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ABSTRACT

Purpose: The strawberry, known for its delightful flavor and significant nutritional
benefits, suffers from a limited shelf life after harvest. Consequently, the proper handling
and storage of this delicate fruit are essential. Antimicrobial packaging is recognized as a
key application of active packaging. Thus, this study aimed to explore the impact of
antimicrobial packaging on the postharvest quality of strawberries. Research Method: This
investigation consisted of two experiments. The first experiment involved the use of silica
mesoporous particles (SMP) derived from rice husk to create antimicrobial sachets. The
loading capacity and release of essential oil (EO) from the substrate were evaluated through
gas chromatography analysis. In the second experiment, active packaging for the
strawberry cultivar Camarosa was implemented using sachets produced in the first phase,
which were infused with peppermint essential oil (PEO). Various qualitative and
biochemical characteristics were assessed. Findings: The results revealed that at the
conclusion of the storage period, the highest total antioxidant activity (81.72 iron II Mmol
g-1) was observed in the fruits packaged with sachets, while the control group exhibited the
highest anthocyanin content (83.5mg 100grEW—1). At the end of storage, the treated fruits
demonstrated enhanced catalase (198 U g-1) and phenylalanine ammonia-lyase (1660 U kg-
1) activities. The packaged fruits with sachets showed a reduced microbial load, with total
mesophilic bacteria counts of 8.7 and 0.5 Log CFU g—1 in the control and treated samples,
respectively, at the end of storage. It has been proven that by encapsulating long-term
effectiveness is ensured by controlled release hydrocarbon monoterpene such menthol and
easy handling, with positive effects for its antifungal activity. Research limitations: No

limitations were found. Originality/Value: The findings suggest that the increased enzyme
activity and reduced levels of malondialdehyde positively influence the shelf life of
strawberry fruits.

Keywords:

Active packaging, Antioxidant enzymes, Mesoporous silica particles, Strawberry
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INTRODUCTION

Active packaging serves as an alternative approach to prolonging the post-harvest lifespan of
fruits, accomplished by the release or absorption of active substances from the packaging
system. This method is extensively utilized for antimicrobial purposes. Antimicrobial
packaging systems effectively eradicate contaminants and pathogenic microorganisms
responsible for food spoilage. The antimicrobial system inhibits microbial growth by
extending the lag phase during the growth of microorganisms and by reducing the population
of viable microorganisms (Otoni et al., 2016). Strawberry (Fragaria x ananassa Duch.) is
one of the most popular fruits belonging to the Rosaceae family. It is cultivated and consumed
worldwide due to its special taste, attractive color, distinctive sweetness, and nutritional value,
including minerals, vitamins, phenolics, anthocyanins, amino acids, and antioxidant properties
(Meighani & Salehi Sarbijan, 2025). These bioactive compounds can reduce the risk of
chronic diseases such as heart disease, type II diabetes, obesity, cancer, and
neurodegenerative diseases. In addition, the shelf life of strawberry fruit is very limited due to
its susceptibility to mechanical injury, physiological deterioration, water loss, and microbial
decay (Colussi et al., 2021).

Essential oil (EO) components have antimicrobial activity that can be a suitable
alternative to synthetic pesticides and the preservatives of food. However, due to high
hydrophobicity and volatility, they can lose this activity before acting as a fungicide.
Encapsulation in microcapsules has been developed for the protection and preservation of the
effectiveness of bioactive substances (Amiri et al., 2021). Silica mesoporous supports (SMPS)
have been used as inorganic scaffolds for the storage and release of drugs and organic
molecules. Mesoporous silica supports for EO delivery in food applications have been
reported elsewhere, Park et al. (2011) found that MCM-41 and SBA-15 loaded with natural
antimicrobial allyl isothiocyanate were antimicrobially active against Escherichia coli,
Bacillus cereus, and Pichia anomola. A study by Ruiz-Rico et al. (2017) reported a significant
reduction in the concentration of Listeria innocua in pasteurized skimmed milk using vanillin
grafted onto the surface of MCM-41. The shelf life of strawberries can be prolonged through
the use of different active antimicrobial packaging systems, including pullulan/bacterial
cellulose packaging film loaded with Citrus extracts (Xu et al. 2024), active packaging films
that incorporate microcapsules of oregano essential oil (Li et al., 2020), and encapsulated
oregano oil: extending strawberry shelf life (Taheri et al., 2026). Many studies have revealed
extensive interests in sachets with functional properties such as avocado (Bill et al., 2018) and
strawberry (Sangsuwan et al., 2016). A microencapsulated antifungal sachet of clove essential
oil was developed, and its efficacy was assessed as an antimicrobial packaging solution for
peach fruit rot (Irshad et al., 2024). Encapsulated thyme essential oil in zein nanofiber film to
prevent Botrytis cinerea, and their use in the packaging system for strawberries was
investigated (Ansarifar & Moradinezhad, 2021). The type of material used as an anti-
microbial carrier plays an important role in loading and releasing the capacity of the anti-
microbial sachet. The elevated expense and restricted availability of raw materials, along with
their chemical properties, may restrict the utilization of these sachets. Therefore, innovative
strategies are necessary to maintain the quality of fruit. As a result, this research aimed to
create an anti-microbial sachet within a sealed package to investigate its potential application
as an anti-microbial packaging solution for strawberries during storage.
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MATERIALS AND METHODS

