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Abstract

This study aimed to develop bilayer films based on sweet potato starch (4.0%, w/v) with zein electrospun fibers (30%, w/v)
encapsulating thyme essential oil (TEO) (60%, v/w). It is hypothesized that the bilayer material exhibits enhanced phys-
icochemical properties, improved thermal stability, reduced water vapor permeability, adequate mechanical strength, and
controlled TEO release. This approach offers a sustainable food packaging alternative with bioactive potential in food pres-
ervation. The TEO was analyzed for its chemical composition, while the bilayer films and their components were assessed
for morphology, FT-IR absorption profile, thermal properties, color, moisture content, solubility, water vapor permeability,
thickness, mechanical properties, contact angle, biodegradability, loading capacity, encapsulation efficiency, TEO release,
and antioxidant activity. p-cymene was identified as the major component (36.4%) in TEO. The bilayer films presented a
well-integrated structure, with zein/TEO electrospun fibers showing uniform morphology, and FT-IR spectra confirmed
efficient encapsulation. The films exhibited thermal stability, opacity with a slightly yellowish color, 0.194 mm thickness,
low solubility, efficient water vapor barrier, suitable mechanical properties, low water contact angle, and biodegradation
potential. Zein/TEO electrospun fibers presented a loading capacity of 33.2% and an encapsulation efficiency of 91.0%.
The films demonstrated antioxidant activity and a high release rate of TEO. The bilayer design, combining polymers with
electrospinning technology, is a promising approach that enables the integration of enhanced structural and bioactive func-
tions, while maintaining biodegradability and suitability for sustainable food packaging. Future studies are recommended
to evaluate its performance under real food storage conditions and to investigate its long-term stability.
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Introduction

Packaging is fundamental in the food industry, protecting
food products from mechanical, chemical, and biologi-
cal damage (Jacob et al., 2020). The development of food
packaging films using renewable resources has garnered
increasing attention, driven by evolving consumer demands
and regulations focused on managing primary and post-
consumer plastic waste (Nilsuwan et al., 2020). In this con-
text, the production of biodegradable films has emerged as
a promising alternative, facilitating the replacement of con-
ventional polymers with environmentally friendly options
for food packaging (Asgher et al., 2020).

Biopolymers, such as carbohydrates, have been widely
researched for creating biodegradable and non-toxic films,
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mainly focusing on starch. Starch is frequently chosen as a
starting material due to its film-forming capabilities, avail-
ability, high extraction yield, low cost, and biodegradability
(Garavand et al., 2024; Luo et al., 2020). Native sweet potato
starch (Ipomoea batatas, L.), an unconventional and easily
cultivated source, offers a sustainable alternative to widely
commercialized modified corn and cassava starches. With its
high productivity and agricultural potential, sweet potato is a
promising raw material for ecological packaging and indus-
trial applications (Kolari€ et al., 2020; Vannini et al., 2021).

However, materials produced from biopolymers still pre-
sent limitations for use as food packaging, particularly due
to their reduced mechanical properties and low efficiency
as barriers to oxygen and moisture when compared to con-
ventional synthetic packaging (Avila et al., 2023). Due to
the hydrophilic nature of starch, especially after gelatini-
zation, the structure of starch-based films is susceptible to
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degradation in high-humidity environments and may become
an inefficient barrier to water vapor (Frangopoulos et al.,
2023; Sun et al., 2019). Previous studies have reported the
limited barrier efficiency of sweet potato starch films (Bal-
lesteros-Martinez et al., 2020; Otero-Herrera et al., 2025).
For instance, Ballesteros-Martinez et al. (2020) found that
even with the incorporation of various plasticizers at dif-
ferent concentrations, the films exhibited high water vapor
permeability, highlighting the inherent structural limitations
of the material.

The development of multilayer films has proven to be
an effective strategy to overcome the limitations of biopol-
ymer-based films by allowing the combination of differ-
ent materials into a single functional structure (Nilsuwan
et al., 2020; Souza et al., 2022). Ordoiiez et al. (2022)
demonstrated that the addition of a polyactic acid (PLA)
layer containing cinnamic and ferulic acids enhanced the
barrier properties of starch films by reducing their mois-
ture sensitivity. Wang et al. (2020) employed a multilayer
system produced by electrospinning, consisting of fibers
capable of controlled curcumin release, with performance
superior to monolayer gelatin films. Similarly, Estevez-
Areco et al. (2020) developed bilayer films composed of
thermoplastic starch and electrospun polyvinyl acetate
(PVA) fibers containing antioxidant compounds, high-
lighting electrospinning as a promising technique for
producing multilayer systems for food packaging. These
approaches aim not only to improve the physical and
functional properties of the films but also to facilitate the
incorporation of natural active agents to extend shelf life
and ensure food safety (Sedaghat Doost et al., 2020; Sogut
& Seydim, 2019).

Essential oils, such as thyme (Thymus vulgaris), have
attracted significant attention in the food industry due to
their broad spectrum of biological activities. Their main
active constituents, thymol and carvacrol, provide antibac-
terial, antifungal, and antioxidant properties (Galovicova
et al., 2021). However, the aromatic nature of essential oils
and their low stability under processing and environmen-
tal conditions, including heat, humidity, and oxygen, may
restrict their application in food products (Mahanta et al.,
2021; Moradi et al., 2023). A promising strategy to protect
these compounds is their encapsulation in polymeric matri-
ces, such as electrospun fibers, for subsequent incorporation
into films (Reis et al., 2022).

Electrospinning is a simple and cost-effective technique
that produces micro- or nanofibers at room temperature,
preserving thermosensitive compounds. In active packag-
ing, it enables controlled release, masks undesirable aromas,
and protects active compounds from environmental stress
(Rather et al., 2021). Zein, a hydrophobic protein derived
from corn, is widely used as an encapsulating agent due to
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its biocompatibility, low moisture absorption, thermal sta-
bility, and oxygen barrier properties (Nanda et al., 2024;
Pires et al., 2023; Wu et al., 2021). These characteristics
enhance the stability and bioactivity of encapsulated com-
pounds, contributing to extended food shelf life (Bumedi
et al., 2023).

In this context, the development of bilayer films
emerges as a promising approach by combining two com-
plementary strategies: the incorporation and controlled
release of essential oils and the enhancement of the limi-
tations associated with conventional starch-based mon-
olayer films. This trend is linked to the ability of such
systems to optimize functional performance using a single
packaging structure (Avila et al., 2023). Various methods
and biopolymers have been employed in the production of
these films (Avila et al., 2023; Chen et al., 2019; Ordoiiez
et al., 2022; Souza et al., 2022). Despite the extensive
research on starch-based monolayer films, the literature
currently lacks reports on starch films incorporating zein
fibers loaded with essential oil. The combination of bio-
based polymers, such as starch and zein, with electrospin-
ning technology for the encapsulation of bioactive com-
pounds into electrospun fibers represents an innovative
and promising approach.

