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Abstract

Background: Strawberry is a nutrient-rich and important small fruit because of its high content of beneficial phyto-
chemicals and several vitamins like vitamin C, vitamin E and vitamin B6. However, strawberry is highly perishable due
to its susceptibility to mechanical damage, microbiological decay, and softening in texture. Recently, there has been
an increasing interest in using various essential oils as natural food preservatives. Although, they have limited stability
to exposure to high temperatures, light and oxygen, which could eventually affect sensory quality attributes. The elec-
trospinning method is a simple and well-organized process that has been used to encapsulate essential oils. In this
study, the effect of thyme essential oil (TEO) encapsulated into zein electrospun fiber film was assessed on extending
the shelf life and preserving the quality of strawberry fruit during storage.

Findings: Results indicated that TEO presented potent antibacterial activity against Bacillus cereus, Escherichia coli and
Aspergillus fumigatus. The scanning electron microscopy images of zein fiber had a linear shape, absence of beads,
and smooth surface. The encapsulation efficiency (EE) of TEO in the zein fiber was about 75.23%. Encapsulated TEO
released at a slower rate than free TEO. The zein/TEO fibers (zein fiber film loaded with TEO) significantly (p ©0.05)
decreased weight loss and maintained the anthocyanin content, firmness and color of the strawberries during stor-
age. After 15 days of storage, weight loss reduced about 15% and firmness was higher about 20% in packed fruit with
zein/TEQ fibers compared to control.

Conclusions: Interestingly, after 15 days of cold storage, the strawberries firmness, appearance, and sensory evalu-
ation, which are important quality factors from both postharvest and consumers’viewpoint, in zein/TEO fiber treat-
ment were acceptable and had higher scores compared to the control. In conclusion, the present study demon-
strated the benefits of incorporating TEO into zein films, which could play a significant role in the active packaging
and preservation of strawberry fruits.
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Introduction

Strawberry (Fragaria ananassa) is a nutrient-rich and
important small fruit because of its high content of ben-
eficial phytochemicals such as carotene, phenolic com-
pounds, and several vitamins like vitamin C, vitamin E,
thiamin, riboflavin, niacin, and vitamin B6 [1, 2]. How-
ever, strawberry is highly perishable due to its suscepti-
bility to mechanical damage, microbiological decay, and
softening in texture [3].

Due to an increasing population and shifting dietary
habits, the demand and processing of fruits have risen in
recent decades. On the other hand, waste of fresh foods
is becoming a significant problem from a nutritional,
economic, and environmental perspective [2]. There are
several techniques developed for slowing down the meta-
bolic processes of fresh fruits and to reach long-term
storage, such as modified atmosphere packaging, active
packaging, and edible coating [4, 5].

Antimicrobial packaging, which is one such promis-
ing technology that impregnates the antimicrobial into
the food packaging films and then releases it gradually to
avoid microbial growth or pathogenic microorganisms
and increase shelf life significantly [6]. Recently, appli-
cation of natural antimicrobial compounds, especially

essential oils, has shown much interest by consumers
and the food industry. Essential oils contain antibacte-
rial, antifungal and antioxidant properties, which are
extracted from leaves, roots, or seeds of plants, so they
are helpful in preventing of contaminants by pathogenic
microorganisms [7]. Also, essential oils are highly vola-
tile, unstable, and sensitive to oxygen, light and heat.
Hence, encapsulation is an effective method to protect
essential oils from environmental degradation and to
mask their undesirable odor/flavor [6].

There are different methods for encapsulation of essen-
tial oils, such as emulsification, coacervation, spray dry-
ing, ionic gelation, nanoprecipitation, and liposome
inclusion processes [8]. However, the electrospinning
process is one of the most effective and also easy meth-
ods used to encapsulate essential oils [9]. Electrospin-
ning is a fiber fabrication technique that is based on the
deposition of an electrically charged single jet on a nega-
tively charged ground collector [10]. The use of electro-
spun fibers in fabricating films and active packaging is
of particular interest because of the controlled release of
encapsulated contents [2, 11]. Many studies have used
electrospun fibers for fruit preservation like Shao et al.
[2], fabrication tea polyphenols-loaded pullulan-CMC
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electrospun nanofiber; Zhang et al. [6], encapsulation of
thymol in nanofiber via coaxial electrospinning; Li et al.
[12], production of coaxial electrospun eugenol-loaded
core—sheath PVP/shellac fibrous films; and Wen et al.
[13], encapsulation of cinnamon essential oil in electro-
spun nanofibrous film for active food packaging.

