R (%) denotes the antibacterial
activity of the sample in percent. Na is the
number of colonies in the sample before
contact with the antibacterial agent, and N3 is
the number of colonies in the sample after
contact with the antibacterial agent.

The use of electrospun nanofilm in the
packaging of meat

ZnO/thyme electrospun nanofilm was used as
the top layer of a cube-shaped polyethylene
package (modified from Nejatian et al.,
2023). For this purpose, first, 250 g of meat
was packed and sealed with a layer of the
prepared nanofiber film. The control sample
consisted of meat packaged in a completely
polyethylene package. All samples were
stored at refrigerated temperature and total
bacterial counts of the samples were
performed for 6 days.

Statistical analysis

Each experiment was carried out in triplicate.
Statistical analysis was performed using
SPSS (SPSS Inc., Chicago, IL, version 15)
and the Duncan's multiple range test was used
to compare the mean values at a confidence
level of 0<0.05.

Results

Fiber Morphology

Figure 1 illustrates the surface morphology of
nanofibers  produced  from  various
formulations of chitosan, PCL, TEO and ZnO
NPs.  Pure chitosan/PCL
(containing no TEO) were successfully

nanofibers

electrospun from a solution containing two
polymers in a mass ratio of 2:8. As shown in
this figure, these nanofibers exhibited a
continuous cylindrical structure, were
relatively well-oriented, bead-free, and
featured a smooth surface.

Also, nanofibers were efficiently
electrospun from solutions containing both
essential oil concentrations (3 and 6%)
prepared by two different loading types
(emulsion and simple mixing) (images C, E,
G, and I in Fig. 1). As shown in this figure,
most of the nanofibers exhibited a linear
morphology, a smooth surface, and a bead-
free structure. However, when essential oil
was added to the electrospun solutions
prepared using the simple mixing method, the
resulting fibers displayed a slight bead
structure.

The viscosities of electrospinning
solutions, along with the average diameter of
the fibers prepared by them, are shown in
Table 1. The control solution (containing a
pure mixture of chitosan and PCL) has the
highest viscosity (776.3+6.2 cP). After the
control sample, the electrospinning solution
prepared by the emulsion method showed a
higher viscosity; as the viscosity of the
emulsions containing 3 and 6% TEO was
517.944.1 and 258.8+8.3 cP, respectively.
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Figure 1: SEM images of pure CS/PCL (A) and thyme oil encapsulated nanofiber produced by conventional
mixing (C: CM/3%EQ; E: CM/6%EQ) or emulsion (G: E/3%EQO; E/6%EO) method. The

equivalent fiber diameter distribution (B, D, F, H, J) along with the mean fiber diameter and
standard deviation (n = 50).

Table 1: Viscosity values of electrospinning solutions and size of the resulting nanofibers.

Fibers Viscosity (cP or mPa.s) Fiber diameter (nm)
CS/PCL (control) 7763 +£6.2 24.41 +88.10
E/3%EO 517.9+4.1 21.31+74.10
E/6%EO 258.8+8.3 20.56 £69.78
CM/3%EO 181.2+2.7 13.70 +64.72
CM/6%EO 1553+5.7 10.89 +60.62
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The lowest viscosity was related to the
electrospinning solutions prepared by the
simple mixing method, as the viscosity
values of 181.242.7 and 155.3+5.7 were
the
containing 3 and 6% TEO, respectively.

measured  for mixed solutions
The elemental composition of the two
(E/3%EO and CM/3%EO)

obtained from EDX analysis is shown in

nanofibers

Figure 2. The peaks due to carbon, oxygen
and zinc in the EDX spectra indicate the
starting materials i.e. chitosan, PCL and
ZnO NPs. The E/3%EO nanofiber showed
75.6 wt% carbon, 22.9 wt% oxygen, 0.8
wt% nitrogen and 0.7 wt% zinc. Carbon
with 85.2 wt%, oxygen with 12.2 wt%,
nitrogen with 2.4 wt% and zinc with 0.2
wt% were the constituent elements of the
composition of the

top surface of the fibers. In addition, almost
no nitrogen peak was observed in the
spectrum of fibers prepared by the emulsion
method (in other words, the amount of
nitrogen on the top surface of the fibers was
very small), indicating that chitosan was
not located in the surface structure of the
fibers or was located in the central core of
the fiber structure. On the other hand, the
the
composition of fibers prepared by the
method
significantly high. Another difference in the

amount of nitrogen in surface

conventional  mixing was
elemental composition analysis of the
fibers prepared by the two different
the 3.5

percentage of zinc element in E/3%EO

methods was times higher

fibers compared to nanofibers prepared by

CM/3%EO fiber. the  conventional  mixing  method
Therefore, the peaks due to zinc element (CM/3%EO).
confirm the existence of ZnO NPs on the
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Figure 2: EDX elemental analysis of nanofibers prepared by emulsion method (top) and simple mixing