Plant material and treatment

Strawberry fruits (cv. Camarosa) were collected at commercial maturity (level 3/4 red) from a
local greenhouse situated in Dezful, Khuzestan Province, and were subsequently transported
to the laboratory of Shahid Chamran University of Ahvaz in 2023. Initially, the fruits were
disinfected using a 0.1% sodium hypochlorite solution for 2 minutes and then carefully rinsed
with distilled water. Following this, a spore suspension containing 10° spores mL" of B.
cinerea was injected at two longitudinal points on the fruits using a sampler. Finally, the fruits
were packaged in triplicate using clamshells made of polystyrene, with dimensions of 8 cm in
width, 11 cm in length, and 7 cm in depth. They were stored at a temperature of 4 + 1°C and a
relative humidity (RH) of 90+ 5%. Each replication consisted of eight fruits, which were
analyzed on days 1, 3, 5, 7, 9, and 11 of their storage periods.

Synthesis of silica mesoporous supports loaded with essential oil components

Silica mesoporous synthesized from rice husk, infused with peppermint essential oil (sourced
from Kashan Barij Essential Oil Co.), was produced through vapor adsorption by combining
40 mg of peppermint essential oil with 40 mg of MCM-41 silica in a securely sealed 8 mL
vial. The resulting mixture was incubated for 24 hours while being continuously agitated
(Davarpanah & Kiasat, 2013). Sachets measuring 3x5 cm were positioned a top the container
for use in fruit packaging.

N: adsorption—desorption isotherms

The equilibrium adsorption isotherms of nitrogen were determined at 77 K utilizing static
volumetric adsorption systems (ASAP 2020 analyser; Micromeritic, Atlanta, GA, USA). The
adsorption isotherms were fitted to calculate the Brunauer-Emmett-Teller (BET) surface area;
the micropore volume was obtained using the t-plot method, and the pore size distribution
was assessed through the Barrett-Joyner-Halenda (BJH) method. Prior to conducting the
adsorption measurements, the sample was maintained at 60°C for 33 hours under vacuum.

Release of essential oil from mesoporous silica particles

The quantity of PEO residue in the sachets was assessed after 1, 4, 8, and 12 days. The PEO
was extracted using 5 mL of methanol (Ades et al., 2012). Following centrifugation for 10
minutes, the supernatant was analyzed with an Agilent 5975 gas chromatography system from
Japan, utilizing a BP-5MS column that measures 30 m in length and 0.25 mm in diameter.
The stationary phase layer thickness was 0.25 mm. additionally; the column temperature was
programmed to increase from 60°C (for the first minute) to a final temperature of 250°C at a
rate of 5°C per minute. The temperatures for the injection chamber and detector were set at
280°C and 300°C, respectively. The helium carrier gas flowed at a rate of 1 mL.min—1
through the column, the scan time was set to 1 minute, and the ionization energy was
maintained at 70 eV.

Quality assessment

The weight loss was calculated during the storage through weighing polystyrene boxes
including arils at the initial stage (W1) over different removing times (W2) with the use of
following equation (1) (Amiri et al., 2021a).

Weight loss (%) = 2222 x 100 (1)

wil
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To assess the firmness of the fruit, a Lutron digital hardness tester (Model FG-5020) was
utilized, and the penetration of the fruit flesh was conducted twice with a diameter of five mm
from both sides of the fruit's surface, with the results being expressed in Newtons (N). Four
fruits were taken into account for each replication.