Antioxidant and antimicrobial activity of Zataria
multiflora Boiss. (Avishan-e Shirazi) was demonstrated
against spoilage fungi and food microbiota [6, 7]. Arde-
kani et al. [14] evaluated electrospun poly(vinyl alcohol)
with Zataria multiflora essential oil as a potential wound
dressing. Lin et al. [15] studied the effect of electrospun
thyme essential oil/gelatin nanofibers for active packag-
ing against Campylobacter jejuni in chicken. Vafania et al.
[16] evaluated the application of nanoencapsulation of
thyme essential oil in chitosan—gelatin nanofibers by noz-
zle-less electrospinning to reduce nitrite in sausages.

Zein is a hydrophobic protein, which is becoming
increasingly attractive to researchers in terms of high-
quality film-forming capabilities during electrospin-
ning [9, 17]. Shao et al. [10] evaluated the effect of zein
nanofibers with cinnamaldehyde encapsulated for active
packaging. Tucker et al. [18] enrichment of zen nanofiber
assemblies for therapeutic delivery of Barij (Ferula gum-
mosa Boiss) essential oil. Altan et al. [19] studied carvac-
rol-loaded electrospun fibrous film from zein for active
food packaging.

In the current study, we encapsulated thyme essential
oil (TEO) in zein (Z) fiber film using electrospinning. The
effect of Zein/TEO fiber film on weight loss, firmness,
TSS, anthocyanin content, color parameters, and sensory
properties of strawberry during storage was explored.

Materials and methods

Materials

Zein (Sigma, CAS Number 9010-66-6), thyme essen-
tial oil (Barij Co., Iran), glacial acetic acid (CAS Number
64-19-7) and all reagents were of analytical grade. The
organic strawberries (Selva cultivar) were obtained from
a farm located in Birjand, Iran.

Antimicrobial activity of TEO

The antimicrobial activity of TEO was evaluated using
the following bacteria: Bacillus cereus (PTCC 1154) and
Escherichia coli (ATCC 11775). Antifungal activity of
TEO was tested on Aspergillus fumigatus (ATCC 1022).
The lowest concentration in which the visible growth
inhibited (MIC) was determined by the method of micro-
broth dilution assay [9].

Preparation of electrospun fiber film
Zein solution 30% (w/v) was prepared using zein and
glacial acetic acid, and then thyme essential oil (TEO)
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added to the polymer solution with a ratio of 4% (v/w).
Electrospun fibers were produced according to Ansarifar
and Moradinezhad (2021) and Charpashlo et al. [20, 21]
methods using electrospinning.

Antibacterial activity of electrospun fiber

To determine the antimicrobial activity of electrospun
fiber against Gram-positive and Gram-negative bacte-
ria, the disc diffusion method was used after the produc-
tion of fibers. The samples (fiber) were cut into 10-mm
disc-shaped and then placed on Mullere Hinton Agar
Plate (MHA) plates which had been already smeared
with 1.5 x 108 CFU/ml colonies of Bacillus cereus (PTCC
1154) and Escherichia coli (ATCC 11775), and then incu-
bated at 37 °C for 24 h [22].

Scanning electron microscopy (SEM)

An electron microscope (Leo 1450VPSEM) was used to
observe the morphology of fibers with an acceleration
voltage of 20 kv [9].

Encapsulation efficiency TEO

To determine entrapment efficiency (EE) of TEO loaded
into fiber, the film (5 g) in 5 ml aqueous ethanol solution
(50%) with a shaking speed at 120 rpm for 10 h. TEO con-
centration in the film was assessed by measuring absorb-
ance at 278 nm [16]. The equation of the EE is as follows:

W.
EE(%) = — x 100, (1)
7%

t
where W, is the actual TEO amount, and W, is the theo-
retical TEO amount.