(bottom).
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Fourier Transform Infrared Spectroscopy
(FTIR)

The FTIR of
nanofibers with/without TEO and prepared

spectrum electrospun
by different methods was evaluated to
reveal any possible interactions between
the CS/PCL biopolymer matrix. In the
spectrum of the control nanofibers, peaks at

1370, 1464, 1746, 2849, 2932, and 3800-
3500 cm™! were identified. In general, the
peaks remained unchanged after adding 6%
TEO and ZnO NPs to the nanofibers
prepared by both the emulsion (E/EO6%)
and simple mixing (CM/EO6%) methods

(Fig. 3).
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Figure 3: FTIR spectra of PCL/CS (a), E/6%EQO (b) and CM/6%EO (c) nanofibers.

with the
essential oil in the nanofibers, a new peak

However, encapsulation of
appeared at the beginning of the spectrum
(1177 em™ for E/EO6% and 1127 cm™! for
CM/EO6%). In other words, the main peaks
identified in the FTIR for E/EO06%
nanofibers were 1177, 1368, 1465, 1744,

2847, 2932 and 3800-3500 cm™'. Also, the
FTIR of CM/EO6%
primarily characterized by the peaks at
1127, 1370, 1465, 1746, 2850, 2928, and
3800-3500 cm™. In addition, three peaks at
wavelengths of about 1464, 28450 and
2930 cm' were more intense in all 3

nanofibers was



1402 Aghaei Marzango et al., Electrospun chitosan-polycaprolactone fibers with thyme essential Oil/ZnO ...

nanofibers. The characteristic peak at 3000-
3800 cm! was related to the OH and NH
stretching of the primary amino groups and
the stretching vibration band of the CH»
groups was located at 2868-2949 cm™. In
more detail, the absorption peaks above
2925 cm! and around 2850 cm’!
correspond to the asymmetric and
symmetric stretching vibrations of the CH»
groups, respectively. The absorption peak
at 1746 cm’! is attributed to the carbonyl
(C=0) groups. In addition, the FTIR peaks
at about 1460 cm™ and 1370 cm-1 can be
due to the bending vibration peaks of CH>
and OH, respectively. The stretching
vibration peaks of the C — O — C groups
were located at around 1172-1240 cm™. It
should be noted that the peak at 2361 cm™
in FTIR is most likely related to the carbon
dioxide (CO:) functional group, which is
usually observed due to the presence of
carbon dioxide in the measuring device.
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XRD analysis

X-ray diffraction test was performed to
investigate the possible change in
crystallinity of electrospun nanofibers. The
results of this analysis for control
nanofibers and nanofibers containing 6%
essential oil and prepared by two different
methods are shown in Figure 4. As is clear
in Figure 4-a, control nanofibers exhibited
two distinct peaks at 26=21.4 and 20=23.7
degrees, which indicates the semi-
crystalline nature of the polymers,
especially PCL. Nanofibers prepared by the
emulsion method and containing 6% TEO
showed the same distinct peaks of PCL in
the X-ray diffraction test with only a slight
shift (Fig. 4-b). In addition to a slight shift
in the distinct peaks of PCL, CM/6%EO
nanofibers showed significant differences
in peak intensity (count) compared to the
control sample (Fig. 4-c).
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Figure 4: XRD spectra of control nanofibers (a), nanofibers prepared by the emulsion method (b), and
nanofibers prepared by the conventional mixing method (c).