We hypothesize that the active bilayer material exhib-
its enhanced physicochemical properties compared to
monolayer starch films, including greater thermal stabil-
ity, improved water vapor barrier properties, adequate
mechanical strength, and controlled release of the essen-
tial oil. This strategy offers a sustainable alternative for
packaging, with the potential to contribute to food safety
and shelf-life extension. Therefore, this study aimed to
develop and characterize sweet potato starch bilayer films
with an overlapping layer of zein electrospun fibers con-
taining encapsulated thyme essential oil (TEO). The focus
was to assess the feasibility of integrating two layers with
distinct characteristics by analyzing their physicochemi-
cal, structural, mechanical, barrier, thermal, bioactive, and
biodegradable properties, aiming at their application as
active food packaging.

Material and methods
Material

The yellow sweet potato (Ipomoea batatas L. cv. Amelia)
was acquired from the local market in Pelotas, Rio Grande
do Sul, Brazil, for starch extraction. Glycerol (Labsynth,
CAS 56-81-5, Brazil) was used to produce biodegradable
films.
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Thyme (Thymus vulgaris) essential oil was purchased from
Ferquima (Inddstria e Comércio de Oleos Essenciais, Bra-
zil) in an amber bottle with a total volume of 100 mL (CAS
800—46-3, Sigma-Aldrich). Commercial zein was obtained
from Sigma-Aldrich, Brazil (97% purity, CAS 9010-66-6),
and ethanol (>99.8% purity, Exodus Scientific, CAS 64—17-
5), used as a solvent for the formation of electrospun fibers
was acquired from Exodus Scientific. The MecLab MegaPu-
rity® system provided ultrapure water (Milli-Q). Free radi-
cals 2,2'-azino-bis(3-ethylbenzothiazoline) 6-sulfonic acid
(ABTS; Sigma Aldrich, CAS 30931-67-0) and 2,2-diphenyl-
1-picrylhydrazyl (DPPH; Sigma Aldrich, CAS 1898-66-4)
were purchased from Sigma Aldrich.

Chemical composition of thyme essential oil by gas
chromatography-mass spectrometry (GC-MS)

The TEO analysis was performed using a Shimadzu 2010
gas chromatograph equipped with an AOC-20i auto-injector
and a Shimadzu MS-QP 2010 E mass selective detector
(Shimadzu, Kyoto, Japan). The essential oil (10 pL) was
dissolved in hexane (970 pL), and 1-nonanol internal stand-
ard (20 pL) (Sigma-Aldrich) was added. Then, 1 pL of the
solution was injected. The sample preparation was per-
formed according to the methodologies described by Torres
et al. (2025) and Pires et al. (2024). A fused silica capillary
column (Rxi-1MS, 100% dimethylpolysiloxane, non-polar
stationary phase, 30 m X 0.32 mm X 0.25 pm; Restek®,
USA) was employed for the chromatographic separation.
The isothermal temperature programming followed the
procedure by Pires et al. (2024). Compound identification
was carried out by comparing the obtained mass spectra
with the NIST (National Institute of Standards and Technol-
ogy) mass spectral library. The concentration of individual
compounds was determined relative to the internal standard
I-nonanol and by the relative percent peak area of TIC from
the MS signal.

Extraction Process of Sweet Potato Starch

The starch was extracted following the method described by
Cruz et al. (2023), with minor modifications. The potatoes
were peeled and soaked in an aqueous solution of sodium
metabisulfite (Na,S,0s, 0.5% w/v, pH 5.0) for 15 min. The
mixture was ground, filtered, and sieved (230 mesh, 63 um),
followed by successive washings. The filtered mass was
allowed to settle, and the starch was decanted. The result-
ing starch was dried in an air-circulation oven at 40 °C for
24 h. After drying, the starch was ground into a fine pow-
der and stored in an airtight container at room temperature
(22 +2 °C). The extraction yield was 10.7%.

Films Preparation

Biodegradable starch films were prepared using the casting
technique according to Fonseca et al. (2018). The suspension
was prepared with 4.0% (w/v) starch in distilled water, with
glycerol (Labsynth, CAS 56-81-5, Brazil) as a plasticizer
at a plasticizer-to-starch ratio of 0.30 (g/g). These param-
eters were adopted based on previous tests and studies that
demonstrated the effectiveness of producing starch films
using this starch concentration and glycerol (Mao et al.,
2023; Wu et al., 2023). The suspension was heated on a
hotplate (FISATOM, 752 A, Brazil) with magnetic stirring
at 90 °C for 30 min to achieve complete starch gelatinization.
The suspension was then cooled to 50 °C, and 55.55 g were
poured onto acrylic plates (@ 15 cm) and dried in an oven
(Ethik Technology, Brazil) with air circulation at 30 °C for
approximately 16 h.

Production of Electrospun Fibers
Preparation and Characterization of the Polymer Solution

As defined in preliminary tests, the polymer solutions
were prepared with 30% (w/v) zein in 70% ethanol (v/v, in
Milli-Q water) as solvent. First, the solutions were stirred
for 30 min in a magnetic stirrer to complete homogeni-
zation at room temperature (22 +2 °C). Then, TEO was
incorporated into the zein solution at a concentration of
60% (v/w) and stirred for 15 min under dark conditions.
The TEO concentration was selected based on a previous
study by (Peixoto et al., 2023) and feasibility tests, aiming
to incorporate the highest possible amount of essential oil
without compromising the fiber structure. Finally, a solu-
tion without incorporating TEO was prepared as a control
(Bohmer-Maas et al., 2020).

The viscosity and electrical conductivity parameters were
evaluated to characterize the polymer solutions. The appar-
ent viscosity was evaluated using a Brookfield digital vis-
cometer (Model DV —II, USA) equipped with an SC4-18
spindle. Approximately 10 mL of each solution was placed
in a stainless-steel sample chamber for analysis. The elec-
trical conductivity of the solutions was determined using
a conductivity meter (model CON500, Benchtop Meter,
USA) and expressed in pS/cm. All measurements were made
at room temperature (23 +2 °C) in triplicate (Silva et al.,
2018).

Electrospinning Process
The electrospun fibers were produced according to the

method of Peixoto et al. (2023), with modifications. The pol-
ymer solutions were placed in a 10-mL disposable syringe
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fitted with a needle with an inner diameter of 0.8 mm at
20 cm from the needle to the fibers’ collector. Then, the
polymer solution was pumped with a flow rate of 0.9 mL/h
for 11 h by an infusion pump (KD Scientific, Model 100,
Holliston, England) under a system voltage of 20 kV (Instor,
INSES-HV30, Brazil), to deposit 10 mL of the solution,
forming a homogeneous fiber layer that fully covered the
surface of the starch film. The collector was coated with
aluminum foil to facilitate the removal of fibers after the
electrospinning process was completed under controlled
temperature (18 £2 °C) and relative humidity (40 +2%)
using an air conditioner and a dehumidifier, respectively.
The same procedure was performed to collect the electro-
spun fibers directly on the starch films fixed to the collector,
forming a bilayer film.

