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Abstract

Background: This study evaluated the antimicrobial activity of thyme essential oil (TEO) encapsulated in electrospun zein fibers
for use in bilayer films as active packaging for cherry tomatoes. The antimicrobial activity of TEO and bilayer films with 20%,
40%, and 60% TEO was assessed with agar diffusion and microatmosphere assays. Films containing 60% TEO were tested with
viable cell count against microorganisms and applied as bioactive packaging for cherry tomatoes. Weight loss, decay rate, firm-
ness, total soluble solids, titratable acidity, pH, and microbiological quality were analyzed over a 14 day storage period.

Results: The free TEO exhibited antimicrobial activity against all tested bacteria and fungi, with the strongest antibacterial
activity against Listeria monocytogenes and Staphylococcus aureus and complete fungal inhibition in the microatmosphere
assay. The 60% TEO bilayer films completely inhibited S. aureus and Penicillium crustosum. They reduced Escherichia coli growth
by 71.5% and Aspergillus flavus growth by 71.3%. As active packaging for cherry tomatoes, after 14 days of storage, the bilayer
films reduced weight loss from 14.7% to 6.8% and decay incidence from 83.3% to 33.3% compared with the control, while main-
taining total soluble solids (5.0 °Brix), titratable acidity, and pH. The bilayer films also reduced E. coli by approximately 92% and
decreased aerobic mesophilic bacteria by approximately 1.8 log colony-forming units (CFU) g and yeasts and molds by
approximately 1.5 log CFU g .

Conclusion: The results confirm TEO's antimicrobial effectiveness in bilayer films and potential for active packaging, offering a sus-
tainable alternative to extend the shelf life of perishables and a promising technology for industrial fresh produce preservation.

© 2026 The Author(s). Journal of the Science of Food and Agriculture published by John Wiley & Sons Ltd on behalf of Society of
Chemical Industry.

Keywords: sweet potato starch; Thymus vulgaris; Solanum lycopersicum var. cerasiforme; Antibacterial; Antifungal
. @000 ]
|

* Correspondence to: JS Vitoria, Laboratory of Microbiology and Food Science
INTRODUCTION (LACIMA), Graduate Program in Nutrition and Food, Center for Chemical, Phar-
maceutical, and Food Sciences, Federal University of Pelotas, 96010-900,

. . . o1
Fresh fruits and vegetables play a vital role in a healthy diet." How- Pelotas, RS, Brazil. E-mail:jessicasilveiravitoria@gmail.com

ever, their high water content, rapid metabolism, and susceptibility

to microbial activity make them highly perishable.” Postharvest dis- Laboratory of Microbiology and Food Science (LACIMA), Graduate Program in

eases caused by bacteria and fungi Ieading to decay are a major Nutrition and Food, Center for Chemical, Pharmaceutical, and Food Sciences,
i N .3 Federal University of Pelotas, Pelotas, Brazil

cause of losses in vegetables, particularly fruits.” Food waste due to

j3

improper storage, microbial contamination, and logistical failures b Laboratory of Microbiology and Food Science (LACIMA), Graduate Program in

represents a major challenge in the postharvest chain of fresh fruits Food Science and Technology, Department of Agro-industrial Science and

and vegetables*> Among these products, climacteric fruits such as Technology, Federal University of Pelotas, Pelotas, Brazil

Che'rry tomatoes ar_ev ESpeCIélly susceptible to deterlorat'lon d'u'e tg ¢ Laboratory of Biopolymers and Nanotechnology in Food (BioNano), Graduate

their structural fragility and intense postharvest enzymatic activity. Program in Food Science and Technology, Department of Agro-industrial Sci-
Despite potential health risks, the food industry still relies on ence and Technology, Federal University of Pelotas, Pelotas, Brazil

chemical preservatives and pesticides to extend the shelf life of
fresh produce. It also makes extensive use of petroleum-based
packaging materials, which are environmentally harmful and rela-
tively ineffective in preventing microbiological spoilage.” These

[N

Centro de Biotecnologia e Quimica Fina (CBQF) — Laboratério Associado, Escola
Superior de Biotecnologia, Universidade Catdlica Portuguesa, Porto, Portugal

m

Department of Nutrition, Federal University of Pelotas, Pelotas, Brazil

© 2026 The Author(s). Journal of the Science of Food and Agriculture published by John Wiley & Sons Ltd on behalf of Society of Chemical Industry.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any
medium, provided the original work is properly cited.



https://orcid.org/0000-0001-8364-0334
https://orcid.org/0009-0008-6786-6649
https://orcid.org/0000-0001-6012-1275
https://orcid.org/0000-0002-0760-3184
mailto:jessicasilveiravitoria@gmail.com
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fjsfa.71068&domain=pdf&date_stamp=2026-09-16

®)
SCl

where science
meets business

WWW.S0Ci.org

JS Vitoria et al.

packaging systems are passive, lacking active functionality to con-
trol microbial growth or preserve the sensory quality of packaged
products.2 As a result, biodegradable polymers with active prop-
erties, such as antimicrobial activity and controlled release of vol-
atile compounds, have gained attention as promising alternatives
to conventional packaging. These active systems contribute to
the extension of the shelf life of fresh and minimally processed
foods, such as fruits, by directly inhibiting microbial growth and
stabilizing quality attributes.>'®

In recent years, biodegradable active packaging systems have
been investigated extensively as sustainable alternatives for pre-
serving fresh fruits and vegetables.”'" Films based on polysaccha-
rides, proteins, and composite materials incorporating natural
antimicrobial compounds have demonstrated promising results
in delaying microbial growth, reducing quality losses, and extend-
ing shelf life.*'® However, several of these systems still face lim-
itations associated with the rapid release and volatilization of
active compounds, reducing their long-term antimicrobial effec-
tiveness. Developing strategies capable of protecting bioactive
compounds while enabling their controlled release therefore
remains an important challenge in the development of active
food packaging.'*

In this context, the incorporation of essential oils (EOs) into nat-
ural polymer matrices has emerged as an effective strategy for
extending the shelf life of perishable foods, particularly fruits
and vegetables." Rich in volatile phenolic compounds such as
thymol and carvacrol, EOs exhibit strong antimicrobial and antiox-
idant activity, contributing to the preservation of food quality and
safety.'® Thus, combining different materials in bilayer films cre-
ates more efficient functional systems for use in active packaging
applications.'”'® Polysaccharides such as starch stand out as
promising alternative materials for film production due to their
transparency, abundance, low cost, flexibility, and biodegradabil-
ity.'® Starch can serve as the structural layer in multilayer systems,
providing mechanical strength and barrier properties.”® However,
because of its high hydrophilicity, starch exhibits poor moisture
resistance, requiring the addition of complementary hydrophobic
materials.?’ To develop materials with bioactive properties, the
incorporation of a second functional layer is also necessary.?

In this context, zein, a hydrophobic protein extracted from corn,
has been used widely in the production of electrospun fibers,
enabling the formation of porous structures with a high surface
area. This feature facilitates the incorporation of antimicrobial
agents, such as EOs, protecting them from thermal and oxidative
degradation and allowing for their sustained release over time.?
In this bilayer system, the outer film layer, made of sweet potato
starch, acts as a physical barrier that prevents the migration of
the antimicrobial agent into the external environment, directing
its release exclusively toward the food. Meanwhile, the inner layer,
composed of zein, regulates the controlled release of these bioac-
tive compounds into the food matrix. This unidirectional release
architecture is essential to maximize antimicrobial efficacy, reduce
losses due to volatilization, and promote a prolonged effect on
the packaged food.

Thyme essential oil (Thymus vulgaris) (TEO) is rich in bioactive
compounds, primarily thymol and carvacrol, which act synergisti-
cally as antimicrobial agents.** Its incorporation into polymeric
packaging has demonstrated effectiveness against a wide range
of microorganisms, including fungi and pathogenic bacteria, mak-
ing it particularly useful for food-related applications.*>*® How-
ever, due to the high volatility and sensitivity of TEO
components to light, oxygen, and heat, technological strategies

such as encapsulation in electrospun fibers are necessary to
ensure protection against degradation and to enable controlled
release, maintaining its effectiveness over time.?”?®

In a previous study,”® a bilayer system composed of sweet
potato starch films and zein electrospun fibers containing TEO
was developed and characterized. The material exhibited
improved physicochemical, mechanical, and barrier properties,
in addition to antioxidant activity and the potential for controlled
release of bioactive compounds. These results highlighted the
potential of the matrix as a functional and sustainable material
for application in active packaging. Despite these advances, few
studies have evaluated bilayer systems combining starch films
with electrospun zein fibers encapsulating essential oils under
food storage conditions. Moreover, evidence regarding their anti-
microbial performance against both foodborne and spoilage
microorganisms and their effectiveness in preserving fresh pro-
duce remains limited. Building upon these results, the present
study investigates, for the first time, the antimicrobial perfor-
mance of the previously developed bilayer films through in vitro
assays against foodborne and spoilage microorganisms and eval-
uates their effectiveness as active packaging for preserving the
physicochemical and microbiological quality of cherry tomatoes
during storage.