Water vapor permeability (WVP) of
nanofibers

The WVP values of CS/PCL nanofibers
containing different concentrations of TEO

and prepared by different methods are
shown in Table 2. The WVP values of
electrospun nanofibers ranged from 0.075
to 0.276 g.mm/h.m?* kPa. By adding TEO to
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the composition of the produced films, the
water vapor permeability increased. The
lowest WVP value of nanofibers containing
essential oil was related to E/3%EO
(0.145£0.056  g.mm/h.m?kPa).  With
increasing the amount of essential oil (6%)
in the samples prepared by the emulsion
method, the WVP value increased
significantly and reached about 0.231
g.mm/h.m?>kPa. Nanofibers prepared by
the conventional mixing method and
containing both concentrations of TEO had
the highest water vapor permeability (about
0.276 and 0.266 g.mm/h.m*kPa for films
containing 3 and 6% essential oil,
respectively). However, no significant
difference was observed between the WVP
values of these two films.

Table 2: WVP values of CS/PCL nanofibers
containing different concentrations of thyme
essential oil and prepared by different methods.

Water Vapor

Fibers Permeability (WVP

g.mm/h.m?.kPa)

CS/PCL (control) 0.075 £ 0.027°
E/3%EO 0.145 + 0.056°
E/6%EO 0.231+0.019¢
CM/3%EO 0.276 £ 0.102¢
CM/6%EO 0.266 £ 0.110°

A different lowercase letter in a column
indicates a significant difference.

Antibacterial activity of nanofibers

As seen in Figure 5, the antibacterial
activity of the prepared nanofibers was
examined against Escherichia coli (as a
gram-negative bacterium) and Listeria
monocytogenes (as a  gram-positive
bacterium). Also, the nanofibers exhibited
antibacterial activity against both studied
bacteria, with  significantly  higher
effectiveness against Escherichia coli
(68.73+5.50 %) than against Listeria

monocytogenes (49.224+6.74 %).

Encapsulating TEO and ZnO NPs within
the fibers prepared by both methods notably
enhanced their antibacterial activity. For
example, nanofibers produced using the
emulsion method and containing 3% and
6% TEO exhibited about 85% and 91%
anti-growth activity of Escherichia colli,
respectively. Also, the anti-growth activity
of Escherichia coli in nanofibers fabricated
using the conventional mixing method and
containing 3% and 6% essential oil was
estimated as about 96% and 98%,
respectively. The antibacterial activity of
various nanofibers against the gram-
positive bacterium Listeria monocytogenes
was significantly lower than that observed
against Escherichia coli. The anti-Listeria
activity of E/3%EO and E/6%EO
nanofibers was about 68%, and 79%,
respectively. The corresponding values for
those prepared by the conventional mixing
method and containing 3 and 6% thyme oil
were about 80 and 86%, respectively (Fig.
5).

According to these results, the anti-
Escherichia activity of different nanofibers
was compared with each other over
different times (1, 3, and 5 days). The
antibacterial activity of nanofibers prepared
by the emulsion method after 1, 3, and 5
days of storage was 85.37, 85.65, and
81.27% for samples containing 3%
emulsion, respectively, and 90.69, 91.26
and 89.74% for samples containing 6%
essential oil, respectively. Also, the
antibacterial activity of nanofibers prepared
by the conventional mixing method
containing 3 and 6% essential oil increased
from about 95.68% and 98.54% on the first
day of storage to 94.87% and 97.49% on the
third day. However, by the fifth day of
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storage, the anti-Escherichia activity of (CS/PCL) displayed an anti-Escherichia
CM/3%EO and CM/6%EO nanofibers activity of about 68% on the first day,
decreased to about 45.50% and 44.46%, which significantly decreased over time,
respectively. It is important to note that the dropping to about 57% and 33% on the
sample without encapsulated essential oil third and fifth days, respectively (Fig. 6).
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Figure 5: Antibacterial activity of nanofibers produced using various methods and different concentrations

of thyme essential oil against Escherichia coli (a) and Listeria monocytogenes (b) on the first day
of production.
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Figure 6: Antibacterial activity of nanofibers prepared by various methods and different concentrations of

thyme essential oil against Escherichia coli at three different times (O Day 1, ll Day 3, an
Day 5 of storage).
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Total count of meat microorganisms during
storage