Characterization of Films, Electrospun Fibers,
and Bilayer Films

The materials produced and characterized are referred to
throughout the text as follows: zein fibers (electrospun
pure zein fibers), zein/TEO fibers (electrospun zein fib-
ers with encapsulated TEO), starch films (single-layer
films composed of starch and glycerol), bilayer film with
zein fibers (bilayer starch films with pure zein fibers), and
bilayer film with zein/TEO fibers (bilayer starch films with
TEO-loaded zein fibers).

Morphology

The morphology of the starch film, zein fibers, and
bilayer films with and without TEO was evaluated by
scanning electron microscopy (SEM, Jeol, JSM-6610LV,
NJ, USA) (Fonseca et al., 2020). For cross-sectional
micrographs, the films were fractured using liquid nitro-
gen and then placed in a stub; while for surface micro-
graphs, the films were cut and similarly mounted on
stubs. The samples were coated with gold using a sput-
ter (Desk V, JEOL, USA). The cross-section and surface
micrographs were visualized using an accelerating volt-
age of 10 kV.

The mean diameter and size distribution of the fibers
were assessed based on a random measurement of 60 fibers
using ImagelJ software (version 2015, USA) for the images
produced by SEM.

Absorption Profile in FT-IR Infrared

The functional groups present in TEO, starch film,
zein fibers, and bilayer films were evaluated by FT-IR
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spectrometry (Karim et al., 2020). A Fourier transform
infrared spectrum 100 FT-IR spectrometer (PerkinElmer,
USA) equipped with a zinc selenide crystal and set to a
resolution of 4000-500 cm!. A sufficient sample was
added to cover the equipment crystal, and 32 scans were
performed.

Thermal Properties

For thermogravimetric analysis, approximately 5 mg of
each sample was individually placed in platinum capsules.
The analysis used a TG-60 instrument (Shimadzu, Kyoto,
Japan) under a nitrogen atmosphere with a flow rate of
50 mL/min. The samples were heated from 30 to 500 °C at
a constant heating rate of 10 °C/min. An empty platinum
plate was used as a reference (Lancuski et al., 2017). The
data were processed using TA-60WS software (version
2.20, Shimadzu Corporation, Japan). The weight loss was
calculated using Eq. (1). Where W, is the initial weight of
the sample and W/ s the final weight of the sample at each
temperature.

W, — W,
Weight loss = <100— <T>> x 100 (1)

i

Color

The color and opacity of the films were evaluated by averag-
ing five measurements obtained from each sample in tripli-
cate using a colorimeter (3nh, NR 200, China), following the
method described by do Evangelho et al. (2019). The films
were placed on a white plate set as the standard to determine
the color parameters with illuminant D65 (daylight). The
parameter L* represents luminosity, ranging from 0 (black)
to 100 (white); the parameters a* and b* are the chromaticity
coordinates, where a* ranges from green (-) to red (+), and b*
ranges from blue (—) to yellow (+). The total color difference
(AE*) was calculated using Eq. (2), where AL*=L,

‘white standard

- Lsample; Aa*= Awhite standard_asample; Ab* = bwhite standard
- bsample'

« 2 2 2
AE" = \/ (ALY +(Ad) + (Ab) @)

Opacity was calculated as the relation between the opac-
ity of the film (parameter “y”) superimposed on the black
standard (S, and the white standard (S,;.), according to

Eq. 3).

white

S
black % 100 (3)

white

Opacity =
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Moisture Content and Solubility in Water

The moisture content of the films was determined follow-
ing the method described by do Evangelho et al. (2019). The
films were dried in an oven at 105 °C for 8 h with air circula-
tion until a constant mass was achieved, and the results were
expressed in g/100.

The solubility of the films in water was evaluated through
immersion assays. Samples were immersed in 50 mL of dis-
tilled water under constant shaking for 24 h at 25 °C. After
immersion, the films were collected and dried at 110 °C until
reaching a constant weight (Wy), and their solubility in water
(%) was calculated using the following Eq. (4), where Wi is
the initial dry weight of the film.

Wi — W/

Solubility in water % = 100 4

Water Vapor Permeability

The water vapor permeability (WVP) of the starch films and
the bilayer films was determined by the gravimetric method
E96-95-ASTM (ASTM, 1995). Film samples were sealed
with industrial standard sealing lubricant (MOLYKOTE®,
Dow Corning Corporation, Germany) in aluminum permea-
tion cells containing pre-dried (0% relative humidity) cal-
cium chloride (CaCl,) anhydrous salt. Films were stored at
23 +2 °C and 50% + 5% of relative humidity.

The increase in the mass of the system, resulting from
water transfer through the sample, was monitored at regular
24-h intervals. The WVP was calculated (Eq. 5) with the
slope of the linear regression from the weight gain over time
in the constant rate period, normalized by the film exposed
area. The difference in partial vapor pressure between the
two sides of the films was 1406 Pa (50% relative humidity
and saturation vapor pressure at 23 °C equal to 2812 Pa).

WVP = ﬁx X
t A/,

where WVP is the water vapor permeability (g.mm/m?.day.
Kpa), Ay, is the absorbed moisture mass (g), ¢ is the incuba-
tion period time (days), X is the film thickness (mm), A is
the exposed film surface area (m?), and A p 1s the difference
of partial pressure trough the film (Pa).

&)

Mechanical Properties

The thickness of the starch films and the bilayer films was
measured using a digital micrometer (MI20 Adamel Lhom-
argy, France) with an accuracy of 0.001 mm. Thickness was
measured in triplicate, and five random positions around the

film were measured in each triplicate. The average values
were used in film evaluation calculations (Fonseca et al.,
2018).

The mechanical properties of the films were determined
using a texturometer (TA.XT plusC—Texture Analyser, Sta-
ble Micro Systems, UK), evaluating the tensile strength, per-
centage of elongation at break, and adhesiveness, operating
according to the ASTM D-882-10 method (ASTM, 2010).
The tensile strength and elongation at break were measured
with an initial grip separation of 40 mm and a probe speed
of 0.8 mm/s. The films were cut (85 mm X 25 mm) and fixed
in the probe in the texturometer. Seven measurements were
conducted on each sample. The tensile strength was calcu-
lated by Eq. (6), where T is tensile strength (MPa), F,, is
the maximum force at the moment of film rupture (N), and
A is the cross-sectional area (m?) and elongation by Eq. (7),
where E is elongation (%); d; is the initial separation distance
(cm), and d, is the distance at the moment of rupture (cm).