Bioactive parameters

The concentrations of Vitamin C were measured in the fruit juice using the 2, 6-
dichlorophenol indophenol method (AOAC, 2005). The pH differential method was used to
determine the total anthocyanin concentrations (TAC). A spectrophotometer (UV-2100, New
Jersey) was used to measure the absorbance at 520nm and 700nm in the buffers at pH 1.0 and
4.5, which were expressed as mg (cyanidine-3-glucoside) /g FW (Lee et al., 2005). The
mixture of 80% methanol was applied as a solvent, which was added to 1g fruit flesh
homogenate in a falcon tube. Then, it was shacked at 200 rpm for 3 h, and was centrifuged at
6,000rpm for 15min. The supernatant was used to measure total antioxidant activity and the
total phenolic compounds (TPC), Thereafter, 200 ul of methanolic extract was added to a tube
with 1.5ml of Folin—Ciocalteu reagent (10% V/V) to react in Smin, and then 1.5 ml of 6%
sodium carbonate was added and homogenized. The absorbance was recorded at 725 nm after
the incubation of the mixture in the dark for 90 min, which was resulted in Gallic acid and
were presented in Gallic acid equivalent (GAE) mg / 100g FW (Slinkard and Singleton,
1977). The Benzie and Strain (1996) method was used to determine AC through slight
modifications. Initially, 10mM of TPTZ (2,4,6-tripyridyltriazine) solution in 40mM of HCI,
20mM of FeCl3.6H20, and 0.3 M of sodium acetate buffer was mixed to freshly prepare
FRAP reagent. Then, 3.6mL was mixed with 80ul of supernatant of that reagent, which was
incubated for 50min at 37°C. The absorbance was recorded at 593nm against a FRAP blank.
The calibration curve was set by aqueous solution of known Fe (II) concentrations
(FeSO4.7H20), and the results were presented in mmol /g FW.

MDA content and Hydrogen peroxide (H203)

Membrane lipid peroxidation was measured by thiobarbituric acid (TBA) test to measure
malondialdehyde (MDA) (Velikova et al., 2000). The absorption rate was determined at a
wavelength of 532 nm, from which the nonspecific adsorption at 600 nm was deducted.
Malondialdehyde concentration (MDA) was calculated using a correction factor (umol! cm™)
as 0.1155 and expressed in umol / g FW. The hydrogen peroxide amount was measured based
on the reaction of hydrogen peroxide with potassium iodide. The absorbance of the samples
was measured at a wavelength of 390 nm (Reference).

Defense-related enzyme (CAT, APX, PPO, PAL) activities of the strawberry

For enzyme activity assays, 2 g of pulp tissue was homogenized with § mL of ice-cold
100 mmol L™ sodium phosphate buffer (pH7.0) containing 1% (w/v) polyvinyl
polypyrrolidone (PVPP). The homogenate was centrifuged at 10,000 rpm for 15 min at 4 °C,
and the supernatant was used for enzymatic analysis. Catalase activity (CAT) was determined
according to Wang etal. (2004). The reaction mixture contained 2 mL of sodium phosphate
buffer, 0.4 mL of H202, and 1 mL of crude enzyme extract. The decomposition of H,O, was
monitored spectrophotometrically at 240 nm. A change in absorbance of 0.001 per minute was
defined as one unit of enzyme activity (Umin'g™' FW). Ascorbate peroxidase (APX) activity
was assayed following Nakano and Asada (1981). The oxidation of ascorbate was monitored
at 290 nm. Enzyme activity was calculated (U min"'g' FW). For phenylalanine ammonia-
Lyase (PAL) Activity 2 g of pulp tissue was homogenized with 8 mL of ice-cold 100 mmol L!
sodium phosphate buffer (pH 8.7) containing 1% (w/v) PVPP, and centrifuged at 10,000 rpm
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for 15 min at 4 °C. The enzyme activity was determined according to Assis etal. (2001) by
monitoring the increase in absorbance at 290 nm. A change
0f 0.001 absorbance unit per minute was defined as one enzyme unit, and the specific activity
was expressed as U g™ FW. For polyphenol Oxidase (PPO) assay, 2 g of pulp tissue was
homogenized with 8 mL of ice-cold 200 mmol L citric acid buffer (pH 6.8) containing
1% (w/v) PVPP. The homogenate was centrifuged at 10,000 rpm for 15 min at 4 °C. The
reaction mixture contained 2mL of citric acid buffer (pH6.8), 1mL of 100 mmol L
4-methylcatechol, and 2 mL of enzyme extract. The increase in absorbance at 398 nm at 25 °C
was recorded for 2 min. The specific activity was expressed (U min "'g™' FW).