The total bacterial count of meat during
storage is an essential indicator of its
quality and safety. This count reflects the
changes in bacterial levels in the meat over
time and can be used to monitor sanitation
conditions and optimize shelf life. In this
study, red meat samples were packaged
using nanofibers produced through the
emulsion method, incorporating 6% TEO
and ZnO NPs (E/6%EQO). These samples
were stored at refrigerated temperatures for
six days, with total bacterial counts
measured every two days. The results
showed a decrease in the number of

[y
o
J

bacteria in raw meat packaged with
E/6%EOQO nanofibers and control fibers and
stored at a refrigerated temperature from
5.6 Log CFU/g to 4.6 Log CFU/g and 4.5
Log CFU/g after two days of storage,
respectively. Following this initial storage
period, the bacterial count in meat samples
packaged with nanofibers gradually
increased, reaching 1.5 Log CFU/g and 7.5
Log CFU/g after 4 and 6 days, respectively.
In contrast, the red meat samples packaged
by control fibers exhibited total bacterial
counts of 4.5 Log CFU/g and 1.6 Log
CFU/g on the fourth and sixth days,
respectively (Fig. 7).

Bacterial Counr (Log CFU/g)
[<)}

Storage (Day)

Figure 7: Results of total bacterial counts of red meat packaged in nanofibrous film (E/6%EQO: H) and
conventional (control: @) during a storage period of 6 days at refrigerated temperature.

Discussion

According to the results, it can be
concluded that the electrospinning process
of chitosan and PCL composite solutions
with and without the presence of essential
oil was successfully carried out through an
industrial nanofiber production equipment,
such that nanofibers with diameters ranging
from 88 nm for the chitosan/PCL
electrospinning solution to 60 nm for the
chitosan/PCL  electrospinning  solution
containing 6% essential oil and prepared by
the conventional mixing method were

obtained. Previously, fiber diameters of at
least 200 nm for PCL containing carvacrol
(Tampau et al., 2018), about 50 nm for a
chitosan/polyethylene  oxide  mixture
containing cinnamaldehyde (Rieger and
Schiffman, 2014), 63 nm for a
PCL/chitosan mixture containing oregano
essential oil  (Ardekani-Zadeh  and
Hosseini, 2019), and 167 nm for a
chitosan/PCL mixture containing
cinnamaldehyde (Ghazaghi et al., 2022), all
prepared by the needle electrospinning
method, were reported. This indicates that
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the electrospinning device used in this
study has a similar or even better ability
than other types of nozzle electrospinning
in the fiber formation.

The results showed that the addition of

TEO to the electrospinning solution
formulation significantly reduced their
viscosity, with higher concentrations of the
essential oil (6% vs. 3%) in solutions
prepared by both  emulsion and
conventional mixing methods resulting in a
greater reduction in solution viscosity. This
observation can be attributed to the
formation of hydrogen bonds between the
essential oil and PCL molecules
(Ramalingam et al., 2019).
The same explanation can be applied to the
difference in viscosity of electrospun
solutions prepared by the two methods of
emulsion and conventional mixing. As
shown in Table 1, the viscosity of
electrospun solutions prepared by the
emulsion method (517.9+4.1 cP for 3%
essential oil and 258.8+8.3 cP for 6%
essential oil) was significantly higher than
that of electrospun solutions prepared by
the conventional method (181.2+2.7 cP for
3% essential oil and 155.3£5.7 cP for 6%
essential oil). In other words, it is thought
that in electrospun solutions prepared by
the emulsion method, the essential oil is
mainly incorporated in the chitosan core,
and as a result, its interaction with PCL is
limited. However, in electrospinning
solutions prepared by conventional mixing,
the essential oil has more opportunity to
interact with the hydrogen bond formation
sites of PCL.

Viscosity has been shown to play an
important role in the electrospinning ability
of mixed polymer solutions and