TS = Fn
= <X> (6)

d
E= <—’> x 100 (7
d;

The adhesiveness of the films was measured using a 1-cm
diameter film sample that was placed on the fixed metal sur-
face of the equipment and pressed with a metal plate featur-
ing a 6-mm diameter cavity in the middle, exposing a por-
tion of the film. A probe with a 19.63 mm? contact area was
attached to the metal support on top of the texture analyzer.
During contact, a force of 200 g was applied, with a contact
time of 15 s and a test speed of 0.5 mm/s. The texture ana-
lyzer lowered the probe until it pressed against the film sur-
face, then raised it after 15 s, measuring the force required
to tear the film from the surface. This analysis was repeated
eight times for each film treatment.

Contact Angle

The water contact angle (wettability) of the starch film, zein
fibers, and bilayer films was evaluated following the meth-
odology described by Bohmer-Maas et al. (2020). Samples
were deposited on glass slides, and measurements were per-
formed at room temperature using an optical tensiometer
(Theta Lite Model TL100, BiolinScientific, Sweden), and
the readings were recorded using the OneAttension software
(BiolinScientific, Sweden). For analysis, a drop of distilled
water (3 pL) was dripped onto the surface of the sample. The
contact angle with water and the time for water absorption
were captured using a digital camera.
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Biodegradability

The biodegradability of the films was evaluated following
the EN 13432 and ASTM D-6400 standards (ASTM, 2023).
Plastic trays with dimensions of 30X 40X 15 cm were used,
filled uniformly with commercial compost (soil) (Universal
Biological Substrate, Portugal) up to a height of 5 cm. Film
samples measuring 3 X3 cm were weighed to record their
initial weight (M;). Subsequently, the samples were buried
and covered with an additional 3 cm layer of compost.

The test conditions were maintained at a constant tem-
perature of 60 °C and 50% relative humidity (RH), moni-
tored over 35 days. Weekly, duplicates of each treatment
were carefully dug up and photographed, and adhering com-
post was removed for analysis. The mass loss of the samples
was recorded, and the visual degradation of the films was
monitored. The degradation percentage was calculated using
the following Eq. (8), where Mi is the weight of films at an
initial time, and M is the weight of films at different times
(1st, 7th, 14th, 21 st, 28th, and 35th day).

M, - M,

Degradation (%) = x 100 ®)

Loading Capacity (LC) and Encapsulation Efficiency (EE)
of Zein Electrospun Fibers

With adaptations, the LC and EE were determined as per
Valizadeh et al. (2024). The content of external TEO com-
pounds was quantified by weighing 40 mg of fibers and gen-
tly agitating with 2 mL of hexane. The mixture was then
centrifuged at 3226 X g for 5 min. The resulting supernatant
was collected and analyzed using a spectrophotometer at
725 nm. To determine the total content of TEO compounds
(due to fiber rupture), 40 mg of fibers were agitated for 2 min
with 250 uL of 70% ethanol. After complete fiber rupture,
1750 pL of hexane was added for complete homogeniza-
tion, and the mixture was centrifuged (Eppendorf 5430 R
Centrifuge, Germany) at 3226 X g for 5 min. The supernatant
was collected and analyzed using a UV—Vis spectrophotom-
eter (Tecnal UV-5100 model, Metash Shanghai, China) at
725 nm, employing a calibration curve of TEO. For this,
different concentrations of thyme EO (ranging from 0.01 to
0.1 mg/mL) were dissolved in hexane, and the absorbance
of the solutions was measured at 725 nm. The LC and EE
of the electrospun zein fibers were calculated using Eqs. (9)
and (10), where W, is the content of TEO compounds in the
solution (external washing of the fibers, without rupture),
W, is the total content of TEO compounds (internal and
external—due to fiber rupture), and M is the total content of
TEO compounds estimated in the fibers.
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W,
LC (%) = ﬁz x 100% )

W2 - Wl
EE(%) = =2~ x 100% (10)
2

In Vitro Release of TEO from Zein Electrospun Fibers

The release of TEO compounds from electrospun zein fibers
was conducted in 10% ethanol (hydrophilic), 50% ethanol
(lipophilic), and hexane (highly hydrophobic). These media
simulate food products with high water content (hydrophilic)
and fatty foods (hydrophobic). The ethanol-based media
were selected as food simulants, as established by the Com-
mission Regulation 10/2011 EU. Hexane was chosen as a
highly hydrophobic medium to assess the efficiency of the
encapsulating polymer matrix in promoting a controlled
release of the lipophilic essential oil compounds while being
compatible with the GC-MS analytical system.

The release assay was performed at room temperature
(22 +5 °C), following the methodology adopted by Fon-
seca et al. (2020). The electrospun fibers (150 mg) were
immersed in each of the aforementioned media (5 mL), and
the release kinetics of the essential oil were calculated over
48 h. At each time interval (1 h, 2 h,3h,4 h, 5h, 12 h,
24h, and 48 h), 0.3-mL aliquots were withdrawn and mixed
with 0.7 mL of hexane. After centrifugation of the resulting
mixture at 3226 X g for 2 min, the supernatant was analyzed
using the GC-MS (as described in the “Chemical Composi-
tion of Thyme Essential Oil by Gas Chromatography-Mass
Spectrometry” section) to determine the concentration of the
released compounds.

Antioxidant Activity

The in vitro antioxidant activity of TEO, starch film, zein
fibers, and bilayer films was performed individually using
1 mg of each sample. For the ABTS (2,2'-azino-bis(3-eth-
ylbenzothiazoline) 6-sulfonic acid) radical scavenging assay,
3 mL of ABTS solution was added to the samples, which
were then stirred for 1 min and kept in the dark for 30 min.
Absorbance was subsequently measured at 734 nm, follow-
ing the method proposed by (Re et al., 1999). For the DPPH
(2,2-diphenyl-1-picrylhydra+ zyl) radical scavenging assay,
3.9 mL of DPPH solution was added to the samples, stirred
for 1 min, and kept in the dark for 2 h and 30 min. Absorb-
ance was then measured at 515 nm, according to the method
described by Brand-Williams et al. (1995).

The results were expressed as a percentage (%) of radi-
cal inhibition and calculated using Eq. (11), where A, is the
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absorbance of the reaction without the sample and A is the
absorbance of the reaction with the sample.

. Ac _As
Inhibition (%) = 1 x 100 (11)

c

Statistical Analysis

All analytical determinations were conducted in at least trip-
licate, and the results were expressed as means + standard
deviations. Statistical analysis was performed using analysis
of variance (ANOVA), followed by Tukey’s test to compare
means. Differences were considered statistically significant
at a threshold of p <0.05.