Release profile of TEO from zein fiber film

To determine the release profile of TEO from zein fiber
film, Zhang et al. method was used, and the amount of
TEO was measured every 2 h. The release curve of TEO
encapsulated in fibers was determined according to the
following method. 20 mg of the fiber film in 20 ml of eth-
anol (50%) was stirred at a speed of 120 rpm for 15 min,
and then the residual amount of TEO was measured by
UV spectroscopy at 278 nm for 180 h [23]. The released
TEO is equal to the difference between the TEO dis-
solved in ethanol and the initial amount of TEO in fiber
film.

Application to active packaging of strawberries

In our experiment, representative fruit of strawberry
was selected to evaluate the application of zein fiber with
TEO in active food packaging. In the laboratory, straw-
berries screened for uniformity in size, color, appear-
ance, and the absence of surface defects. Afterward, the
fruits were washed with 0.1% sodium hypochlorite for
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1 min, and then randomly allocated to the polyethyl-
ene terephthalate (PET) containers with dimensions of
(11.5x 9.5 x 6.2 cm) and covered with their lids and kept
in storage at 4£0.5°C and 85+ 5% RH for 15 days. Treat-
ments were 1—control: the fruit packed in PET container
without film on its lid; 2—zein: fruit packed in PET con-
tainers including zein fiber film on its lids; and 3—zein/
TEO: fruit packed in PET containers including zein fiber
with TEO film on its lids. Strawberries were tested for
physicochemical properties on the initial day and then at
3-day intervals.

Assessment of fruits quality parameters

Fruits were weighed by a digital balance (UWA-K-015,
China). The difference between the initial and final
weight is calculated as a percentage of the total weight
loss. The fruit firmness was determined using a digital
fruit hardness tester (FHT200, Extech Co., USA), fit-
ted with a 2-mm-diameter cylinder probe. The surface
color attributes of strawberries were determined with a
colorimeter (TES 135-A, TAIWAN). L*, a* and b* param-
eters were recorded from two sides of each fruit [4]. Fruit
was crushed, and pestle and juice collected. Total solu-
ble solids (TSS) of juice were measured by a hand-held
refractometer (Atago, Tokyo, Japan) at 20 °C. Antho-
cyanin contents of strawberries measured according
to the method described by Kirca et al. [24] using the
pH differential. The results expressed as mg 100 g fresh
weight. Sensory evaluation of samples was performed
by ten trained members (five men and five women) on
the 0, 6 and 12th day of storage using a 9-point hedonic
scale. Color, texture, taste, visual appearance and overall
acceptance of strawberries were rated based on a nine-
point scale, 1 = extremely bad and 9 = extremely good
(4.5 or higher = acceptable) [25].

Statistical analysis

An experiment with three repetitions for each storage
time was conducted based on a completely randomized
design using statistical software SPSS (IBM SPSS Sta-
tistics, Version 22, New York, USA). One-way analysis
of variance ANOVA (p < 0.05 significance level) and
Duncan post hoc test was used to evaluate the difference
between samples.

Results and discussion

Antimicrobial activity of TEO and electrospun fiber

The results of antimicrobial activity of TEO and electro-
spun fiber against fungi, Gram-positive and Gram-nega-
tive food-borne pathogens are presented in Table 1. The
MIC was 3.02+0.25, 4.35£0.15 and 1.06+0.32 mg/ml
Bacillus cereus, Escherichia coli and Aspergillus fumiga-
tus. The inhibition zone of zein and zein/TEO fiber
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Table 1 Antimicrobial activity (MIC) of TEO and electrospun fiber

Microbe MIC (mg/ml) Inhibition zone of
fiber (mm)
Zein Zein/TEO
Bacillus cereus 3424025 0 15544024
Escherichia coli 4354+0.15 0 8124052
Aspergillus fumigatus 1.06+£0.32 - -

Data shown are the mean + standard error of three replicates

against Bacillus cereus and Escherichia coli is shown in
Table 1. As expected, the zein fiber film as control group
does not exhibit any antimicrobial properties without
an aseptic region, while apparent inhibition rings are
detected around zein/TEO. The inhibition zone of zein/
TEO fiber film against Bacillus cereus and Escherichia coli
was 15.54+0.24 and 8.124+0.52 mm, respectively. Based
on the obtained results, fungi were the most susceptible,
Gram-positive bacteria showed moderate sensitivity and
Gram-negative bacteria were the most resistant. There is
a possibility that Gram-negative bacteria have resistance
to lipophilic compounds such as essential oils because
their impermeable outer membrane is hydrophilic [26].
Previous studies have shown that TEO is composed
mainly of carvacrol and terpinene, which have effective
antimicrobials [27]. Similarly, a study by Fatemi et al. [28]
found that Staphylococcus aureus, Salmonella typhi and
Escherichia coli were sensitive to the antimicrobial effect
of TEO.