This study hypothesizes that bioactive films containing encap-
sulated TEO exhibit effective antimicrobial activity against bacte-
ria and fungi, making them suitable for use as active packaging
to extend the shelf life of foods such as cherry tomatoes. In addi-
tion to their antimicrobial potential, bilayer films based on bio-
polymers align with the principles of the circular economy by
promoting sustainable and safe packaging solutions. The study
therefore investigates the antimicrobial activity of TEO and its
application as a bioactive compound in bilayer films containing
zein/TEO fibers for use in active packaging. The sustained action
of TEO over time is evaluated, enabled by its controlled release
through encapsulation. The antimicrobial efficacy of TEO and
the bilayer films was tested against gram-positive and gram-
negative bacteria as well as fungi. The practical applicability in
preventing food spoilage was assessed through the use of these
films in packaging cherry tomatoes, with the analysis of physico-
chemical and microbiological parameters over 14 days of storage.

MATERIAL AND METHODS
Material
The yellow sweet potato (lpomoea batatas L. ‘Amelia’) was
acquired from the local market in Pelotas, Rio Grande do Sul,
Brazil, for starch extraction. The starch extraction procedure was
performed according to the methodology previously described
in an earlier study.?® Glycerol (CAS registry number 56-81-5;
Synth, Diadema, Brazil) was used to produce biodegradable films.
Thyme (Thymus vulgaris) essential oil (TEO) was purchased from
Ferquima - Industria e Comércio de Oleos Essenciais (Vargem
Grande Paulista, Brazil) in an amber bottle with a total volume of
100 mL. The chemical composition of the TEO used in this study
was previously characterized by gas chromatography-mass spec-
trometry (GC-MS), identifying p-cymene (36.46%), thymol
(29.48%), carvacrol (5.78%), y-terpinene (5.34%), and linalool
(4.63%) as the major constituents.>”> Commercial zein (97% purity,
CAS registry number CAS 9010-66-6) was obtained from Sigma-
Aldrich, Barueri, Brazil, and ethanol (299.8% purity, CAS registry
number CAS 64-17-5) from Exodo Cientifica, Sumare, Brazil. The
ethanol was used as the solvent for electrospun fiber formation.
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The MecLab MegaPurity system (MecLab, Jacarei, Brazil) provided
ultrapure water (Milli-Q, Merck KGaA, Darmstadt, Germany).

The following culture media were used: potato dextrose agar
(PDA) (KASVI, CAT: K25-1022, Pinhais, Brazil), Mueller-Hinton
agar (MH) (lonLab, 10263, Araucaria, Brazil), Baird-Parker agar
(BP) (lonLab, 10013), xylose lysine desoxycholate agar (XLD)
(Kasvi, K25-1274), polymyxin acriflavine lithium chloride ceftazi-
dime aesculin mannitol (PALCAM) agar (Merck, 1.11755), mannitol
egg yolk polymyxin (MYP) agar (Merck, 1.05267), eosin methylene
blue (EMB) agar (Kasvi, K25-1050), Pseudomonas lIsolation Agar
(M406; HiMedia, Thane, India), brain heart infusion (BHI) broth
(M210; HiMedia), Mueller-Hinton broth (Biokar Diagnostics,
Allonne, France), RPMI 1640 with L-glutamine without bicarbonate
(INLAB, Sao Paulo, Brazil), and the reagents 3-(N-morpholino)pro-
panesulfonic acid (MOPS) (CAS 1132-61-2; INLAB) and anhydrous
p-glucose (CAS 50-99-7; Synth).

Standard strains of the following bacterial species were used:
gram-positive (Staphylococcus aureus ATCC 10832, Listeria mono-
cytogenes ATCC 7644, Bacillus cereus ATCC 14579, and
methicillin-resistant S. aureus [MRSA]), and gram-negative (Escher-
ichia coli ATCC 43895, Salmonella Typhimurium ATCC 13311, and
Pseudomonas aeruginosa ATCC 10145). The MRSA strain was
obtained from Instituto Portugues de Oncologia do Porto. The
fungi Penicillium crustosum and Aspergillus flavus, previously iso-
lated from cheese samples and characterized,*° as well as Fusar-
ium oxysporum ATCC 48112, were used. These microorganisms
were selected as representative foodborne pathogens and spoil-
age fungi to evaluate the broad-spectrum antimicrobial perfor-
mance of the bilayer films before their application as active
packaging for cherry tomatoes.

Preparation of bilayer films

The casting technique, chosen for its simplicity and ability to form
homogeneous starch-based films, was used to produce starch
films as previously described.?' Sweet potato starch was selected
based on preliminary tests with different starch sources because it
exhibited superior film-forming properties, producing homoge-
neous, continuous, and non-brittle films under the experimental
conditions adopted in this study. The film-forming suspension
was prepared by dispersing 40 g L™ starch in 100 mL of distilled
water. Glycerol (1.20 g) was added as a plasticizer at a plasticizer-
to-starch ratio of 0.30 g g~'. Complete starch gelatinization was
achieved by heating the suspension at 90 °C for 30 min on a hot
plate with magnetic stirring (model 752A; Fisatom, Sao Paulo,
Brazil). The suspension was then cooled to 50 °C, and 55.55 g
was poured into acrylic plates (@ 15 cm). The films were dried in
a forced-air oven (Ethik Technology, Vargem Grande Paulista,
Brazil) at 30 °C for approximately 16 h.

The electrospun fibers were prepared with zein as a polymer at a
concentration of 300 g L™, dissolved in 700 mLL™" ethanol
(in Milli-Q water) as the solvent. The solutions were stirred for
30 min using a magnetic stirrer at room temperature (22 + 2 °C)
to ensure complete homogenization. Thyme essential oil was sub-
sequently incorporated into the zein solution at concentrations of
0.20,0.40,and 0.60 mL g~ (v/w, relative to the zein mass), and the
formulations were stirred for 15 min in the dark. A solution with-
out TEO was prepared for use as a control.>?

The parameters used for electrospun fiber production followed
a previously described method,?® with modifications. The poly-
mer solution was pumped at a flow rate of 0.9 mL h™' using an
infusion pump (Model 100, KD Scientific, USA), under a system
voltage of 20 kV (model INSES-HV30, Instor, Viamao, Brazil), with

controlled temperature (18 + 2 °C) and relative humidity (40
+ 2%). A 10 mL disposable syringe equipped with a needle with
an internal diameter of 0.8 mm was used, positioned 20 cm from
the fiber collector. The electrospun fibers were directly deposited
onto starch films previously fixed at the center of the collector tar-
get, thus forming a bilayer film, following the method described
by Vitoria et al.?®

The zein/TEO electrospun fibers and corresponding bilayer films
used in this study were previously developed and comprehen-
sively characterized in terms of morphology by scanning electron
microscopy (SEM), fiber diameter distribution, Fourier transform
infrared (FTIR) profile, and thermal, physicochemical, mechanical,
antioxidant, and release properties, as described in a previous
study.?®

Antimicrobial analysis

Preparation of bacterial inoculum

The bacterial strains used in the experiment were preserved fro-
zen in BHI broth with glycerol (propane-1,2,3-triol) at a 3:1 (v/v)
ratio. For reactivation, a loopful of the frozen culture was trans-
ferred to BHI broth and incubated at 37 °C for 24 h. Subsequently,
a loopful of this culture was streaked onto Petri dishes containing
selective media and incubated at 37 °C for 24 h to isolate colo-
nies. All incubations were carried out under standard conditions
recommended for each microbial group.

From the bacterial growth on the Petri dishes, a loopful was
extracted and resuspended in saline solution (8.5 gL™" NaCl,
Synth), which was standardized to 0.5 on the McFarland scale
(1.5 x 108 colony-forming units (CFU) mL™"). Subsequently, serial
dilutions were performed to adjust the inoculum to the concen-
tration required for each antimicrobial assay. Finally, 0.1 mL of
the standardized bacterial suspension was uniformly distributed
on the surface of MH agar plates with a diameter of 90 mm.

Preparation of fungal inoculum

Cultures of the fungi previously stored in PDA under refrigeration
were transferred to a plate containing the same culture medium
and incubated at 25 °C for 5 days in a germination chamber
(model SSGFa, SolidSteel, Piracicaba, Brazil). The fungal inoculum
was prepared following the methodologies described by Gurgel
et al>® After the incubation period, 2 mL of sterile saline solution
(8.5 g L' NaCl) was added to the surface of the cultures. The
resulting suspension was collected carefully, ensuring that no cul-
ture medium fragments were removed, and transferred to sterile
tubes. It was then diluted in sterile saline solution (8.5 g L™' NaCl,
Synth) and standardized to a McFarland scale of 0.5
(1.5 x 108 CFU mL™"). Subsequently, serial dilutions were per-
formed to adjust the inoculum to the concentration required for
each antimicrobial assay. Finally, 0.1 mL of the standardized fun-
gal suspension was distributed evenly on the surface of PDA
plates with a diameter of 90 mm.