Results and Discussion

Chemical Composition of TEO by Gas
Chromatography-Mass Spectrometry

The components of TEO identified by GC/MS are listed in
Table 1. p-cymene was identified as the major component
(36.46%), followed by thymol (29.48%), carvacrol (5.78%),
y-terpinene (5.34%), linalool (4.63%), a-pinene (3.49%),
p-limonene (2.80%), camphene (1.99%), f-myrcene (1.21%),
eucalyptol (1.18%), borneol (1.12%), pB-pinene (0.31%),
a-phellandrene (0.16%), and p-menthane, cis- (0.08%). In
total, 14 compounds were identified by GC/MS (Table 1
and Supplementary material 1). Previous studies have
reported a similar qualitative chemical composition for the
major constituents of TEO, including thymol (23-60%),
y-terpinene (18-50%), p-cymene (8-44%), carvacrol

(2-8%), and linalool (3—4%), albeit with variations in con-
centrations (Satyal et al., 2016). Compounds such as thymol,
y-terpinene, and p-cymene have demonstrated potent antiox-
idant and antibacterial properties, significantly contributing
to the biological activities of TEO (Dong et al., 2023), which
makes this essential oil appealing for applications such as
food product preservation.

Viscosity and Electrical Conductivity

The zein solutions (30%, w/v), pure and with TEO (60%,
v/w), used to produce the electrospun fibers had an average
viscosity of 59.11 and 66.5 mPa/s, respectively (Table 2).
This indicates that the presence of zein in ethanol in the
solutions provides adequate viscosity for the formation
of fibers, which increases with the presence of TEO. The
increase in viscosity upon adding the essential oil to the pol-
ymeric solution was also reported by Antunes et al. (2017)
when incorporating a complex with eucalyptus essential oil
(24% w/v) in a zein solution (30% w/v). This effect can be
explained by the ability of zein to form interactions with
the hydrophobic compounds present in the TEO, resulting
in the formation of a denser network and an increase in the
solution’s resistance to flow. This results in sufficient chain
entanglement with strong viscoelastic forces that resist axial
stretching during electrospinning, leading to fibers with the
mentioned characteristics (Nanda et al., 2024).

However, the presence of TEO decreased the electrical
conductivity of the polymer solution from 1261.66 to 1034
pS/cm. This is likely due to the increase in viscosity, which
created a denser network, restricting the mobility of charged
particles (ions) within the solution (Nanda et al., 2024).
According to Azizi et al. (2023), for the electrospinning pro-
cess to occur, the polymer solution must acquire sufficient

Table 1 Chemi?al cpmp osition No *RT (min) Compound name Class Formula % mg/mL

of thyme essential oil
1 3.122 a-Pinene Monoterpene CioH6 349 38.00 + 020
2 3303 Camphene Monoterpene CioH6 199 2164 =+ 0.13
3 3.731 p-Pinene Monoterpene CioH6 0.31 332 + 0.02
4 3.806 p-Menthane, cis- Monoterpene CioHyo 0.08 089 =+ 0.01
5 4.001 p-Myrcene Monoterpene CioH6 1.21 13.17 + 0.07
6 4210 a-Phellandrene Monoterpene CioH6 0.16 1.75 + 0.01
7 4.501 p-Cymene Monoterpene CioHy4 36.46 39670 + 2.27
8 4.634 Eucalyptol Monoterpene oxygenated C,;gH;;O  1.18 1285 + 0.33
9  4.687 p-Limonene Monoterpene CioHje 2.80 3050 =+ 0.14
10 5.275 y-Terpinene Monoterpene CioH6 534 5809 =+ 0.32
11  6.104 Linalool Monoterpene oxygenated C;)H; O 4.63 5039 =+ 0.12
12 7.493 Borneol Monoterpene oxygenated C;)H; O 1.12 1215 =+ 0.08
13 10.826 Thymol Monoterpene phenol CioH,O 29.48 32069 =+ 5.90
14 11.050 Carvacrol Monoterpene phenol CoH, O 578 6287 =+ 0.10

*RT Retention time (min); (%) = percentage of compounds in the essential oil
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electrostatic charge for the repulsive force to overcome the
surface tension. Moreover, the jet elongation depends on the
solution’s ability to conduct these charges, which facilitates
the continuous stretching of the fluid until fiber formation.

Morphology

Figure 1 illustrates the morphology and size distribution of
fibers, both with and without TEO, as well as their applica-
tion on starch films. The zein fibers produced with encap-
sulated TEO exhibited a cylindrical, homogeneous, and
continuous morphology without the presence of droplets or
beads (Fig. 1(2a)). However, the zein fibers without essential
oil displayed a flatter morphology, characterized as ribbon-
like, with some fused fibers and no beads (Fig. 1(1a)).

According to Bhardwaj and Kundu (2010), the appro-
priate viscosity of the polymer solution used in the elec-
trospinning process is one of the key factors that enables
the formation of continuous, uniform fibers without beads.
However, as noted by Heydari-Majd et al. (2019), pure zein
fibers tend to exhibit a ribbon-like structure. This is attrib-
uted to the formation of p-structures, composed of polypep-
tide chains aligned side by side and stabilized by hydrogen
bonds, which do not fully expand. This behavior occurs due
to the rapid evaporation of ethanol during the electrospin-
ning process, which prevents the proper reorganization of
polymer chains within the fibers. The accelerated solvent
evaporation restricts the mobility of zein chains, leading to
the formation of these characteristic flat structures.

Studies conducted by Hosseini et al. (2021) and Ghasemi
et al. (2022) reported an increase in the diameter of the fibers
with higher concentrations of essential oils (rosemary and
cumin, respectively), which leads to a decrease in electri-
cal conductivity and an increase in viscosity. It is known
that during the electrospinning process, the morphology of
the fibers is strongly influenced by various parameters, such
as polymer concentration and type, needle-to-collector dis-
tance, solution flow rate, applied voltage, and others (Azizi
et al., 2023; Heydari-Majd et al., 2019). However, in the
present study, contrary to expectations, the addition of TEO
to the polymer solution resulted in a significant decrease in
the diameter of the fibers (Fig. 1(1b, 2b, 4b, and 5b)).

Pure zein electrospun fibers exhibited an average diameter
of 579.88 nm, ranging from 332 to 934 nm, with a signifi-
cant difference between those collected directly on the starch
film (636 nm) and those collected on the target collector
(523 nm). Heydari-Majd et al. (2019) reported similar values
when producing 35% (w/v) zein fibers in an ethanol solution
with an average diameter of 724 nm. In the present study, the
addition of TEO to the zein solution resulted in fibers with
a significantly smaller average diameter of 376 nm, ranging
from 228 to 661 nm, with no significant difference between
those collected directly on the starch film (362 nm) and those
collected on the target collector (391 nm), being classified as
ultrafine fibers. Antunes et al. (2017), when encapsulating a
p-cyclodextrin and eucalyptus essential oil complex in zein
fibers, observed no correlation between the percentage of
encapsulated essential oil and the average diameter of the
resulting fibers.