subsequently the diameter of the resulting
fibers. Lower viscosity results in more
effective stretching of the polymer during
the electrospinning process and
consequently the formation of thinner
fibers (Van der Schueren ef al., 2012). This
was also clearly evident in the results
obtained in this study, as (1) nanofibers
containing encapsulated essential oils
showed smaller fiber diameters compared
to control nanofibers, (2) nanofibers
prepared by conventional mixing method
had lower viscosity compared to emulsion
nanofibers and subsequently smaller fiber
diameters were measured for them, (3)
nanofibers containing higher
concentrations of essential oils in both
preparation methods had lower viscosity
and consequently smaller fiber diameters.
This is in agreement with the reports of
Ghazaghi et al. (2022), who found that the
addition of cinnamaldehyde (3—10%, w/w)
to PCL/CS nanofibers decreased the fiber
diameter (Ghazaghi ef al., 2022). Similarly,
Ramalingam et al. (2019) showed that the
addition of Gymnema sylvestre extract
resulted in a significant reduction in fiber
diameter compared to PCL fibers without
the extract. These authors suggested that it
is possible that the presence of
phytochemicals such as gymnemic acid,
gymnemagenin, lupeol, anthraquinones,
and flavones in the extract of this plant
increased the conductivity and decreased
the viscosity of the resulting solution,
which led to a reduction in the diameter of
the composite fibers (Ramalingam et al.,
2019). Furthermore, in another study
conducted by Aydogdu et al. (2019), it was
reported that the diameter of composite
nanofibers prepared by hydroxypropyl
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methylcellulose (HPMC) and polyethylene
oxide (PEO) decreased in the presence of
gallic acid, which was attributed to the
reduction in the viscosity of the electrospun
solutions caused by the bioactive (Aydogdu
etal.,2019).

The absence of beads and the relatively
smooth surface of the nanofibers indicate
proper control of the electrospinning
process parameters, including the applied
voltage and the properties of the polymer
solution used. These features, in turn, can
affect the physical, mechanical, and
biological properties of the aforementioned
nanofibers (Ardekani-Zadeh and Hosseini,
2019; Zou et al., 2020).

The absence of a significant nitrogen
peak in the EDX spectrum of nanofibers
prepared by the emulsion method
(E/3%EO)
prepared by the conventional mixing
method (CM/3%EOQ) indicates that chitosan
is not located in the surface structure of the

compared to nanofibers

fibers or, in other words, it is located in the
central core of the fiber structure (Fig. 8).
This evidence indicates the formation of a
core-shell structure in nanofibers prepared
by the emulsion method. Previously, Ma et
al. (2019) had reported the formation of a
core-shell structure in PCL/chitosan
composite fibers by EDX analysis (Ma et
al., 2019).

According to FTIR analysis, the
encapsulation of 6% TEO in nanofibers
prepared by both emulsion (E/EO6%) and
conventional mixing (CM/EO6%) methods
created a new peak at the beginning of the
spectrum (1177 cm™ for E/EO6% and 1127
cm! for CM/EO6%). This effect may
indicate possible physical interactions, such
as electrostatic interactions and hydrogen

bonding between the biopolymers and the
essential oil (Ghorbani et al., 2015).
However, overall, the peaks associated with
the mentioned functional groups in the
control nanofibers remained almost
unchanged after the addition of the essential
oil, proving that the encapsulation of thyme
in chitosan-PCL hybrid nanofibers does not
disrupt their structural integrity. These
results are in agreement with observations
from previous studies (Ardekani-Zadeh and
Hosseini, 2019; Tan et al., 2021; Ghazaghi
et al., 2022) (Fig. 8).

Figure 8: Schematic diagram for PCL/CS
nanofibers with core-shell (top) and conventional
(bottom) structures; it is obvious that the
essential oil is encapsulated in the core in the
core-shell structure, while in the conventional
structure it is dispersed throughout the structure.

The X-ray diffraction peaks of CM/6%EO
nanofibers showed a slight shift and
significant differences in peak intensity
(count) compared to the control sample.
Such changes may reflect slight changes in
the crystal structure of the fibers and the
formation of weak intermolecular bonds
between their constituents (chitosan, PCL,
and TEO) (Fadaie et al., 2018). However,
overall, it can be concluded that the crystal
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structure of PCL in the essential oil-
containing composite nanofibers prepared
by both methods was only slightly changed.

The results also showed that the
incorporation of TEO into the nanofiber
structure through both methods increased
the WVP value. The amount and rate of
water vapor transmission are directly
proportional to the porosity of the
nanofibers, which is a function of the fiber
diameter. In fact, decreasing the fiber
diameter leads to a decrease in fiber
connections, which in turn increases the
fiber porosity and, consequently, the WVP
value (Liu et al., 2009; Ardekani-Zadeh and
Hosseini, 2019).