Sensory evaluation

The sensory evaluation of the fruits was conducted with a test panel consisting of 10 trained
panelists. These panelists assessed quality parameters including taste, color, aroma, and
overall acceptance, utilizing a 5-point scale (ranging from 5 to 1). In this scale, a score of 5
indicated extreme liking (very characteristic of the fruit), 4 represented moderate liking, 3
denoted neutralities (neither liked nor disliked), 2 indicated moderate disliking, and 1
signified extreme disliking (Moradinezhad et al., 2018). The entire process was carried out at
ambient temperature and under standard lighting conditions.

Microbiological evaluations

Ten grams of fruit were homogenized and diluted in a series with saline solution (NaCl 0.9%)
in triplicate for each treatment. Subsequently, 1 mL of this solution was diluted with 9 mL of
sterile saline solution (10-2). The Lawn plate method was employed to cultivate microbial
colonies on Plate Count Agar (PCA, Sigma Aldrich) for mesophilic aerobic bacteria.
Incubation occurred at 30 °C for 48 hours, while Rosbengal-Chloramphenicol Agar for molds
and yeast was incubated at 25 °C for 72 hours. Finally, the microbial colonies were counted
two times and the results were reported as log CFU/g (Amiri et al., 2021a).

Data analysis

A factorial design experiment was applied in this research based on a completely randomized
design; with four replications. Moreover, the LSD (least significant difference) was applied to
determine the specific differences among the means at P=0.01. The data were analyzed using
MSTATC software (v. 9.1).

RESULTS AND DISCUSSION

Release of EO in the silica mesoporous

The evaluation of EO release in SMP (Table 1) showed that on the first day in SMP-PEO, all
compounds were released, leading to the identification of gas chromatographic peaks of these
compounds by the end of the fourth day of storage. However, the peak of menthol release
continued until the end of the 12th day. Mesoporous silica contains small molecules
(especially non-polar molecules of flavor and aroma compounds) that can form a complex
and thus enhance the flavor of the food by minimizing evaporation and regulating its release
during storage and application. This complex is the non-covalent binding of small molecules
to silica. Silica encapsulation modulates the terpene release, which allows the selection of the
most appropriate oil composition or application time to achieve a specific terpene profile
(Sousa et al., 2014).
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Fig. 1. BJH diagram of silica mesoporous synthesised of rice husk.

Table 1. Identified compounds of peppermint essential oil contained in Silica mesoporous.

1 4 8 12
Isomenthone + + - -
Menthol + + + +
Menthone + + - -
Pulgon + + - -

-: not detected, + detected

N; adsorption—desorption isotherms

The nitrogen adsorption-desorption diagram at 77°K and the BJH diagram for MCM41 is
shown in Figure 1. These diagrams have a type IV isotherm with a steep adsorption-
desorption loop in the range of relative pressure (P/Po) 0.4 to 0.8, which is characteristic of
regular mesopore compounds. The coincidence of the cycle in adsorption and desorption
indicates the cylindrical structure of the channels of these mesopores. Based on the BJH
diagram, a very high order in this structure is also clearly evident.

Firmness and weight loss (WL)

The least amount of WL was observed in fruit treated with SMP sachet (Fig 2. A). The
greatest reduction in WL was observed in the control fruits. The changes in WL of the fruit
during the last days were due to the increased metabolic activity as well as rapid microbial
growth along with the destruction of fruit tissue. These results are consistent with previous
reports given by Peretto et al. (2014) concerning the reduction of strawberry fruit's weight in
different cultivars during the storage. High respiration intensity caused by accelerating the
maturation and aging processes consumes the fruit nutrients (Gao et al., 2013), which in turn
reduces the fruit's weight during the storage. In similar results with this study, it was revealed
that the EO vapor reduces the dehydration or weight loss process in peaches (Montero-Prado
et al., 2011). Essential oil vapor in packaging system with chitosan beads could delay weight
loss of the strawberry fruit than the control. EOs act as a barrier between the fruit and
environment, which reduces the external exchanges and ultimately prevents the loss of fruit
juices (Sangsuwan et al., 2016).
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The results showed that the firmness of the fruit is decreased along with increasing the
storage period; accordingly, the lowest amount of the firmness was related to the 11" day of
the storage, which led to a maximum decrease of 59.69 % compared to the first day in control
fruit. (Fig. 2B). The fruits packed with SMP- PEO sachet had the highest firmness during the
storage period; while, the control fruits had the lowest firmness. The PEO treatment was able
to maintain the firmness of the fruit tissue during the storage compared to the control
treatment. Similar to the results of this study, the firmness of peach fruits (Montero-Prado et
al., 2011) treated with cinnamon oil was appropriately maintained compared to the control
fruits. Although the mechanism of plant's EOs action in firmness maintenance is not yet
known (, adding these compounds to the fruit's package and maintaining the firmness can be
attributed to a decrease in the activity of cell wall softening enzymes (Valero et al., 2006).