In vitro antimicrobial activity of thyme essential oil

Agar diffusion test. The agar diffusion analysis was conducted
against the bacteria S. aureus, L. monocytogenes, E. coli, and Salmo-
nella Typhimurium, and the fungi P. crustosum, A. flavus, and
F. oxysporum, following the method described by the Clinical
and Laboratory Standards Institute®* with adaptations. The bacte-
rial and fungal inocula were adjusted to approximately
1% 10® CFU mL™" (McFarland 0.5 standard). Three sterile filter
paper discs (4 mm in diameter) were placed equidistantly on
the surface of the culture medium in each plate. For the negative
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control, sterile distilled water was applied to one of the discs, and
the other two discs received the same volume of free TEO (2, 5, or
10 pL). Each TEO volume was evaluated using independent plates.
After sample application, the Petri dishes were sealed with Paraf-
ilm to prevent moisture loss and contamination during incuba-
tion. The plates were incubated at 37 °C for bacteria on Mueller-
Hinton agar and at 25 °C for fungi on PDA, both placed in a germi-
nation chamber (SolidSteel). After incubation periods of 24 h for
bacteria and 8 days for fungi, the plates were examined for inhibi-
tion zones. All treatments were performed in triplicate.

Microatmosphere test. Microatmosphere analysis, which is particu-
larly suitable for evaluating the antimicrobial activity of volatile
compounds in confined systems, was performed against the bac-
teria S. aureus, L. monocytogenes, E. coli, and S. Typhimurium and
the fungi P. crustosum, A. flavus, and F. oxysporum, following the
method proposed by Ghabraie et al.>* with some modifications.
The bacterial and fungal inocula were adjusted to approximately
1 % 10° CFU mL™". Volumes of 2, 5, 10, and 15 pL of free TEO were
applied to sterile filter paper discs (85 mm in diameter) affixed to
the inner surfaces of the Petri dish lids. To ensure uniform and
homogeneous distribution on the filter paper, the essential oil
was pre-emulsified in a sterile solution of distilled water and
10 mL L' Tween 80 (CAS Registry Number 9005-65-6; Synth). A
sterile saline solution (8.5 g L™' NaCl) was used as a positive
growth control.

The plates were sealed with Parafilm and incubated in an
inverted position (lid facing downward) at 37 °C for 24 h for bac-
teria and at 25 °C for 3 days for fungi in a germination chamber.
After the incubation period, the colony-forming units (CFU) were
counted. All treatments were performed in triplicate. The results
were expressed as a percentage reduction in microbial growth
and calculated according to Egn (1), where ‘C." represents the
growth in the control (without TEO) and ‘C;’ represents the growth
in the treatment with TEO:

C. -C
inhibition (% )= (C—f) X 100 (1)
C

In vitro antimicrobial activity of bilayer film

Agar diffusion test. The agar diffusion analysis was conducted
against the bacteria S. aureus and E. coli and the fungi
P. crustosum and A. flavus, following the methodology described
by the Clinical and Laboratory Standards Institute,>* with adapta-
tions. For this assay, the bacterial and fungal inocula were
adjusted to approximately 1 x 108 CFU mL™" (McFarland 0.5 stan-
dard). Starch bilayer films with zein electrospun fibers were cut
into 4 mm diameter discs and placed equidistantly on the surface
of the culture medium in plates. In each plate, one disc prepared
without TEO encapsulated in the zein electrospun fibers served as
the negative control, and the other two discs contained the same
TEO concentration (20%, 40%, or 60%). Each concentration was
evaluated using independent plates. The plates were sealed with
Parafilm to prevent the dispersion of volatiles and incubated at
37 °C for bacteria and 25 °C for fungi in a germination chamber
(SolidSteel). After incubation periods of 24 h for bacteria or 8 days
for fungi, the plates were examined for inhibition zones, which
were measured in millimeters using a digital caliper (model
LWJ-308, Luatek, Sao Paulo, Brazil). All treatments were performed
in triplicate.

Microatmosphere test. The microatmosphere analysis was con-
ducted against the bacteria S. aureus and E. coli and the fungi
P. crustosum and A. flavus, following the method proposed by
Ghabraie et al.,> with some modifications. For this assay, the bac-
terial and fungal inocula were adjusted to approximately
1% 10° CFU mL™". Starch bilayer films with zein electrospun
fibers loaded with TEO at concentrations of 20%, 40%, and 60%
were cut (85 mm in diameter) and evaluated based on the action
of volatiles. The films were fixed to the inner side of the plate lids.
Films without TEO encapsulated in the zein electrospun fibers
were used as controls. Subsequently, the plates were sealed with
Parafilm and incubated in an inverted position (lid facing down-
ward) at 37 °C for 24 h for bacteria and at 25 °C for 3 days for
fungi in a germination chamber (SolidSteel). After the incubation
period, CFUs were counted. All treatments were performed in trip-
licate. The results were expressed as percentage reductions in
microbial growth and calculated according to Eqn (1).

Viable cell count assay. Based on the results obtained from the
agar diffusion and microatmosphere analyses, starch bilayer films
with zein electrospun fibers loaded with 60% TEO were selected
for viable cell count analysis and application as bioactive food
packaging.

The protocol for the viable cell count assay was conducted
against the bacteria S. aureus, L. monocytogenes, B. cereus, MRSA,
E. coli, and P. aeruginosa, following the method described by Cam-
pos et al,*® with modifications. The same methodology was
adapted for the fungi P. crustosum, A. flavus, and F. oxysporum,
with adjustments in the culture media and incubation times.
The bilayer films, with and without TEO (control), were cut into
1 cm diameter discs, sterilized by ultraviolet (UV) light exposure
for 15 min on each side, and placed in sterile test tubes.

For the bacterial assays, 100 pL of the inoculum at a concentra-
tion of 10° CFU mL™" was added onto each disc. The discs were
incubated with the bacterial inoculum in BHI broth at 37 °C for dif-
ferent time intervals (0, 1, 2, 5, and 8 h). After each incubation
time, 900 pL of peptone water was added to each tube, and the
resulting suspension was homogenized and subjected to serial
dilutions at appropriate dilution factors. Aliquots of 50 pL from
each dilution were plated onto Mueller-Hinton agar and incu-
bated at 37 °C for 24 h.

For the fungal assays, 150 pL of the inoculum at a concentration
of 10 CFU mL™" was applied to each disc. The discs were incu-
bated with the fungal inoculum in Roswell Park Memorial Institute
(RPMI)-1640 medium supplemented with 20 g L™' glucose and
3-(N-morpholino)propanesulfonic acid (MOPS) buffer
(0.165 mol L") at 25 °C for different time intervals (0, 12, 24, 48,
and 72 h). After each incubation time, 1.35 mL of peptone water
was added to each tube, and the resulting suspension was
homogenized and serially diluted at appropriate dilution factors.
Aliquots of 100 pL from each dilution were plated onto PDA and
incubated at 25 °C for 3 days. The resulting colonies were then
counted and the results were expressed as log CFU. Two repli-
cates of each film type were used for each time point.

In situ activity of the film

Bilayer films containing 60% TEO were selected for in situ tests
using cherry tomatoes as model fruits, aiming to evaluate the
effect of the films as packaging on fruit preservation, acting
through the volatilization of bioactive compounds. The experi-
mental conditions were defined based on previous results
obtained from agar diffusion and microatmosphere assays.
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Simulation of bioactive food packaging. Cherry tomatoes at the
same ripening stage (stage 6 maturity), of uniform size, consistent
red coloration, and free from mechanical damage or lesions, were
selected, washed with sterile distilled water, and placed in sterile
containers, with three tomatoes per container. Three treatments
were prepared for each sampling time: control (open container),
polyvinyl chloride (PVC) film, commonly used in commercial pack-
aging for fruit storage, and bilayer film (sweet potato starch films
with zein fibers loaded with TEO) (Fig. 1). A total of 24 tomatoes
(eight containers with three tomatoes each) were used for each
formulation.

The experiment was based on the method described by Xiang
et al.’” with some modifications. The films were arranged to wrap
the samples completely, promoting effective contact between
the volatilized bioactive compounds and the surface of the toma-
toes. The bilayer film or PVC covered the opening of the container,
while Parafilm was applied only around the edges to secure the
films in place and minimize leakage between the film and
the recipient. The packaged samples were stored in a biochemical
oxygen demand (BOD) incubator (model EL131/4; Eletrolab, Sao
Paulo, Brazil) under controlled conditions at 24 + 1 °C and
approximately 65% relative humidity for 14 days.

Storage study of tomatoes. Tomato quality parameters, including
weight loss rate, decay rate, firmness (N), total soluble solids (°
Brix), titratable acidity, and pH, were evaluated on days 0, 3,
7,10, and 14 of storage. Baseline analyses (day 0) were performed
using untreated tomatoes before packaging. On day 14, microbio-
logical analyses were performed for the detection of Salmonella
spp. and E. coli, following the standards established by Normative
Instruction No. 161/2022 of the Agéncia Nacional de Vigilancia
Sanitaria (ANVISA).3® Counts of aerobic mesophilic bacteria,
molds, and yeasts were undertaken. As microbiological analyses
required destructive sampling of 25 g of tomato samples; there-
fore, they were performed only at the end of the storage period
(day 14). All analyses were conducted at least in triplicate using
a completely randomized design with two factors: treatment
and storage time.