In this study, the reduction in fibers’ diameter can be
attributed to the synergy among the hydrophobic compounds
present in the polymer solution. Zein, being a predominantly
hydrophobic protein, exhibits high compatibility with TEO,
whose main components, such as thymol and carvacrol, are
also hydrophobic (Garavand et al., 2024; Rezaei et al., 2019).
This chemical affinity facilitates a more homogeneous dis-
persion of the components, preventing aggregate formation
and promoting better jet stability during electrospinning.
As a result, this interaction contributes to the formation of
thinner and more uniform fibers, enhancing the mechanical
and structural properties of the fibers (Nanda et al., 2024).
Therefore, the combination of zein with TEO had a positive
effect on the morphology of the electrospun fibers, allow-
ing for a significant reduction in average diameter. These
characteristics were maintained even when the fibers were
collected on starch films, indicating that the use of film sub-
strates on the collector target did not cause morphological
changes in the fibers.

The surface and cross-sectional morphology of the sweet
potato starch film (Fig. 1(3a and 3b)), the bilayer starch
film with zein electrospun fibers (Fig. 1(4a and 4c)), and
the bilayer starch film with zein/TEO electrospun fibers
(Fig. 1(5a and 5c¢)) were illustrated through micrographs.
The starch film exhibited a continuous and homogeneous

Table 2 Polymer solution properties (apparent viscosity and electrical conductivity) and performance (loading capacity and encapsulation effi-

ciency) of zein electrospun fibers

Zein TEO Apparent viscosity Electric conductivity Loading capacity (%) Encapsulation
(% wiv) (% viw)* (mPa/s) (uS/cm) efficiency (%)
30 0 59.11+0.12° 1261.66+3.51*

30 60 66.50+0.20* 1034.00 +1.52° 33.2%+4.41 91.0%+1.20

The results are expressed as the mean (n=3)+standard deviation. *‘Different letters in the same column differ statistically

(p<0.05).*TEO:Thyme essential oil
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Fig. 1 Morphology and size dis-
tribution of the zein fibers (1a,
1b), zein/TEO fibers (2a, 2b),
starch film (3a, 3b), bilayer film
with zein fibers (4a, 4b, 4c¢),

and bilayer film with zein/TEO
fibers (5a, 5b, 5¢)
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surface with nearly imperceptible alterations, a characteristic
associated with proper starch gelatinization (Cheng et al.,
2021). These features were confirmed by the cross-sec-
tional micrograph, which displayed a smooth structure free
of cracks or porosity. The morphology of the films can be
influenced by the botanical source of the starch and the plas-
ticizer concentration (Song et al., 2021). However, Basiak
etal. (2017), Guo et al. (2021), and Evangelho et al. (2019)
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reported similar results for starch-based films containing
glycerol content ranging from 15 to 30% of the dry matter.

In the surface micrographs of bilayer starch films with
zein electrospun fibers (Fig. 1(4a and 5a)), the morphologi-
cal characteristics of the films are not visible, as the fibers
entirely cover the material’s surface densely and continu-
ously. In the cross-sectional micrographs (Fig. 1(4c and 5¢)),
a closely integrated double-layer structure can be observed,
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Fig. 1 (continued)
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formed by the deposition of fibers onto the film surface, sug-
gesting good compatibility between the layers.

However, the presence of some cracks can be observed,
possibly attributed to temperature and humidity variations
during the electrospinning process, where the starch films
were exposed to conditions different from those applied to
pure starch films. Additionally, the deposition of zein elec-
trospun fibers may have disrupted the moisture equilibrium
at the film interface, promoting localized drying and contrib-
uting to the formation of cracks. Morphological changes in
the production of bilayer films have also been reported by
Reddy et al. (2018). The authors demonstrated that incor-
porating cellulose nanofibers onto the surface of glycerol-
plasticized starch films, which were initially smooth, led to
an increase in surface roughness.

Fourier Transform Infrared Spectroscopy

In the Fourier transform infrared (FT-IR) analysis, charac-
teristic bands of the raw materials used to produce the films
(starch) and fibers (zein), as well as the encapsulated bioac-
tive compound (TEO), can be observed (Fig. 2a).

TEO contains p-cymene, thymol, carvacrol, y-terpinene,
and linalool, among other major compounds previously
reported in the “Chemical Composition of TEO by Gas
Chromatography-Mass Spectrometry” section. In the infra-
red region of the spectroscopy, characteristic bands of these
compounds were observed at 2960, 2930, and 2872 cm !,
corresponding to the symmetric (vs C-H) and asymmetric
(va C-H) vibrations of C-H bonds, representing sp’ and sp>
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hybridizations present in the structures of the mentioned
compounds. Additionally, a band at 1516 cm™' (vVC=C)
was observed, associated with the aromatic rings in thymol,
p-cymene, and carvacrol; bands at 1447 cm™' (vC-C) and
1417 cm™! (LC-0), corresponding to the phenyl group in
thymol; and a band at 807 cm™! (yC-H), characteristic of
isoprenoid compounds, similar to findings reported in other
studies (Ardjoum et al., 2021; Fonseca et al., 2020; Peixoto
et al., 2023; Radiinz et al., 2020).

In zein, as well as in the zein fibers (Fig. 2b), bands
around 3291, 1642, and 1522 cm~' were identified, indicat-
ing the presence of amide I (C =0 stretching) and amide
II (C—N stretching adjacent to N-H bending), respectively.
This was expected because this region serves as a finger-
print for proteins such as zein, a prolamin extracted from
corn. The bands between 2872 and 2958 cm™! are related to
the C—H bond stretching observed in all spectra, which is
a characteristic of zein’s structure (Bruni et al., 2020; Silva
et al., 2018).

Sweet potato starch and starch films exhibited charac-
teristic bands at 3304 cm™! (vO-H), attributed to inter- and
intramolecular hydroxyl groups between amylose chains,
and at 2927-2888 and 2800 cm™' (vsC-H; vaC-H) from
the cyclic chain (Fonseca et al., 2020). The spectra showed
absorption bands at 1642, 1420, and 1148 cm! correspond-
ing to hydrogen bonding in the amorphous region of the
granules (8OH), amylopectin (6sCH,), and the alpha-1,4
glycosidic bond (vasC—O-C). Molecular chain bands were
also observed at 1077 cm™' (VC=0), 996 cm™! (VO-C-C),
927 cm! (WUC-OH), and 858 cm™! (SCH,,). All these groups
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Fig.2 FTIR spectra (a, b), thermograms (c), and their first derived (derivative thermogravimetry) (d) of the thyme essential oil (TEO), zein,
sweet potato starch, zein fibers, zein/TEO fibers, starch film, bilayer film with zein fibers, and bilayer film with zein/TEO fibers

are present in the structures of starch and glycerol, which
are used in the formation of the films (Cruz et al., 2023;
Guimaraes et al., 2024).