Membrane peroxidation and hydrogen peroxide content

The results showed that hydrogen peroxide increased during storage so that the highest
amount was recorded in control, which increased by 39.14% compared to the SMP- PEO
sachet. During the storage period, the highest amount of hydrogen peroxide was recorded in
control on day 11 of storage, and the lowest was associated with the SMP- PEO sachet (Fig.
3A). Hydrogen peroxide is a powerful oxidant that peroxidizes membrane lipids (Xu et al.,
2024). Therefore, an increase in hydrogen peroxide is associated with an increase in lipid
peroxidation and ion leakage into the living cell. Lipid peroxidation begins with the attack of
reactive oxygen radicals (Li et al., 2020). As was already, B. cinerea mycelium into the tissue
is associated with oxidative stress, which causes an increase in hydrogen peroxide in the fruit
tissue (Cai, et al, 2015). The results showed an increase in MDA amount with increasing the
storage period. The lowest amount of MDA on 11th day was related to the SMP- PEO sachet,
which showed a decrease of 42.92% compared to the control (Fig. 3B).

A s ------ Control - - & - = mesoporous silica
1 T T * ----------------------- +
-~ 3 w7 _}_ ------- R ,}
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B 2890 & Control - - @ - = mesoporous silica
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=
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Fig. 2. Effect of antimicrobial sachet on weight loss (A), and firmness (B) of strawberry fruits during
storage at 1°C and 90% relative humidity for 11 days.
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In previous studies, was showed that using essential oils in the vapor phase can have a
better effect than in the liquid phase. It is concluded that the EO mechanism against B.
cinerea might be due to its effect on cell membrane permeability according to the
electrolytes’ leakage (Amiri et al., 2020). Accordingly, the film-loaded microcapsules of
oregano EO slow the strawberry MDA, hydrogen peroxide and delay the aging process of the
fruit (Li et al., 2020). The MDA is the product of fatty acid oxidation and considering an
indicator of cell membrane lipid peroxidation by the production of reactive oxygen species
(Cai et al., 2015). By reduction of MDA amount the damage to the membranes is reduced,
thereby the peroxidation of the membrane lipids, which, in turn, preserves the integrity of the
membrane and prevents tissue damage (Amiri et al., 2021).

Bioactive parameters

The highest amount of the ascorbic acid was obtained in the fruits packed with sachets and the
least amount was accompanied by control fruits (Fig. 4A). Ascorbic acid is one of the
important antioxidants, which its reduction is due to the use of this vitamin as an electron
donor for oxidants to neutralize free radicals. In addition, the reduction of ascorbic acid
during the storage is related to its consumption during the respiratory reaction ascorbic acid is
an important antioxidant involved in aging resistance (Amiri et al., 2021a). The PEO
treatment reduced the ascorbic acid content compared to untreated fruits with a lower slope
rate during the storage.