Weight loss ratio. Tomato weight loss was determined using a dig-
ital scale (model BL-1200AS, Bioscale, Sao Paulo, Brazil), according
to the method described by Lian et al.>® The initial weight (w,) was
recorded on day 0, and subsequent weights (w) were measured
on the designated storage days. Weight loss was calculated using
Eqgn (2).

Wo —W.
Weight loss (% )= (%) x 100 (2)
0

Overall deterioration rate. At each storage interval, the number of
fruits displaying deterioration was recorded, including those
showing visible signs of decay and those exhibiting severe shriv-
eling. The total deterioration rate was calculated as described by
Lian et al.>® using Eqn (3), where T, represents the total number
of deteriorated fruits and Ty the initial number of fruits.

.
decay rate (% )= (T_X) x 100 (3)
0

Firmness. Tomato firmness was determined using a penetrometer
(HOMIS, model 3020, Brazil). The tomatoes were punctured with a
3 mm diameter probe, and the results were expressed as peak
force in N, as described by Li et al.*® Approximately 12 measure-
ments were performed for each treatment at each storage
interval.

Total soluble solids (TSS), titratable acidity, and pH. Tomato samples
were centrifuged at 2300 x g for 5 min. Soluble solids content was
determined using a digital portable refractometer (Model MA871,
Milwaukee Instruments, Rocky Mount, NC, USA), and results were
expressed in °Brix. Titratable acidity was assessed by titrating
5 mL of the juice with 0.1 mol L™ sodium hydroxide until reach-
ing pH 8.1. This procedure followed the method described in
AOAC 942.15*" and the results were expressed as the percentage
of citric acid. The pH measurements were performed using a

Figure 1. Active food packaging simulation: (a) control, (b) PVC film, and (c) bilayer film with zein/TEO fibers. PVC, polyvinyl chloride; TEO, thyme

essential oil.
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digital potentiometer (model DM-20; Digimed, Sao Paulo, Brazil).
All analyses were performed in triplicate.

Microbiological quality. For the microbiological quality analyses,
25 g of tomatoes was weighed on day 0 and 25 g from each treat-
ment was weighed on day 14 of storage. The samples were
homogenized in 225 mL of sterile buffered peptone water (initial
dilution) and then subjected to microbiological analyses following
the recommendations of the Bacteriological Analytical Manual of
the Food and Drug Administration (FDA)*? and the American Pub-
lic Health Association (APHA).**

For the detection of Salmonella spp., a pre-enrichment step was
performed in sterile buffered peptone water, followed by incuba-
tion at 37 °Cfor 24 h. Subsequently, selective enrichment was car-
ried out in tetrathionate and Rappaport-Vassiliadis broths, with
the former incubated at 35 °C and the latter at 42 °C (in a water
bath), both for 24 h. After enrichment, aliquots from the broths
were streaked onto selective media: Hektoen enteric (HE) agar
(londLab, 10203) and XLD Agar (Kasvi, K24-1056), followed by
incubation at 37 °C for 24 h. Colonies showing typical morphol-
ogy on HE and XLD media were subjected to biochemical tests
on triple sugar iron (TSI) agar (Sigma-Aldrich), lysine iron agar
(LIA) (Kasvi), and the urease test, as well as serological confirma-
tion using polyvalent anti-Salmonella serum (Sigma-Aldrich).

For the quantification of E. coli, decimal dilutions (1072 and
1073) were prepared from the diluted sample, and the most prob-
able number (MPN) technique was used, with three tubes per
dilution. One milliliter of each dilution was inoculated into tubes
containing lauryl sulfate tryptose (LST) broth (Sigma-Aldrich) with
fermentation tubes (Durham tubes) and incubated at 35 °C for
48 h. From the tubes showing turbidity and gas production, a
loopful was transferred to tubes containing E. coli (EC) broth with
Durham tubes, followed by incubation at 45 °C for 48 h. Positive
EC broth tubes were then streaked onto EMB agar plates using
the exhaustion method, in which the inoculum was progressively
streaked across the agar surface to obtain isolated colonies char-
acteristic colonies, with subsequent incubation at 37 °C for 24 h.
The MPN was determined based on the number of positive tubes
at each diluition and expressed as MPN g

For the enumeration of aerobic mesophilic bacteria, 0.1 mL ali-
quots from serial decimal dilutions were inoculated onto Petri
dishes containing plate count agar (PCA) (Kasvi, K25-1056) using
the surface spread technique. The plates were incubated at 35 °C
for 48 h. After the incubation period, characteristic colonies were
counted, and the results were expressed as CFU g™ .

For the enumeration of molds and yeasts, 0.1 mL aliquots from
serial decimal dilutions were inoculated onto PDA plates using the
surface spread technique. The plates were incubated at 25 °C for
72 h. After the incubation period, characteristic colonies were
counted and the results were expressed as CFU g~ .

Statistical analysis

The storage experiment was conducted using a completely ran-
domized design with two factors (treatment and storage time).
All analytical determinations were conducted in at least triplicate,
and the results are expressed as means + standard deviations.
Data were subjected to analysis of variance (ANOVA), followed
by Tukey's multiple comparison test using Statistica version
13 (StatSoft Inc., Tulsa, OK, USA). Differences were considered sta-
tistically significant at P < 0.05.

RESULTS AND DISCUSSION

In vitro antimicrobial activity of thyme essential oil

The antimicrobial activity of TEO was evaluated using agar diffu-
sion and microatmosphere assays. These tests simulate the effec-
tiveness of the antimicrobial agent under controlled conditions,
allowing for an initial screening of its inhibitory potential against
target microorganisms. The selection of bacterial species was
based on their representation of gram-positive (S. aureus and
L. monocytogenes) and gram-negative (E. coli and S. Typhimurium)
bacteria, which are commonly associated with food contamina-
tion. These microorganisms are recognized as priority pathogens
in ready-to-eat products and are widely used as reference strains
in antimicrobial efficacy studies. Their inclusion also enables the
evaluation of TEO's performance against different cell wall struc-
tures, contributing to a more comprehensive comparative analy-
sis. The fungal strains (P. crustosum, A. flavus, and F. oxysporum)
were selected due to their relevance in food spoilage and contam-
ination contexts, as they are frequently isolated from stored and
marketed fruits and are known for their resistance to conventional
antimicrobial agents.?

In the agar diffusion assay, the presence and diameter of inhibi-
tion zones are directly related to the sensitivity of the microorgan-
isms to the tested EO, although the low diffusion of hydrophobic
compounds in solid media may underestimate the actual antimi-
crobial potential of TEO. Inhibition zones larger than 12 mm indi-
cate satisfactory inhibitory activity, whereas those smaller than
7 mm are considered to indicate low activity.** In the agar diffu-
sion test, TEO exhibited greater antibacterial activity against
L. monocytogenes at all tested concentrations (Table 1). Inhibition
halos measuring 46.2 + 2.3 mm were observed at the 2 pl treat-
ment, with a significant increase in diameter as the TEO concen-
tration increased, reaching complete inhibition across the plate
at 10 pL. A similar trend was observed against S. aureus, although
with lower antimicrobial intensity, with inhibition zones ranging
from 40.7 + 2 mm at 2 plL to complete inhibition at 10 pL of TEO.

Thyme essential oil exhibited lower antimicrobial activity
against E. coli and S. Typhimurium, with inhibition zones ranging
from 31.6 + 1.5 mm and 30.5 + 1.1 mm, respectively, with the
2 pL treatment, t0 58.9 + 1.9 mmand 67.9 + 1.5 mm with the 10 -
pL treatment. Inhibition zones =28 mm, as observed in this study,
indicate strong inhibitory activity of TEO against the tested bacte-
ria.*> However, in cases where complete or nearly complete inhi-
bition was observed, the antimicrobial effect may have resulted
not only from diffusion through the agar but also from the
vapor-phase activity of volatile TEO compounds, particularly thy-
mol and carvacrol, since the Petri dishes were sealed with Parafilm
during incubation. The inhibition zones should therefore be inter-
preted as a qualitative indication of the antimicrobial activity of
free TEO rather than as a direct quantitative measure of com-
pound diffusion through the agar. Nevertheless, the difference
in efficacy between gram-positive and gram-negative bacteria,
especially at TEO concentrations of 2 and 10 pL, may be attributed
to differences in cell wall structure. Gram-positive bacteria have a
thick peptidoglycan layer associated with hydrophobic compo-
nents such as proteins and teichoic acids, which may facilitate
the penetration of hydrophobic compounds like those found in
essential oils. In contrast, gram-negative bacteria, such as E. coli
and S. Typhimurium, possess a more complex cell envelope con-
sisting of an outer membrane rich in proteins and lipopolysaccha-
rides, which acts as an additional barrier, hindering the entry of
hydrophobic substances.*®
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Table 1. In vitro evaluation of the antibacterial activity of thyme essential oil (TEO) by agar diffusion and microatmosphere techniques.