In addition, the method of encapsulation
of essential oil had a significant effect on
the water vapor permeability, as the
nanofibers containing TEO prepared by the
emulsion method had significantly lower
WVP values compared to the nanofibers
containing essential oil prepared by the
conventional mixing method (Table 2).
CM/6%EO and CM/3%EO nanofibers had
the highest WVP wvalues, equivalent to
0.266-0.276 g.mm/h.m’>kPa. The reason
for such a difference can also be explained
by considering the relatively smaller
diameter of the fibers in the samples
encapsulated by the conventional mixing
method (Table 1; Fig. 1). The measured
WYVP values of the nanofibers in this study
are also in good agreement with previous
studies. For example, WVP values ranging
from 0.178 g.mm/h.m?kPa (control) to
0.367 g.mm/h.m* kPa (containing essential
oil) were previously reported for chitosan-
PCL-peel  essential oil  nanofibers
(Ardekani-Zadeh and Hosseini, 2019).

The results of this study indicated that
exhibited

activity. They  were

the  control  nanofibers
antibacterial
approximately 1.4 times more effective
against Escherichia coli compared to
Listeria monocytogenes. Chitosan is known
for its effective intrinsic antimicrobial
properties, suggesting that chitosan-based
films possess significant potential for food
packaging applications (Mujtaba et al.,
2019; Song et al, 2021). Several
mechanisms have been proposed to explain
the antimicrobial activity of chitosan films.
It has been observed that these films can
form a cellophane-like structure, creating a
protective layer on food surfaces that helps
prevent external microbial invasion.
Additionally, chitosan films act as an
effective oxygen barrier, limiting oxygen
transfer to microbes and consequently
inhibiting their growth on food (Nouri et
al., 2018). Protonated amino groups (NHs*
derived from NH: groups) in chitosan
contribute critically to its antimicrobial
action. These groups bind electrostatically
to the negatively charged phosphoryl
groups of phospholipids within the
bacterial cell membrane. This interaction
disrupts the lipopolysaccharide layer of the
outer membrane, leading to substantial
leakage of intracellular components and
ultimately causing cell death (Elsabee and
Abdou, 2013; Mohebi and Shahbazi, 2017).
However, the scientific literature presents
conflicting reports; while some previous
studies found no antibacterial effect from
pure chitosan films or chitosan composite
films, others demonstrate efficacy. For
instance, Zou et al. (2020) reported that
PCL fibers alone showed no inhibitory
effect, whereas PCL/chitosan composite
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fibers exhibited clear inhibition zones with
diameters of 13.17 mm against Escherichia
coli and 11.40 mm against Staphylococcus
aureus (Zou et al., 2020).

Encapsulation of TEO at various
concentrations, combined with ZnO NPs
within nanofibers prepared by different
methods  significantly enhanced the
antibacterial activity against Escherichia
coli and Listeria monocytogenes. However,
increasing concentration of TEO in both
encapsulation methods did not result in a
statistically ~ significant  change in
antibacterial activity. This observation
suggests that the antimicrobial
effectiveness of TEO is influenced
primarily by its intrinsic chemical
composition, where synergistic interactions
among its bioactive constituents contribute
to specific antimicrobial mechanisms.
Supporting this, Kang et al. (2018) reported
that TEO, rich in p-cymene, thymol, and
gamma-terpinene, inhibits Gram-positive
bacterial growth by inducing membrane
damage, altering cell morphology, and
reducing intracellular ATP pool size (Kang
et al., 2018). The hyperpermeability of the
bacterial cell membrane, which leads to the
loss of membrane potential and the collapse
of proton pumps and ATP depletion, and
consequently the delay or inhibition of
microbial growth, could be the main
mechanism of action of TEO against gram-
negative bacterial species (Guillin et al.,
2021).

Moreover, this antibacterial activity was
greater on the gram-negative bacterium
Escherichia coli compared to the gram-
positive bacterium Listeria monocytogenes.
In other words, Listeria monocytogenes
showed greater resistance than Escherichia

coli to the antimicrobial components
encapsulated in the prepared fibers.
Previous studies have repeatedly reported
the greater sensitivity of gram-positive
bacteria to antimicrobial compounds such
as essential oils. This effect may be due to
the absence of a lipopolysaccharide cell
wall in these bacteria (Burt, 2004).