Scanning electron microscopy (SEM)

The SEM images of zein fiber had a uniform and homog-
enous shape, absence of beads, and smooth surface
(Fig. 1). The diameter of zein fiber with and without
TEO were 402.3+26.6 nm and 195.0£32.1 nm, respec-
tively. The results showed that fiber diameter increased
(» © 0.05) when TEO was added to fibers. Possibly, this
was due to a reduction in electrical conductivity, and
thereby a reduction in elongation of polymer jet by apply-
ing voltage [16, 20]. The increase in fiber diameter was
observed similarly in different studies by adding cin-
namic aldehyde [9, 10] and tomato extract [29].

Encapsulation efficiency (EE) and release

The EE of TEO in the zein fiber was about
75.23 £16.4%, under electrospinning conditions was
used. The EE of thymol in polylactide-co-glycolide fiber
achieved to be 90.3% [1]. The release rate of TEO in
two different states (free and encapsulated) was investi-
gated for 180 h. The results for the control group clearly
showed that TEO was released rapidly at room temper-
ature and 60% of it after 80 h. TEO encapsulated in zein
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Fig. 1 SEM image of zein fibers without and with TEO (zein and zein/TEO)

fiber released into the atmosphere much more slowly,
with only 65% of encapsulated TEO after 180 h (Fig. 2).
Due to the formation of a core—shell structure by zein
fiber film during electrospinning, TEO release was
effectively controlled, as mentioned in similar works [6,
25]. Zhang et al. [6] reported that thymol evaporated
rapidly within 19 h in the control group. Thymol encap-
sulated into fiber released into the atmosphere much
more (36% of it during 72 h).

Weight loss

The fruit kept in the container with fiber had less weight
loss compared to the control. All treatments significantly
had lower weight losses compared to the control. The
lowest weight loss (7.35%) obtained in zein/TEO active
packaging treatment (Table 2). Comparing all treatments,
TEO released from the fiber slowed the ripening process
more effectively and thus reduced the fruit weight loss
significantly. Amal et al. [30] also mentioned that treated
strawberries with TEO significantly reduced fruit weight
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Fig. 2 Evaluation of the release of TEO free and encapsulated into zein fiber film
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Table 2 Effect of active packaging using zein and zein/TEO fiber on weight loss, firmness, total soluble solids, and anthocyanin

content in strawberries stored at 4 °C for 15 days

Active packaging treatment Weight loss (%) Firmness (N) TSS (%) Anthocyanin
(mg 100 g
FW)
Control 8724094 0.91£0.34° 7.86+£0.80° 182243145°
Zein 7464087° 1.2940.25% 7.924063° 197.9422.60°
Zein/TEO 7.354+042¢ 1344025 7.844053° 192.1418.30°
Significance ** ** NS **
LSD (0.05) 0.049 0.107 0.10 9.10
Storage time (day)
0 0.0£0.00" 1.9340.107 8.2940.08% 2451 +2.88°
3 2134£032° 1204023 860=+0.167 22154304°
6 81740559 12940.27° 8.7640.25° 204.1 +5.56°
9 11.1641.58° 1.0540.24¢ 7.8840.17° 1886410519
12 11444083° 1074+0.16% 7.224021° 1755415819
15 1239+0.84° 10140174 65240319 143641755
Significance ** ** ** **
LSD (0.05) 0.060 0.131 0.12 1446
Interaction active packaging x storage o *x o *
time

Data shown are the mean =+ standard error of three replicates
Means within columns with same letters are not significantly different

NS non-significant

loss compared to the control. There was a significant
interaction between treatments and storage duration in
terms of weight loss (Table 2). The fruit weight loss signif-
icantly increased as the storage time progressed (Fig. 3).
The fruit weight loss occurred during storage due to its
respiratory metabolic process. Similar to Dhital et al. [3]
study on strawberry, the highest weight loss observed on
the 15th day of storage in all treatments. However, the
weight losses of packed fruits with fiber were significantly
less than control fruits during the storage time. Gener-
ally, the lower weight losses lead to longer storage life and
marketability of fresh fruits.