TEO (pL) Staphylococcus aureus Listeria monocytogenes Escherichia coli Salmonella Typhimurium
Inhibition zones (mm)

2 40.7 + 2.0%® 46.2 + 23" 31.6 + 1.5 30.5 + 1.1°¢

5 49.1 + 4.4°8 56.9 + 3.9°A 36.8 + 2.4°¢ 410 + 5.1°8¢

10 Ti*A Ti*A 589 + 1.9%¢ 67.9 + 1.5%8
Inhibition percentage (%)

2 35.6 + 644 12.1 + 458 32 +2.79¢ 8.3 + 2.49E¢

5 100.0 + 0.0°4 18.2 + 5.9°¢ 16.3 + 4.4°C 29.6 + 5.9°°

10 100.0 + 0.0 362 + 2.5°¢ 428 + 48°¢ 55.5 + 6.0°°

15 100.0 + 0.0%4 88.8 + 9.8%8 76.5 + 3.6°F 100.0 + 0.0%4

Note: The results are expressed as means of three replicates (n = 3) + standard deviation. Values with different lower case letters in the same column
differ significantly (P < 0.05). Values with different upper case letters in the same row differ significantly (P < 0.05). TEO, thyme essential oil; Ti, total

inhibition (no bacterial growth observed across the plate surface).

A previous study reported that the use of 40 pL of TEO in the
agar diffusion test against B. cereus, S. aureus, P. aeruginosa,
E. coli, and S. Typhimurium resulted in the highest inhibitory activ-
ity among the EOs tested (parsley, lovage, basil, and thyme), with
inhibition zones ranging from 12.1 to 36.4 mm.*” The antibacterial
activity of pink pepper EO was evaluated against gram-positive
bacteria (S. aureus and L. monocytogenes) and gram-negative bac-
teria (S. Typhimurium and E. coli). In the agar diffusion test, pink
pepper EO showed antimicrobial activity only against the two
gram-positive bacteria tested. The inhibition zones using 10 pL
of pink pepper EO were 24.3 mm and 23.9 mm against S. aureus
and L. monocytogenes, respectively.*®

In the microatmosphere test, the antimicrobial activity of TEO
was evaluated by exposing the microorganisms to its vapors (gas-
eous contact), allowing assessment of TEQ's potential in modified
atmosphere systems or sealed packaging. Antibacterial activity
significantly increased with the concentration of TEO for all tested
bacteria (Table 1). Unlike the results obtained from the agar diffu-
sion assay, TEO showed greater activity against S. aureus and S.
Typhimurium, reaching complete inhibition with only 5 pL and
15 pL, respectively. Against L. monocytogenes and E. coli, although
inhibition was lower, the results were still satisfactory, achieving
88.8 +9.8% and 76.5 + 3.6%, respectively. In this assay, no
correlation was observed between cell wall type and TEO efficacy,
possibly due to differences in the antimicrobial mechanisms

involved in the two tests. In the microatmosphere assay, the anti-
microbial compounds in EO volatilize, forming a vapor phase that
directly contacts bacterial cells without the need to diffuse
through the solid medium (agar) in which the bacteria are pre-
sent. This suggests that the gaseous phase enables direct interac-
tion with the plasma membrane, even in gram-negative
bacteria.>

Lages et al.”™” evaluated the action of TEO using the microatmo-
sphere test and observed reductions in the viable cell count of
E. coli of 62.5% at 10 pL, 99.1% at 20 pL, and 100% at both
45 and 90 pL. For S. aureus, reductions of 100% were recorded
at concentrations of 20, 45, and 90 pL, while the lowest concentra-
tion tested (10 pL) showed no significant effect. These results dif-
fer from those obtained in the present study, in which TEO
exhibited a greater inhibitory effect, possibly due to variations in
the oil's composition, which may be influenced by factors such
as botanical origin, cultivation conditions, extraction method,
and storage. This highlights the importance of standardizing the
chemical composition and concentration of essential oils in
microbiological assays.>®

Table 2 shows the strong antifungal activity of TEO. In the agar
diffusion test, no significant differences were observed in the inhi-
bition zone sizes among the tested fungi. Likewise, no significant
differences were found between treatments with 2 and 5 pL, with
inhibition zones ranging from 29.7 + 57 mm (2 pL against

,‘49

Table 2. In vitro evaluation of the antifungal activity of thyme essential oil (TEO) by agar diffusion and microatmosphere techniques.

Aspergillus flavus Fusarium oxysporum

TEO (pL) Penicillium crustosum
Inhibition zones (mm)

2 30.0 + 1.4°4

5 34.2 + 3.0°4

10 TivA
Inhibition percentage (%)

2 176 + 6.7°"

5 353 + 5.5°°

10 100.0 + 0.0**

15 100.0 + 0.0>*

30.9 + 4454 29.7 + 5.7°A
34.7 + 2457 345 + 5.8°A
Tia'A Tia,A
17.3 + 427 26.0 + 7.8°A
23.8 + 67" 300 + 7.2%"
60.1 + 7.2°8 63.5 + 9.5°F
90.3 + 8.4°F 100.0 + 0.0>*

inhibition (no fungal growth observed across the plate surface).

Note: The results are expressed as means of three replicates (n = 3) + standard deviations. Values with different lower case letters in the same column
differ significantly (P < 0.05). Values with different upper case letters in the same row differ significantly (P < 0.05). TEO, thyme essential oil; Ti, total
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F. oxysporum) to 34.7 + 24 mm (5 pL against A. flavus). In the
10 pL TEO treatment, complete inhibition of all three tested fungi
was observed, with no measurable halo due to the absence of fun-
gal growth across the entire surface of the plate. This result sug-
gests a high potential for using TEO as a preventive system for
application on fresh fruits, considering that the fungi evaluated
represent a significant threat to the postharvest distribution chain
of horticultural products.

Previous studies have highlighted the effectiveness of TEO
against a variety of fungal species.’’? Bounar et al.>* investigated
the antifungal activity of TEO against different Fusarium species
and observed inhibition zone diameters ranging from 20.43
+ 0.79 mm to 45.13 + 2.13 mm. Among the evaluated species,
F. oxysporum showed the highest resistance, with the smallest
inhibition zone recorded (20.43 + 0.79 mm). In the microatmo-
sphere test, a significant increase in fungal inhibition was
observed as TEO concentration increased (Table 2). The antimicro-
bial effectiveness of EOs in the vapor phase depends on the vola-
tility of their components and their corresponding antimicrobial
activity.”* Thus, TEO demonstrated the highest inhibitory effect
against P. crustosum, ranging from 17.6 + 6.7% at 2 uL to com-
plete inhibition at 10 pL. At a concentration of 15 pL, 100% inhibi-
tion was achieved against F. oxysporum and 90.3 + 8.4% against
A. flavus, both of which showed similar responses across all tested
concentrations.

The antifungal activity of 10 uL of orange peel essential oil
against P. crustosum and A. flavus resulted in lower inhibition than
that found in the present study, with inhibition rates of 67.2
+ 5.9% and 81.2 + 5.2%, respectively.'? In another study, vapors
generated by TEO were able to control the growth of fungal
strains isolated from stored wheat grains (A. nomius,
E. hirayamae, P. cinnamopurpureum, and P. viridicatum).>*

As with their antibacterial activity, the antifungal activity of EOs
is largely attributed to the action of their lipophilic constituents on
the fungal cell membrane. These compounds disrupt the lipid
bilayer, increase membrane permeability, and cause the leakage
of metabolites essential for cell survival. They can also impair cel-
lular homeostasis, inhibit key enzymes involved in fungal metab-
olism, and induce the formation of reactive oxygen species,
ultimately causing structural and functional damage that results
in cell death.>®

In vitro antimicrobial activity of bilayer film

Agar diffusion and microatmosphere assays

The antimicrobial activity of bilayer films containing different con-
centrations of TEO encapsulated in zein fibers was evaluated
using agar diffusion and microatmosphere assays, with the aim
of determining the most effective concentration of the EO against
the tested microorganisms (Table 3). These methods allow for the
assessment of the efficacy of active compounds released from
the polymeric structures, simulating their performance under dif-
ferent storage conditions.

In the agar diffusion test, the bilayer films showed no inhibition
zones against the tested microorganisms, regardless of the con-
centration of encapsulated TEO. In this type of assay, the diffusion
of compounds from the solid matrix is limited. Thus, this result
may be attributed to the direct contact of the films with the cul-
ture medium, which likely restricted the diffusion of TEO com-
pounds encapsulated in zein fibers, the primary contributors to
its antimicrobial activity. This compromised the antimicrobial effi-
cacy of TEO with this evaluation method. Microatmosphere assays
and viable cell counts were therefore conducted to investigate

the antimicrobial action of TEO, as these approaches allow for bet-
ter simulation of the real conditions under which active packaging
interacts with the surrounding food atmosphere.