A .
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12 -
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Storage time (days)
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Fig. 3. Effect of antimicrobial sachet on the hydrogen peroxide (A), and membrane peroxidation (B) of
strawberry fruits during storage at 1°C and 90% relative humidity for 11 days.
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The results also showed that of phenolic substances initially increased until the 5th day
and then decreased along with increasing the storage period. At the last day of the experiment,
the fruits packed with SMP- PEO sachet had the highest number of phenolic substances (Fig.
4B). Also, it was revealed that lowest antioxidant capacity at 11th day of the control; while,
the fruits packed with SMP- PEO sachet had the highest antioxidant capacity (Fig. 4C). As
stated in the results, the change trend in antioxidant capacity had a two-stage pattern during
the fruit storage in which incremental experiments and then decreasing trend were recorded
from the first day up to day seven. According to the results of decay percentage indicators, the
amount of hydrogen peroxide is a coherent mechanism. This means that along with increasing
the hydrogen peroxide amount, the essential oil loads in this substrate with a slow total
antioxidant activity release would happen which eventually result in fungal and controlled
fungal growth enhancement, and produced hydrogen peroxide decrease. The EO seemed to
maintain its total antioxidant activity by reducing the activity of free radicals and prevention
of aging. The EO encapsulated in beta-cyclodextrin facilitated the antioxidant activity in
lettuce. It should be noted that phenolic turpentine essential oil terpenes remain on the lettuce
surface and increase the number of phenolic substances and antioxidant capacity (Viacava et
al., 2018). The results of anthocyanin content displayed that its amount increased during the
experimental period up to day seven, and then, decreased (Fig. 4D). Anthocyanins are a group
of phenolic compounds that are involved in the red-blue color of many vegetables and fruits
and play an important role in human health (Wang & Gao, 2013). Phenols and anthocyanins
are among the substrates of polyphenol oxidase enzyme, which diminish along with
increasing the activity of this enzyme and therefore, a decrease was observed in these
compounds. The control during the storage period exposed a higher amount of anthocyanin
than the treated fruit, which is due to the anthocyanin concentration occurred by the tissues'
water loss in this treatment. Increasing the amount of anthocyanin during the harvesting

period is associated with fruit's weight and moisture loss leading to anthocyanin concentration
(Meighani et al., 2014).

Antioxidant enzyme activity

During the storage period, the highest amount of CAT and APX enzyme activity was
observed in the fruits packed with SMP- PEO sachet. Significant changes in enzyme activity
were seen in different treatments; while, no change was observed in the control treatment in
CAT and APX during the maintenance period. The antioxidant enzymes activity such as
catalase and ascorbate peroxidase increased with rising the fruit storage period, so that the
fruits packed with SMP- PEO sachet. The fruits packed with SMP- PEO sachet disclosed the
highest activity of the CAT and APX during the storage (Fig. SA and B). Consistent with the
results of this study, another research uncovered that the high level of antioxidant enzymes.
activity such as catalase, peroxidase, superoxide dismutase, and ascorbate peroxidase and low
level of malondialdehyde strengthen the antioxidant defense system and delay strawberry
fruit's aging (Cai et al., 2015). It is important noting that thyme essential oil can act as a signal
compound to create a defense function and to increase the activity of defense enzymes and
intensify the antioxidant capacity (Khumalo et al., 2017). As part of the endogenous
enzymatic defense system, antioxidant enzymes catalase, ascorbate peroxidase, are
responsible for scavenging all kinds of oxygen radicals produced under different conditions
(Wang and Gao, 2013). In general, the metabolism of reactive oxygen species is controlled by
antioxidant enzymes including catalase, ascorbate peroxidase, and superoxide dismutase
(Villarino et al., 2011). As mentioned earlier, the infiltration of Botrytis cinerea mycelium
into the tissue is associated with oxidative stress, which causes hydrogen peroxide increase in
the fruit tissue.
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Fig. 4. Ascorbic acid (A), total phenol (B), antioxidant activity (C), and anthocyanin (D) of strawberry fruits
packed during storage at 1°C and 90% relative humidity for up to 11 days.
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The antioxidant enzymes activity is an indicator of the ability and efficiency of the
internal antioxidant system in neutralization of free radicals and prevention of fruit rot. As
reported in previous studies, increasing the antioxidant enzymes' activity is accompanied by
increasing fruit pathogen's resistance with peach fruits (Montero-Prado et al., 2011), and
avocado (Sellamuthu et al., 2013). The results also showed that of PAL activity increased
until the 5th day and then decreased along with increasing the storage period (Fig. 5C). The
PPO activity was increase during storage time (Fig. 5D). Thyme oil vapour significantly
increased the PPO and PAL activities in ‘Spring Princess’ fruit (Cindi et al., 2016). In the
strawberries infected with Botrytis cinerea and Rhizopus stolonifer, the tea tree's essential oil
directly or indirectly reduced the fruit rot through activating antioxidant enzymes such as
superoxide dismutase, PAL, and peroxidase. The researchers found out that the activity of
superoxide dismutase is increased along with the hydrogen peroxide elevation during this
period at the beginning of storage time, and this mechanism is considered as the secondary
metabolites in the essential oil and a signal to stimulate resistance against the disease (Shao et
al., 2013).