Firmness

Firmness is one of the important factors in determin-
ing the postharvest and market quality of strawberry
fruit. All treatments significantly had higher firmness
compared to the control. However, the highest firm-
ness (1.34 N) was recorded in zein/TEO active packag-
ing treatment (Table 2). The results suggested that TEO
released from the fiber maintained the cell wall integ-
rity of the fruit and reduced moisture loss and consist-
ent with similar studies reported by Ranjan et al. [11].
As expected, the firmness of fruit decreased during the
storage period. However, the firmness of all strawberries
slowly reduced after 6 days of storage, and there were no
significant differences on days 9, 12, and 15 (Fig. 3). There

was a significant interaction between treatments and the
storage time in terms of firmness (Table 2). The firmness
of treated fruit remained higher than the control during
storage period. In a recent study, Min et al. [31] reported
prolonged softening of strawberry fruit and the loss of
firmness being significantly reduced when packaged in
TEO encapsulated in fibers with different composite
films.

Total soluble solids (TSS)

TSS values remained steady in all active packaging treat-
ments compared to the control. However, it declined
gradually during the storage period (Table 2). The TSS
percentage of strawberries significantly decreased after
9 days of storage. The reduction might be due to sugar
metabolism during the respiratory process [11]. There
was a significant interaction between treatments and
storage time in terms of TSS (Table 2). After 15 days of
storage, packed fruit in the container with fiber (zein/
TEO) was the most effective treatment in maintaining
TSS (Fig. 3). This showed that after 15 days of storage,
TSS loss was lower in zein/TEO treatment than the con-
trol. However, the TSS value first increased on day 3 and
6, and after that decreased (Fig. 3). The increased TSS
is most likely due to the conversion of carbohydrates to
sugars [31].
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Anthocyanin

The total anthocyanin content of fruit was affected by
both active packaging and storage time (Table 2). The
results displayed that anthocyanin was significantly lower
in control than the treated groups. The highest anthocya-
nin (197.9 mg 100 g FW) was found in zein treatment,
however, all fiber treatments significantly maintained
the anthocyanin content compared to the control. This
result is in line with Li et al. [32] report, who stated that

nano-polyethylene packaging inhibited anthocyanin
accumulation in strawberries compared to polyethylene
packaging. Anthocyanin content of fruits was signifi-
cantly decreased during storage period from 245.1 (first
day) to 143.6 mg 100 g FW (day 15) (Table 2). The inter-
action between treatments and storage duration also was
significant (Table 2). The initial anthocyanin content was
similar, and no statistically significant differences were
observed between the packaging treatments and control
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(Fig. 3). However, after 9 days of storage, the anthocyanin
content of control samples was significantly lower than
fruit packed in active packaging. Previous studies [33]
reported that the total anthocyanin content of strawber-
ries decreased gradually during cold storage. They stated
that low-temperature storage significantly reduced the
anthocyanin content in strawberry fruit. The stability of
anthocyanin can be affected by other factors like pH, TA
(titratable acidity), TSS, oxygen, and light [33]. Increased
pH or TSS might adversely effect on the stability of
anthocyanin [3, 30].

Color attributes

Lightness (L*), a* and b* attributes of the fruit skin
color were affected by both active packaging and stor-
age period (Table 3). There was a significant decrease in
L*and b* values with increase storage time for all treat-
ments, while a* value increased. These changes showed
darker red fruits during storage. Fruit stored in the
container with fiber resulted in a redder color (higher
a* value), while control had a lighter red color (lower
a* value). The highest L* was observed in zein/TEO
treatment. The results suggested that TEO released
from the fiber maintained the lightness of fruit. These
results agreed with those obtained by Dhital et al. and
Amal et al. [3, 30], who stated that postharvest treat-
ments of strawberry delayed fruit senescence in which
the skin color was lighter than control fruit. There was

Table 3 Effect of active packaging zein and zein/TEO, and
storage time on color properties of strawberry fruits stored at
4 °Cfor 15 days