The antimicrobial efficacy of the prepared
nanofibers decreased over time (from day 1
to day 5), such that the decreasing trend for
nanofibers produced by the emulsion
method was slower or did not change
significantly compared to the conventional
mixing method. For example, while the
anti-Escherichia  activity of E/6%EO
nanofibers did not differ significantly from
day 1 to day 5, CM/6%EO nanofibers
showed a 50% reduction in anti-
Escherichia coli activity. This level of
antimicrobial  activity  retention  of
nanofibers prepared by the emulsion
method in this study is a significant
achievement compared to previous studies.
For example, it has been previously
reported that the antibacterial efficacy of
0il-PCL
nanofibers decreased significantly after

chitosan-oregano essential
only 6 hours of incubation (i.e., the
exponential growth phase of bacteria).
According to the explanation of these
researchers, the possible reason is that with
the rapid increase in the number of bacteria
at this stage due to the high reproductive
capacity of bacteria, nanofibers cannot
prevent bacterial proliferation, which leads
to a decrease in the inhibition efficiency
(Ardekani-Zadeh and Hosseini, 2019).
Therefore, it can be concluded that
encapsulating essential oil within a hybrid
structure of emulsion and fibers together
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can control the release of the encapsulated
bioactive compound and maintain the
antibacterial activity of the fibers for a
longer period of time. In the case of
nanofibers prepared by the conventional
method, the essential oil is encapsulated
within a more open structure, and as a
result, its release will be faster.

The total bacterial count for the raw
meat used in this study was 5.6 Log CFU/g,
indicating a relatively good microbial
status. According to the Iranian National
Standard No. 2349, a bacterial count of 6
logarithms of bacteria per gram is
considered the critical bacterial count in
meat (INSO, 2007). Meat packaging in a
package with a nanofiber lid showed better
results in terms of total bacterial count
compared to conventional packaging
(control). The total bacterial count of meat
packaged in the nanofiber treatment
initially decreased (a decreasing trend was
observed until the second day) and then,
despite a slight increase, remained within
the standard range on the sixth day of
refrigerated storage (5.7 Log CFU/g). It is
likely that the migration of antimicrobial
compounds of TEO from the packaging lid
to the meat prevented bacterial growth.
This was while in the control packaging,
after 6 days of storage, the total bacterial
count of the meat fell outside the standard
range.

Conclusion

Novel antimicrobial electrospun nanofibers
of chitosan/polycaprolactone/zinc oxide
nanoparticles/thyme with diameters of 60—
88 nm were fabricated by cartridge
electrospinning and two preparation
methods of electrospinning  solution

(conventional mixing and emulsion). The
addition of the essential oil significantly
reduced the viscosity of the electrospun
solution and produced thinner fibers.
Accordingly, the lowest viscosity was
associated with electrospun solutions
prepared by the conventional mixing
method. Most of the nanofibers had a well-
oriented, smooth surface and bead-free
structure. However, the addition of TEO in
electrospun solutions prepared by the
conventional mixing method resulted in
fibers with a slightly beaded structure. EDX
results confirmed the formation of a core-
shell structure in the nanofibers prepared by
the emulsion method. The physical
interactions and hydrogen bonding between
chitosan/PCL and TEO were verified by
FTIR, proving that the encapsulation of
thyme in  chitosan-poly-caprolactone
hybrid nanofibers does not disrupt their
structural integrity. Encapsulation of TEO
in the nanofiber structure by both methods
increased the WVP, such that nanofibers
prepared by the emulsion method had
significantly lower WVP values compared
to nanofibers prepared by the conventional
mixing method. Encapsulation of TEO at
different concentrations and zinc oxide
nanoparticles into nanofibers prepared by
different methods significantly increased
the  antibacterial  activity  against
Escherichia coli and Listeria
monocytogenes. The antimicrobial efficacy
of most of the produced nanofibers
decreased over time (from day 1 to day 5),
with the decrease trend for nanofibers
produced by the emulsion method being
slower or even not significantly different
compared to the conventional mixing
method. Finally, nanofibers containing
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thyme essential oil encapsulated by the
emulsion method were able to maintain the
total bacterial count of meat within the
standard range (Log CFU/g 6) for up to 6
days. In conclusion, nanofibers containing
TEO encapsulated by the emulsion method
can be used in the packaging of red meat
products to improve shelf life as well as the
safety of other potential foods.
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