The zein fibers with encapsulated TEO exhibited the
same characteristic bands as the fibers without TEO. No
differences were observed between the bands of the elec-
trospun fibers, regardless of TEO incorporation, except for
the 807 cm~! band, which was found with low intensity in
the compounds containing TEO. This suggests a loading
capacity of the electrospun fibers that interact with TEO as
an encapsulating material or a possible overlap of peaks.

Thermogravimetric Analysis
The thermogravimetric analysis (TG) and its first deriva-

tives were performed to investigate the thermal degrada-
tion of the bilayer films and their components (Fig. 2c and

Table 3). The derivative thermogravimetry (DTG) provided
the first derivative of the TG curve as a function of tempera-
ture (Fig. 2d).

From the DTG analysis, it was observed that sweet potato
starch exhibited a mass loss in two stages: the first stage
showed a mass loss (Am,) of ~8.7%, with a peak tempera-
ture (7)) of ~66.6 °C, corresponding to the elimination of
volatile compounds and dehydration of the starch. The sec-
ond stage showed Am, of ~71.6% at T, of ~317.8 °C, which
is attributed to the disintegration and thermal decomposi-
tion of the starch (Cruz et al., 2023). Zein exhibited only
one peak with Am; of ~68.7% at T, of ~318.9 °C, which is
associated with protein degradation and peptide bond cleav-
age (Bruni et al., 2020). It was observed that TEO degraded
within a temperature range of ~32.7-161.5 °C and showed
two peaks, with Am, of~61.5% at T, of ~106.1 °C and Am,
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of 32.8% at Tp2 of ~ 144 °C, due to the loss of volatile com-
pounds and decomposition of TEO (Fonseca et al., 2020).

The zein fibers loaded with TEO exhibited a mass loss in
three stages. The first and last stages were similar to those
observed for pure zein fibers, while the second stage showed
a Am, of approximately 16.6% with 7,,, around 140.4 °C, a
temperature close to that of TEO but with a smaller mass
loss. This behavior in the second stage may be associated
with the degradation of TEO, which occurs with lower inten-
sity when encapsulated in zein fibers. The encapsulation of
bioactive compounds via electrospinning is a promising
approach, as this process enhances the thermal stability of
the compounds and enables the development of packaging
with improved properties (Bruni et al., 2020).

The starch films, whether pure or bilayer, showed two
thermal peaks in similar temperature ranges. The first
peak, with Am; ranging from~4.2 to~11.5% and T,
between ~ 60.3 and ~ 85 °C, was attributed to water evap-
oration. The second peak, with Am, ranging from ~ 63.8
t0~70.2% and T, between~298.8 and~325.5 °C, was
associated with the thermal degradation of the compounds
present, including glycerol (Basiak et al., 2017). Although
these values are similar to those observed for pure starch,
which can be attributed to the predominance of starch in the
formulation, the incorporation of glycerol may have influ-
enced the thermal properties of the films. The presence of
the plasticizer tends to anticipate the onset of thermal degra-
dation of the polymer matrix, slightly lowering the tempera-
ture of the second degradation stage, likely due to reduced
intermolecular interactions between starch chains. This
plasticizing effect increases molecular mobility, facilitating
the thermal breakdown of bonds (Basiak et al., 2017; Nor-
din et al., 2020). These findings suggest that while glycerol
is essential for improving the mechanical properties of the
films, it may also compromise their thermal stability, which

is a critical factor for applications requiring heat resistance
(Ballesteros-Martinez et al., 2020).

Color

The color parameters (L*, a*, b*, and AE) and opacity
of the starch films and the bilayer films are described in
Table 4. The brightness (L) of the films varied significantly
(»<0.05) from 89.70 to 97.28, indicating high luminosity, as
the values were close to 100. The chromaticity coordinates
(a* and b*) showed a tendency for neutral and yellowish
tones in the pure starch films. In the bilayer films, a trend
towards greenish and yellowish hues was observed. As the
compounds were added, the b* values increased, indicating
a more intense yellow color. This behavior was expected due
to the characteristic hue of zein and TEO (Chen et al., 2019).
Hou et al. (2024) reported that as the TEO concentration
increases, the AE and b* values increase, while the L* and
a* values decrease.

In this study, the total chromatic difference (AE) values
ranged from 1.63 to 12.49, with bilayer films containing
pure zein fibers showing the highest difference. In contrast,
the starch films without fibers exhibited the smallest differ-
ences. As found by Basiak et al. (2017), pure sweet potato
starch films showed low opacity at 8.6%. The opacity of the
films increased with the incorporation of new compounds on
the surface. As expected, the bilayer films containing zein/
TEO fibers exhibited 95.9% opacity. This increase occurs
because the deposition of fibers with TEO forms a layer on
the film’s surface, creating an irregular interface that intensi-
fies light scattering. Additionally, the incorporation of fibers
contributes to the increase in film thickness; thicker layers
allow less light to pass through, resulting in higher opacity
(Basiak et al., 2017). The presence of natural pigments, such
as those intrinsic to zein and TEO, also absorbs some visible

Table 3 Thermogravimetric properties of starch, zein, TEO, zein fibers, zein/TEO fibers, starch film, bilayer film with zein fibers, and bilayer

film with zein/TEO fibers

Sample Thermogravimetric properties®
To T, Ty Am; T, T, T, Am, Ty T, Ty Amy
O O O @ O O ‘O @ (O (O (O (P
Starch ~335 ~666 ~1302 ~87 ~260.1 ~317.8 ~3933 ~71.6
Zein ~2257 ~3189 ~4694 ~68.7
TEO ~327 ~106.1 ~118.8 ~61.5 ~120.1 ~144.0 ~161.5 ~328
Zein fibers ~351 ~50.13 ~93.74 ~432 ~222.6 ~323.6 ~491.4 ~67.0
Zein/TEO fibers ~347 ~480 ~745 ~24 ~788 ~1404 ~2106 ~16.6 ~227.7 ~321.9 ~488.0 ~559
Starch film ~36.6 ~603 ~117.1 ~6.6 ~230.8 ~325.5 ~401.3 ~63.8
Bilayer film with zein fibers ~349 ~850 ~177.8 ~11.5 ~199.2 ~314.0 ~4044 ~69.8
Bilayer film with zein/TEO fibers ~36.0 ~72.8 ~1173 ~42 232.0 ~298.8 ~3964 ~70.2

TEO:Thyme essential oil. *Initial temperature (7y,), peak temperature (7,,,), final temperature (Tf,), mass loss (Am,)
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Table 4 Thickness, solubility,

. Properties Parameters Starch film Bilayer film Bilayer film with
motsture COHtBl:lF, water . with zein zein/TEO fibers
vapor permeability, tensile fibers
strength, elongation at break,