Active packaging L a b

treatment

Control 36.874+3.91¢ 30054268 20204 3.54

Zein 39174291° 31334+268° 22734228

Zein/TEO 39.774£2.75% 3244+193° 2166+280°

Significance ** ** **

LSD (0.05) 0.295 0.509 0448

Storage time (day)
0 47664+033% 27474049 281940307
3 4095+161° 360641.19° 24.714104°
6 38114145 341641.04° 22904095
9 37.05+£140% 311241569 19.12+0.71¢
12 36.1641.57¢ 3133+151¢ 19.16+1.64°
15 35744159 2977+£200° 1732+£1.70°

Significance ** ** **

LSD (0.05) 0.361 0.624 0.549

Interaction active packaging ** ** **

X storage time

Data shown are the mean =+ standard error of three replicates
Means within columns with same letters are not significantly different
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a significant interaction between packaging treatments
and the storage period (Table 3, Fig. 4). The L* and b*
values of treated fruit remained higher than the control
during storage, while a* value was higher on day 3 and
then decreased, as the storage time progressed. This is
likely related to the reduction of anthocyanin content
in strawberry fruit during storage.

Sensory evaluation

As the final consumer decides whether treated fruits are
acceptable, sensory evaluation is required [25]. Results
of sensory attributes (appearance, texture, color, taste,
and overall acceptance) of strawberries were evaluated
on the 6th and 12th days of storage. Significant effects of
storage time and treatment were observed in all sensory
attributes (Table 4). In the control group, strawberries
showed signs of decay and were not generally accepted
for consumption on 6th day of storage, but fruit packed
in packaging include zein fiber that encapsulated with
TEO had an acceptable appearance for marketing. The
scores of color and texture were better in fruits packed
with zein/TEO fiber than control samples on 12th day
of storage. Overall, the strawberries’ organoleptic and
sensory properties improved through active packaging
included essential oil as reported by previous studies [13]
[23, 25]. Similar to our results, in the study of Wen et al.
[13] on strawberry, fruit packed with nanofilms encapsu-
lated with cinnamon essential oil had the highest sensory
scores in all sensorial evaluation attributes (appearance,
taste, color, and odor) after 18 days of cold storage.

Conclusion

Based on the findings from this study, it was confirmed
that TEO has potent antibacterial action against fungi,
Gram-positive and Gram-negative food-borne patho-
gens. Furthermore, zein fiber containing TEO was fab-
ricated through the electrospinning method. The EE of
TEO in the zein fiber was about 75.23+16.4% and TEO
encapsulated in zein fiber released into the atmosphere
much more slowly, with only 65% of encapsulated TEO
after 180 h. Strawberries packed in packaging contain
zein/TEO fiber maintained the quality and prolonged
shelf life. Interestingly, after 15 days of cold storage, the
fruit firmness, appearance and color, which are important
quality factors from postharvest viewpoint, in zein/TEO
fiber treatment were acceptable for market than control.
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Table 4 Sensory attributes of packed fruits in packaging using
zein fiber with and without TEO (zein and zein/TEO) during 12
days of storage at 4 °C

Day/treatment 0 6 12
Color
Control 81040.13* 45440.13° 3.2240.13°C
Zein 8.16 £ 0.06* 500+0.12%8 3.9240.12°¢
Zein/TEO 8.134+0.13% 6.554+0.08% 4404011
Texture
Control 84040.11% 451+0.08® 3.56 4 0.04
Zein 8354002 630+£0.11% 45340.07°C
Zein/TEO 8394004 6.504+021% 567 £0.14%6¢
Taste
Control 8.17+£0.11%4 - -
Zein 8.1940.09* 55240.12% 42040.15°¢
Zein/TEO 8.15+£0.04% 5304007 440+0.15%C
Appearance
Control 839+0.10% 3.5440.12%8 2.86+0.12%¢
Zein 829+0.14" 530+0.06% 42540.11°¢
Zein/TEO 8414004 6.17+007% 5.60 4 0.04%8¢
Overall acceptance
Control 8.0240.11% 4074010 2734008
Zein 8.74+0.09* 56340.07°8 44040.11°¢
Zein/TEO 8.1040.10% 6.4040.02*8 5.84 40,065

Data shown are the mean =+ standard error of three replicates
¢ Different letters indicate significant difference between packaging
treatments within each storage time

A-E Different letters indicate significant difference for the storage time for each
packaging treatment

This study demonstrated the possibility of using zein/
TEO fiber for optimum performance in active packaging.
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