Table 3 highlights the high efficacy of the bilayer films, attrib-
uted to the controlled release of volatile compounds from the
encapsulated TEO. Antimicrobial activity progressively increased
with increasing TEO concentration, with complete inhibition
achieved in some cases and significant effects observed against
all tested microorganisms, confirming the importance of antimi-
crobial agent concentration in determining the effectiveness of
the system. As observed with free TEO, inhibition of S. aureus
(gram-positive bacteria) was significantly higher at a TEO concen-
tration of 60%, reaching 100%. This result is consistent with the
findings of Lages et al.,*® who also reported complete inhibition
of S. aureus with high EO concentrations in a microatmosphere.
In contrast, inhibition of E. coli (gram-negative bacteria) at the
same concentration was 71.5 + 8%. The antifungal action of
the bilayer film containing 60% TEO was significantly greater
against P. crustosum (100 =+ 0%) than against A. flavus (71.3
+ 3.6%), possibly due to a higher affinity of the volatile com-
pounds for the fungal membrane of this genus.

Reyes-Jurado et al.>* highlighted that several studies have
reported greater efficacy of EOs when applied in vapor form
compared with direct-contact applications, whether in aque-
ous solutions or solid media, indicating that the vapor mode
of action enables more effective interaction with exposed cel-
lular structures. This enhanced effect was particularly evident
against fungi, which tend to develop and cause spoilage on
food surfaces. This outcome is attributed to the action of vola-
tile compounds present in EOs, which exhibit greater diffusion
capacity in the gaseous state. Pinto et al.’’ investigated the
effect of red TEO on the shelf life and spoilage of oranges
caused by Penicillium during refrigerated storage. The applica-
tion of red TEO vapors was effective in reducing the percentage
of infected wounds, the area of external mycelial growth, and
spore production significantly.

The application of EOs in the gaseous phase also offers distinct
advantages, such as the possibility of using lower doses to
achieve effective antimicrobial effects and a reduced risk of chem-
ical irritation. In this form, the volatile compounds of EOs have less
impact on the sensory characteristics of treated foods than direct
liquid application, which is particularly desirable for fresh fruits
intended for direct consumption, such as cherry tomatoes.”' The
results of the present study indicate that the use of TEO in vapor
form as part of an active packaging system represents a promising
strategy for the food industry, aligning with sustainability princi-
ples and the reduction of synthetic inputs in the food supply
chain. This approach has the potential to extend the shelf life of
fresh produce, contributing to the reduction of postharvest losses
and the maintenance of microbiological quality.

Viable cell counting
Given the promising results of the microatmosphere tests, the
bilayer films containing 60% of TEO encapsulated in zein fibers
were selected for more systematic investigation of their antimi-
crobial properties through viable cell count analysis. These ana-
lyses aimed to evaluate the effectiveness of the prolonged
release of TEO from the bilayer film in microbial inhibition over
time, allowing the monitoring of microorganism survival and
growth throughout the storage period.

Thus, the antibacterial effectiveness of the bilayer film contain-
ing 60% encapsulated TEO was evaluated over time against both

wileyonlinelibrary.com/jsfa

© 2026 The Author(s).

J Sci Food Agric 2026

Journal of the Science of Food and Agriculture published by John Wiley & Sons Ltd on behalf of Society of Chemical Industry.

85U0| 7 SUOWILLOD BRSO qeoldde auy Aq peusenob 82 s3jolie VO ‘SN JO Sajnu Joj Areiq I 8UIUO AB]IM UO (SUO I PUOD-pUR-SLLBY IO A8 |IM*ARIq 1 BUIIUC//SAIY) SUORIPUOD PUe SWS | 8U3 885 *[9202/60/72] U0 ARiqiTaulluo 3| Bo1jorD apepsRAIIN Ad 80T @SS(/200T 0T/10p/w00 A& 1M Areiqijeu Uo'S FeuIno 10s//:5d1y Wwoiy papeojumod ‘0 ‘0T00L60T


http://wileyonlinelibrary.com/jsfa

Antimicrobial film for food packaging

@)
SClL

where science
meets business

WWW.S0Ci.org

Bilayer films* Staphylococcus aureus

Table 3. In vitro evaluation of the antimicrobial activity of bilayer film by agar diffusion and microatmosphere techniques.

Escherichia coli

Penicillium crustosum Aspergillus flavus

Inhibition zones (mm)

20% TEO Nd Nd Nd Nd

40% TEO Nd Nd Nd Nd

60% TEO Nd Nd Nd Nd
Inhibition percentage (%)

20% TEO 10.2 + 49" 14.8 + 7.5%" 11.0 + 3.5 57 + 42"

40% TEO 411 + 38" 383 + 3.7°4 525 + 6.6°" 31.0 + 3.0°°

60% TEO 100.0 + 0.0>* 715 + 8.0°F 100.0 + 0.0>* 713 + 3.6*®

effect on the microorganism).
*Bilayer films with 20%, 40%, or 60% (v/w) of thyme essential oil (TEO).

Note: The results are expressed as means of three replicates (n = 3) + standard deviations. Values with different lower case letters in the same column
differ significantly (P < 0.05). Values with different upper case letters in the same row differ significantly (P < 0.05). Nd, not detected (no inhibitory

gram-positive and gram-negative bacteria (Fig. 2), using the
bilayer film without TEO as a control. Overall, the bilayer film con-
taining 60% TEO showed a progressive reduction in the viable
counts of all tested bacteria, with complete inhibition observed
at different times depending on the microorganism. Pseudomo-
nas aeruginosa exhibited the shortest inhibition time, with com-
plete inhibition after only 2 h of contact with the film, which
may be attributed to the high permeability of its outer membrane
to TEO. Bacillus cereus, MRSA, and E. coli were inhibited after 5 h of
storage, indicating that contact time is a critical factor for the sys-
tem's effectiveness. In this analysis, S. aureus and
L. monocytogenes required up to 8 h to reach complete inhibition
under these experimental conditions.
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Control Control
Bilayer film with zein/TEO fibers

3,
|

<
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S. aureus viable cell (Log CFU/mL)
L. monocytogenes viable cell (Log CFU/mL)

Bilayer film with zein/TEO fibers

As Fig. 3 shows, the bilayer film containing TEO demonstrated
the greatest inhibitory effect against P. crustosum, achieving com-
plete inhibition within 72 h — an important result considering the
relevance of this fungus in the spoilage of stored fruits and vege-
tables. For the other fungi, complete inhibition was not observed
during the evaluated period. However, viable cell counts
decreased over time compared with the control film, particularly
for F. oxysporum and, to a lesser extent, A. flavus. These results
indicate a progressive inhibitory effect of the bilayer film, consis-
tent with the expected behavior of a controlled-release system.
Although complete inhibition was not achieved for all fungal spe-
cies, the reduction in viable counts suggests potential for reduc-
ing fungal growth and contributing to food preservation.

Control
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Lo T T T T T T T T T 1 04 T T T T T T T T 1 T T T T T T T T T 1
0 1 2 3 4 5 6 7 8 9 [ 1 2 3 5 6 7 8 9 4 1 2 3 4 5 6 7 8 9
Time (hours) Time (hours) Time (hours)
d e
@, (@) 0
Control Control Control
e Bilayer film with zein/TEO fibers 10° - Bilayer film with zein/TEO fibers 10t | —= Bilayer film with zein/TEO fibers
g
5 10°4
2 E S 10+
£ 10°+ = I
=3 2 10 o
I 5 & 10°
(S S
2 10° 2 10° =
= < 8 10
= = g 2
§ 10°4 g 10 g .| =
=1 2 \ > 10°
o 9 10°+ 3
> (o ] S
< 104 S £
%) 1 = S, 10°
2 S 10° ~ S
= 5 ! 2 g
107 wi 104 \ P 107
" % 4 10"
10 T T T T T T T T T 1 1 T T T T T T T T 1 T T 14 T T T T T T 1
0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 ] 6 7 8 9 o 1 2 3 4 5 L 4 8 9
Time (hours) Time (hours) Time (hours)

Figure 2. Growth inhibition curves of selected gram-positive bacteria — (a) Staphylococcus aureus, (b) Listeria monocytogenes, (c) Bacillus cereus, and
(d) methicillin-resistant Staphylococcus aureus. Inhibition curves of selected gram-negative bacteria: (e) Escherichia coli and (f) Pseudomonas aeruginosa
- in contact with bilayer films with zein/TEO fibers and control films (without TEO). The apparent asymmetry of the range bars results from the logarithmic
scale used on the y-axis, which affects their visual appearance but does not alter the actual range values. TEO, thyme essential oil.
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Figure 3. Growth inhibition curves of selected fungi - (a) Penicillium crustosum, (b) Fusarium oxysporum, and (c) Aspergillus flavus — in contact with bilayer
films with zein/TEO fibers and control films (without TEO). The apparent asymmetry of the range bars results from the logarithmic scale used on the y-axis,
which affects their visual appearance but does not alter the actual range values. TEO, thyme essential oil.