Microbiological evaluations

Total mesophilic aerobic by evaluating of yeast and mold populations were was counted
during the storage period (Fig. 6A and Fig. 6B). A higher change was observed in the total
mesophilic aerobic counted than in the yeast and mold populations. The SMP- PEO sachet
exhibited a significantly lower microbial load during storage. Over time, the antimicrobial
effect increased due to of SMP- PEO sachet acts as an EO adsorbent. They SMP contain PEO
for porous structure, and the release of menthol in the strawberry packaging gradually
increases, so reducing the microbial load on the last days. Incorporation involves the
entrapment of EO within the polymer matrix, leading to its gradual release, which facilitates
the development of an antimicrobial system while simultaneously activating an antimicrobial
mechanism at the appropriate moment (Sangsuwan et al., 2016). GC analysis results showed
that menthol release occurred gradually over the period. The rapid solubility of hydrocarbon
monoterpenes in the cell membrane in the gaseous phase is due to the strong anti-microbial
properties of this oil (Tyagi & Malik, 2011). Other study revealed that, even after 30 days,
carvacrol and thymol encapsulated in mesoporous scaffolds were able to maintain antifungal
activity and inhibit fungal growth, antifungal behavior of these EOs is enhanced via their
entrapment in mesoporous supports (Bernardos, et al., 2014). It has been proven that by
encapsulating volatiles, their long-term effectiveness is ensured by controlled release and easy
handling, with positive effects for their antifungal activity (Janatova et al., 2015). EOs change
the membrane fluidity to become abnormally permeable, leading to the leakage of radicals,
cytochrome C, calcium ions, and proteins, which cause oxidative stress (Amiri, et al., 2021).
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Fig. 5. Effect of antimicrobial sachet on APX (A), CAT activity (B), PAL activity(C), and PPO activity (D) of
strawberry fruits packed during storage at 1°C and 90% relative humidity for up to 11 days.
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Sensory evaluation

A quantitative descriptive analysis was used to evaluate the effect of SMP- PEO sachet on the
sensory parameter of strawberries. Sensory attributes of the fruits (texture, odor, appearance,
and overall acceptance) are presented in Figure 7. Compared to the control, SMP- PEO sachet
could maintain a better appearance by decreasing the darkening process and improving
anthocyanins content. The strawberries packed with SMP- PEO sachet retained their firmness
well until the 11th day, in contrast to that of control that lost its texture score. Overall
acceptability scores showed that all strawberries packed with SMP- PEO sachet had the
highest scores. Sangsuwan et al. (2016) studied the sensory properties of strawberry packed
with chitosan beads and reported that overall acceptance scores of control strawberry and the
strawberry packed with chitosan beads did not change during storage while those packed with
beads containing EOs decreased apparently on Day2. However, the scores of strawberry in
the EO treatments were still acceptable until Day10. Perdones et al. (2012) studied the
sensory properties of strawberry coated with chitosan-lemon EOs and reported that the typical
strawberry aroma and flavour score of the coated sample decreased compared with non-coated
sample and resulted in decreased sample acceptability. Packed fruit in zein nanofiber and
Z/TEO nanofiber groups had acceptable overall appearance for marketing, as no obvious
signs of decay were observed at 12th and 15th day of cold storage, respectively (Ansarifar, &
Moradinezhad, 2021).
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Fig. 6. Effect of antimicrobial sachet on Total yeast + mold counts (A) and total aecrobic mesophilic bacteria
(B) (Log CFU g!) of strawberry fruits packed during storage at 1°C and 90% relative humidity for up to 11
days.
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Fig. 7. Effect of antimicrobial sachet on sensory acceptance of strawberry fruits packed during storage at 1°C
and 90% relative humidity for up to 11 days.

CONCLUSIONS

PEO sachets are utilized in the packaging of strawberry fruit. The shelf life of the strawberry
fruit was positively affected by PEO sachets, which demonstrated higher levels of
phytochemical content compared to the untreated fruit samples. It can be concluded that
employing PEO sachets in the vapor phase represents a promising method for prolonging the
shelf life of fruit and enhancing both microbial characteristics and biochemical parameters
throughout the storage duration. The observed increase in antioxidant activity in fruits treated
with PEO sachets may be attributed to the preservation of phenolic and ascorbic acid
contents.
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