Encapsulation is a technology that involves trapping an
active compound (core) within a matrix or wall material, form-
ing structures known as encapsulates. When applied to active
packaging systems with EOs, this process helps mitigate limita-
tions such as strong flavor and odor, low stability, and high sen-
sitivity to oxidation, in addition to enabling controlled
release. In the viable cell count test, it is possible to monitor
how the gradual release of TEO acts on different microorgan-
isms over time and to assess the dynamic and prolonged effec-
tiveness of the antimicrobial agents. This type of analysis allows
for the observation not only of the inhibition capacity at a spe-
cific time point but also of the response, adaptation, or resis-
tance of the microorganisms to the treatment during the
storage period. This provides data for the development of more
effective and safer active packaging systems with the potential
to extend shelf life and improve the microbiological safety of
food products.

Simulation of bilayer films as bioactive food packaging for
cherry tomato conservation

Cherry tomatoes are climacteric fruits with a relatively short post-
harvest shelf life, making the use of appropriate packaging a key
strategy to extend their preservation.>® Bioactive packaging incor-
porating antimicrobial and antioxidant compounds represents an
innovative approach to prolong shelf life and maintain the sen-
sory quality of fresh fruits. In this context, cherry tomatoes were
used to evaluate the application potential of bilayer films contain-
ing encapsulated TEO as bioactive packaging. Visual changes in
the fruits over 14 days of storage were used as an indicator of
deterioration and are shown in Fig. 4. The effects of different types
of packaging were evaluated: control (open container), PVC film,
and bilayer film with zein fibers containing 60%
encapsulated TEO.

Weight loss rate, decay rate, and firmness

The weight loss rate of tomatoes stored in an open container
(control) showed a continuous increase over the 14-day storage
period, reaching significantly higher losses, with a final value of
14.7%, compared with the other treatments, whose maximum
loss was approximately 7% (Fig. 5a). Weight loss is a direct indica-
tor of dehydration and physiological deterioration of the fruit,
reflecting changes in the integrity and quality of the plant tissue.
When comparing fruits packaged with PVC film and those with
the bilayer film containing TEO, a slight difference was observed

on days 3 and 10, with greater weight loss in tomatoes packaged
with the bilayer film. However, by the end of the storage period,
no significant difference was found between these two packaging
types, indicating comparable performance between the bilayer
film and PVC in terms of moisture retention.

Torres-Vargas et al.>’ reported a maximum weight loss of 5.80%
in fruits packaged with corn starch-based films reinforced with 8%
cellulose nanocrystals extracted from corn husks; the control
group showed a significantly higher loss of 14.80%. Another
study®® reported that cherry tomatoes packaged with control
films exhibited a weight loss of 15.98%, whereas those packaged
with active films showed only a 10.5% loss during the first 10 days
of storage.

The incorporation of zein fibers with encapsulated TEO plays a
fundamental role in the permeability of bilayer films due to their
hydrophobic nature, contributing to reduced water transfer
through the film.?° Other factors related to the bilayer structure,
such as increased thickness, lower solubility, and reduced mois-
ture content, can further limit its permeability in comparison with
other types of films. These aspects highlight the advantages of
bilayer films in improving barrier properties, reinforcing their
potential for applications where moisture sensitivity is a critical
concern, such as in food packaging.

In line with the weight-loss data, the decay rate was significantly
higher in the control group, exceeding 80% by the tenth day of
storage, likely due to the lack of a barrier against the action
of spoilage fungi such as Penicillium spp. However, when compar-
ing the effectiveness of the PVC film with that of the bilayer film
containing encapsulated TEO, it was observed that at all evalu-
ated time points, tomatoes packaged with the bilayer film
showed lower decay rates (Fig. 5b). Even after the electrospinning
process, the TEO-loaded fibers exhibited significant antioxidant
activity due to the high concentration of encapsulated TEO
(60%) and the stability of the encapsulation method, which pre-
serves the integrity of the bioactive compounds.® This stability
is essential to ensure the controlled release of volatile compounds
with antioxidant action, which can slow oxidative processes in
packaged foods. From this perspective, a suitable internal atmo-
sphere within the packaging may reduce the respiratory rate of
the fruits, contributing to the delay in their deterioration pro-
cess.>® Overall, although the fruits packaged with the bilayer film
tended to maintain higher firmness throughout the storage
period, no statistically significant differences were observed
among the treatments (Fig. 5¢).
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Figure 4. Physical changes in cherry tomatoes under different storage conditions: control, PVC film, and bilayer film with zein/TEO fibers, evaluated on
days 3, 7,10, and 14 at 24 + 1 °C and 65 + 1% relative humidity. PVC, polyvinyl chloride; TEO, thyme essential oil.

Polyvinyl chloride film is known for its superior moisture reten-  and less effective at retaining moisture, which may lead to slightly
tion capacity, forming a more efficient barrier against water loss  greater evaporation during the initial days. Although zein is a
in fruits. In contrast, bilayer films tend to be more hydrophilic  hydrophobic protein, the bilayer film structure can exhibit
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Figure 5. (a) Weight loss, (b) decay rate, (c) firmness, (d) total soluble solids, (e) titratable acidity, and (f) pH of cherry tomatoes during storage.

porosity that facilitates water vapor permeation. However, over
time, the antimicrobial effect of the encapsulated TEO present in
the bilayer film may have reduced the fruit's metabolic activity,
such as respiration and transpiration, in addition to limiting the
action of spoilage microorganisms through the sustained release
of volatile compounds. This could have offset the lower moisture
barrier, resulting in weight loss similar to that of PVC and a lower
decay rate by the end of the storage period. These findings high-
light the potential of the bilayer film as a bioactive packaging
material, not only by serving as a physical barrier but also by
enabling the controlled release of antimicrobial and antioxidant
compounds, which helps delay the proliferation of spoilage
microorganisms and represents a promising alternative for pack-
aging fresh or minimally processed fruits.

Total soluble solids, titratable acidity, and pH

The total soluble solids (TSS) content showed a significantly
higher increase in the tomatoes from the control group during
storage than the other treatments, especially after day 10, reach-
ing 5.7 + 0 °Brix at the end of the period (Fig. 5d). In contrast,
fruits packaged with PVC film and the bilayer film containing
TEO exhibited similar values throughout most of the storage
period, differing only on the 14th day, when they reached 4.8
+ 0.1 and 5.0 + 0 °Brix, respectively. This result indicates that
the bilayer film with TEO was effective in delaying the ripening
of cherry tomatoes during storage, possibly due to a reduction
in the respiration rate and metabolic activity of the fruit. This
effect helped slow physiological processes such as the hydrolysis
of polysaccharides and the consequent accumulation of soluble
sugars. The difference observed between the PVC and bilayer film
on day 14, although small, may reflect the additional effect of
encapsulated TEO in modulating the internal atmosphere of the
package or its antimicrobial action, contributing to more effective

preservation with less variation in flavor, texture, and appearance
attributes.

These results are consistent with previous findings reporting a
less pronounced increase in TSS in oranges and tomatoes when
packaged with active films compared with uncoated samples.5®’
The smaller variation in TSS is an indication of a better preserva-
tive effect of the packaging,®? as this parameter tends to increase
during fruit ripening and senescence, mainly due to the hydrolysis
of structural polysaccharides into simple monosaccharides.®®

The titratable acidity of tomatoes subjected to different treat-
ments showed a gradual reduction throughout the storage period
(Fig. 5e), which may directly affect the characteristic acidic flavor
of the fruit. On days 3 and 7, the control group fruits, without
any coating, exhibited a significantly more pronounced decrease,
with citric acid levels reaching 0.30 + 0.01%, whereas tomatoes
coated with PVC film showed 0.36 + 0.03% and 0.32 + 0.01%,
and those with the bilayer film recorded 0.37 + 0.04% and 0.36
+ 0.03%, respectively. By day 10, the differences among treat-
ments became less pronounced, with titratable acidity values
approaching 0.30% citric acid. These results suggest that, during
the initial days of storage, both the PVC and bilayer films were
effective in delaying the loss of acidity. By the end of the experi-
mental period (14 days of storage), tomatoes coated with the
bilayer film maintained higher acidity levels (0.33 + 0.01% citric
acid) than the control fruits (0.28 + 0.01%) and those coated with
PVC (0.29 + 0.03%), indicating a greater ability of the bilayer film
to preserve organic acids during storage. This preservation may
contribute to maintaining the characteristic acidic taste of
tomatoes.

The reduction in titratable acidity during storage is an expected
behavior in tomatoes, as organic acids, primarily citric acid, are
metabolized as an energy source during respiratory activity
throughout the ripening process.®* The greater decrease in acidity
observed in the control group during the initial days indicates a
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faster progression of respiratory metabolism and, consequently,
fruit ripening. This result is consistent with previous studies
reporting that the absence of physical barriers leads to greater
postharvest quality l0ss.®® In contrast, fruits coated with PVC film,
and especially those with the bilayer film, showed a smaller reduc-
tion in acidity, highlighting the effect of packaging on gas
exchange modulation and the reduction of the respiration rate
of the fruits. The TEO present in the bilayer films, which contains
carvacrol and thymol - compounds with recognized antimicrobial
activity - may have inhibited the metabolic activity of microor-
ganisms present on the tomatoes, contributing to the mainte-
nance of acidity.®®

Figure 5f shows an increasing trend in pH values across all sam-
ples during storage, corroborating the data for titratable acidity.
This behavior may be related to the fruit's respiratory process, in
which organic acids are used as substrates, resulting in decreased
acidity and, consequently, an increase in pH, because the con-
sumption of these acids leads to progressive alkalinization of
plant tissue.>” On the final day of storage, the control group pre-
sented the highest pH value (4.4 + 0.0), likely due to the absence
of a physical barrier that facilitated greater gas exchange. Toma-
toes packaged with PVC film, although somewhat protected,
showed a pH of 439 + 0.0, possibly due to increased fungal
growth. Finally, fruits packaged with the bilayer film showed the
smallest variation, with a pH of 4.36 + 0.0, indicating greater
effectiveness in preserving the chemical characteristics of the
tomatoes during storage.

Microbiological quality
The microbiological quality of the tomatoes was analyzed to com-
pare the different types of packaging (Table 4). On day 0, before
the storage period and the application of the packaging, the
tomato samples showed no presence of Salmonella spp., had
23 MPN g~ of E. coli, 1.35 x 10° CFU g~ of aerobic mesophilic
bacteria, and 4 x 10 CFU g~' of molds and yeasts. At the end
of the storage period (day 14), differences in microbial counts
were observed among the treatments. As expected, the absence
of Salmonella spp. was maintained in all samples.

Regarding the other tested microorganisms, the unpackaged
fruits (control) showed a general increase, with the highest
counts for all groups. When comparing the PVC film with the

bilayer film containing encapsulated TEO, the fruits packaged
with the bilayer film exhibited lower microbial counts. On day
14, the E. coli count was 23 MPN g~ for PVC and 3.6 MPN g™’
for the bilayer film; aerobic mesophilic bacteria reached
2.86 X 10° CFU g~" in the PVC group and 1.17 x 10°> CFU g™'
in the bilayer group; molds and yeasts reached
2.39 x 10° CFU g7 in fruits with PVC and 9.5 x 10* CFU g~'
in those packaged with the bilayer film.

According to the standards established by ANVISA Normative
Instruction No. 161/2022,%% the microbiological limits for fresh
tomatoes require that Salmonella spp. are not detected in a
25 g sample and specify a maximum concentration of
100 CFU g~ for E. coli. All samples met the legal requirement
for Salmonella spp. at both sampling times. For E. coli, the
results obtained in this study, expressed as MPN g™ ', indicated
that all treatments remained below the limit of 100 CFU g~
throughout storage, including the control. The observed values
suggest that this count could reach unsafe levels over a longer
storage period, especially in the absence of a physical barrier or
an active antimicrobial agent. However, fruits packaged with
the bilayer film showed lower E. coli counts at the end of stor-
age, indicating that this technology was effective in delaying
the growth of this bacterium.

Although Brazilian legislation does not establish a specific
legal limit for the count of mesophilic aerobic bacteria, molds,
and yeasts in fresh tomatoes, these parameters are widely used
as indicators of hygienic-sanitary quality in international regu-
lations. High values may indicate inadequate hygiene condi-
tions during postharvest handling, storage, or transportation,
as these microbial groups reflect both the conservation status
of the product and the onset of spoilage processes, which can
compromise the safety, appearance, and sensory acceptance
of the product.®”

Mesophilic aerobic bacteria represent a broad group that
includes both spoilage microorganisms and potential opportunis-
tic pathogens, such as Pseudomonas spp., Bacillus spp., and Enter-
obacter spp. High counts of this group can also accelerate the
sensory degradation of fruit, affecting characteristics such as odor,
flavor, and texture.%® Molds and yeasts are particularly important
in foods with high water activity and near-neutral pH, such as
tomatoes. Examples include molds like Penicillium, Aspergillus,

Table 4. Microbiological quality parameters of cherry tomatoes packaged with different materials over 14 days of storage.
Treatment Day 0 Day 14
Salmonella spp. (presence 25 g~') Control Absent Absent
PVC film Absent
Bilayer film Absent
Escherichia coli (MPN g™") Control 23.00 43.00
PVC film 23.00
Bilayer film 3.60
Aerobic mesophilic bacteria (CFU g™") Control 135 x 10° 7.03 x 10°
PVC film 2.86 x 10°
Bilayer film 1.17 x 10°
Yeast and mold (CFU g™") Control 4,00 x 10* 3.29 x 10°
PVC film 2.39 x 10°
Bilayer film 9.50 x 10*
Note: The results are expressed as means of three replicates (n = 3).
Abbreviations: CFU, colony forming units; MPN, most probable number; PVC, polyvinyl chloride.
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and Fusarium, and yeasts such as Candida and Saccharomyces.
These microorganisms are responsible for visible changes, such
as the development of fungal colonies on the surface and undesir-
able fermentation. Some fungal species are also associated with
the production of mycotoxins, such as ochratoxin A, aflatoxins,
and fumonisins, produced by Aspergillus and Fusarium spe-
cies.5”%° As tomatoes are often consumed raw, controlling the
load of these microorganisms is essential to ensure that the prod-
uct reaches the consumer with acceptable microbiological quality
within the projected shelf life, while preventing health risks.®”

Kapetanakou et al.”® demonstrated that the application of vola-
tile compounds with antimicrobial activity, such as carvacrol,
incorporated through sachets in active packaging, was effective
in reducing spoilage and weight loss in cherry tomatoes during
storage. The treatment significantly decreased the spoilage rate,
reduced firmness loss, and controlled microbial growth over the
storage period, particularly by lowering counts of mesophilic aer-
obic bacteria and filamentous fungi compared with the control,
reinforcing the concept of active packaging with the release of
volatile antimicrobial compounds. Another study showed that
incorporating TEO into zein fibers by electrospinning was effec-
tive in preserving the quality of strawberries during refrigerated
storage. The authors observed significant antimicrobial activity
inhibiting the growth of B. cereus and E. coli, reducing weight loss,
maintaining firmness, and preserving total soluble solids of the
fruit over 15 days.® These findings highlight the combined physi-
cochemical and microbiological action of encapsulated delivery
systems.

In addition to their antimicrobial activity, the bilayer films dem-
onstrated antioxidant activity, as reported in an earlier study.?
The bilayer films containing TEO encapsulated in zein electrospun
fibers exhibited 43.3% and 33.8% inhibition of ABTS and DPPH
radicals, respectively. This antioxidant capacity is mainly attrib-
uted to the phenolic constituents of TEO, particularly thymol
and carvacrol, which are able to scavenge free radicals and delay
oxidative reactions. These previously reported findings further
support the multifunctional potential of the developed bilayer
films for active food packaging and are consistent with the
improved preservation of cherry tomatoes observed during
storage.

Thus, the differences observed in microbial counts among the
treatments in this study highlight the crucial role of packaging
in controlling the microbiological quality of fresh tomatoes during
storage. As demonstrated by the physicochemical analyses, the
absence of a physical barrier increased the fruits' exposure to oxy-
gen and pH fluctuations, creating favorable conditions for micro-
bial growth. Although the PVC film provided some protection by
reducing direct exposure to the external environment, microbial
counts in this treatment were still higher than those observed in
tomatoes packaged with the bilayer film containing encapsulated
TEO. These findings suggest that the combined effect of reduced
gas exchange and the antimicrobial activity of the active com-
pound may have contributed to the formation of a modified
atmosphere within the packaging, limiting the growth of aerobic
microorganisms such as mesophilic bacteria, molds, and yeasts, as
shown in microatmosphere testing. However, these results were
obtained under controlled laboratory conditions, and further
studies under commercial retail conditions are required to con-
firm the performance of the developed packaging. This
demonstrates the potential of bilayer films as a promising and
sustainable solution for preserving fresh fruits throughout the
supply chain.

CONCLUSION

The results confirm the initial hypothesis by demonstrating the
antimicrobial activity of thyme essential oil (TEO), supporting its
application in biodegradable and active bilayer films composed
of sweet potato starch and zein fibers containing encapsulated
TEO. Films containing 60% encapsulated TEO exhibited significant
antimicrobial activity through the release of volatile compounds,
with notable effectiveness against S. aureus, E. coli, and
P. crustosum. The encapsulation of TEO in zein fibers also proved
effective in providing controlled release, extending its antimicro-
bial action over time. This was supported by the porous structure
and high surface area of the electrospun zein fibers.

The practical application of the bilayer films in the packaging of
cherry tomatoes highlighted their potential as active packaging,
resulting in reduced deterioration, lower weight loss, and greater
stability of physicochemical parameters such as soluble solids
content, titratable acidity, and pH over 14 days of storage, in com-
parison with the control group and PVC film. Microbiological qual-
ity also improved at the end of the period, with lower E. coli
counts, reduced aerobic mesophilic bacteria, and effective control
of mold and yeast growth, compared with the control treatment.
These results reinforce the feasibility of the proposed technology
as a sustainable and functional alternative for developing food
packaging with antimicrobial properties, focusing on food safety
and quality, especially for minimally processed fruits and vegeta-
bles, with potential application in the fresh produce supply chain.
Further studies are recommended to apply these bilayer films to
other perishable food matrices and to assess sensory parameters,
stability at different temperatures, and the toxicological safety of
the released volatile compounds.
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