?gfesi:e;;:ss, 30202) parazlneters Color parameters L* 97.28+0.48"  89.70+1.99° 93.05+1.34°
opa fty’of S a* 0.10£0.58"  —3.09+028" —2.79+039
b* 0.92+0.24° 8.69+1.39*  9.34+0.55
AE 1.63+0.72¢ 12.49+1.65°  10.80+0.53°
Opacity (%) 8.6+0.6° 81.6+7.4°  9594+3.617
Physical Thickness (mm) 0.122+0.003°  0.170+0.006° 0.194+0.011?
Solubility (%) 36.5+3.5° 36.9+0.5? 354+14°
Moisture content (%) 19.9+2.2% 19.5+2.0% 17.9+1.12
Barrier WVP#* (g.mm/m 2.day.kPa)  5.35+0.18° 5.50+0.43* 423+0.27°
Mechanical properties Tensile strength (MPa) 7.37+1.2% 4.21+0.8° 3.74+0.4°
Elongation (%) 72.8+7.0% 66.6+6.3% 72.4+9.1*
Adhesiveness (g) 3.96+0.86 291+0.58"  2.88+0.48"

The results are expressed as the mean + standard deviation. *®Different letters in the same line differ statis-
tically (p <0.05). *TEO Thyme essential oil. **WVP water vapor permeability

light, reducing transparency and further intensifying opacity
(Hou et al., 2024).

Opacity is an important property because it defines the
amount of light that penetrates a substance, such as packag-
ing films. An increase in opacity can be desirable in applica-
tions where light blocking is important, such as packaging
that protects light-sensitive food products, preventing the
degradation of nutrients and bioactive compounds (Trip-
athi et al., 2022). In this context, bilayer films stand out by
exhibiting higher opacity compared to single-layer starch
films, which showed low opacity. This characteristic gives
bilayer films an additional advantage in protecting against
light exposure, contributing to the greater stability of the
packaged food.

Physical, Mechanical, and Barrier Properties

The results for thickness, solubility, moisture content, water
vapor permeability, and mechanical properties (tensile
strength, elongation, and adhesiveness) of the starch films
and bilayer films are presented in Table 4. The analyzed
starch films showed an average thickness ranging from
0.122 to 0.194 mm. As the compounds were added to the
film structure, the thickness increased significantly. In this
case, the starch film incorporated with TEO encapsulated
in electrospun fibers was the thickest. During the electro-
spinning process of the bilayer films containing essential
oil, a higher fiber yield was observed, which may explain
this result. Thickness is a parameter that influences other
properties of the film and should be controlled to ensure a
uniform material. Factors such as composition, the amount
of film-forming solution, its distribution on the mold, and
the production process can affect the thickness of the films
(Singh et al., 2023).

Water solubility is an important characteristic of biode-
gradable films, closely related to their applicability. Films
with lower solubility and higher water resistance are used
as packaging materials to maintain the integrity and shelf
life of food products (Ballesteros-Martinez et al., 2020).
Although starch films have limitations due to their high
hydrophilicity and fragility, especially for applications that
require prolonged contact with moisture or water, such as
in packaging for fresh or moist foods (Choi et al., 2022), in
the present study, the films analyzed showed low solubil-
ity when compared to starch films from different sources
(Henning et al., 2022; Oluba et al., 2021). Even after 24 h
of immersion in water under agitation, no dissolution was
observed. The solubility values ranged from 36.5 to 35.4%,
and the moisture content ranged from 19.9 to 17.9%, with no
significant difference after the incorporation of electrospun
fibers (p <0.05).

The water solubility of starch films can be reduced by
adding hydrophobic substances to the starch matrix. Bal-
lesteros-Martinez et al. (2020) found similar results when
using 30 to 50% glycerol as a plasticizer in sweet potato
starch films, with solubility values ranging from 31.3 to
33.3%. The same authors report that higher concentrations
of glycerol as a plasticizer significantly increase the water
solubility of the films. This occurs due to the higher hydro-
philicity of glycerol compared to other plasticizers, which
reduces interactions between the polymer chains and favors
plasticizer-polymer interactions. This increase disrupts the
starch chain, reducing the density of hydrogen bonds and
raising the water activity in the system (Ballesteros-Martinez
et al., 2020; Nogueira et al., 2018).

The water vapor permeability (WVP) of the films ranged
from 5.5 to 4.23 g.mm/m? day.kPa, and the bilayer film with
zein/TEO fibers showed to be a more efficient water vapor
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barrier. The presence of TEO likely played a key role due to
its hydrophobic nature, which contributes to reduced water
transfer through the film. In addition, other factors associ-
ated with the bilayer structure, such as increased thickness,
lower solubility, and reduced moisture content, may have
further limited water vapor diffusion compared to the other
film types. These results highlight the advantages of bilayer
films in improving barrier properties and reinforce their
potential for applications where moisture sensitivity is a
critical concern, such as food packaging. Song et al. (2021)
conducted a comparative study of starch films that exhibited
high permeability in five sweet potato cultivars tested, reach-
ing a maximum WVP of 21.43 g.mm/m?.day.kPa.

One of the main roles of films for food packaging is to
reduce moisture transfer between the food and the surround-
ing environment (Hosseini et al., 2013). Cai et al. (2020)
produced starch films containing TEO microcapsules that
decreased water vapor permeability when applied to man-
goes, inhibiting weight loss and delaying ripening-related
changes. Gémez-Aldapa et al. (2020) emphasize that com-
bining two or more polymers allows the creation of new
materials with improved functional properties. The authors
investigated the effect of polyvinyl alcohol on the physico-
chemical properties of biodegradable sweet potato starch
films, resulting in improved water vapor barrier properties,
solubility, and mechanical performance.

Mechanical properties are essential for evaluating the
structural integrity of films. In this study, the incorporation
of zein electrospun fibers did not significantly alter the elon-
gation at the break of the films. However, the tensile strength
showed a reduction, ranging from 7.37 MPa in the control
films (without fibers) to 3.74 MPa in the films containing fib-
ers. Similarly, the adhesiveness of the films also decreased,
varying from 3.96 to 2.88 g with the incorporation of fibers.
As observed in the “Morphology” section, the deposition
of zein fibers induced morphological changes in the films,
possibly related to variations in temperature and humidity
during the electrospinning process. These structural modi-
fications may have altered the polymer matrix, affecting
properties such as mechanical strength and adhesiveness.
These results suggest that while electrospun fibers add new
functionalities to the films, they may partially compromise
their mechanical properties, particularly regarding strength
and adhesiveness.

Despite these results, the bilayer films maintained their
mechanical properties, demonstrating adequate tensile
strength and elongation at break for practical applications.
Estevez-Areco et al. (2020) reported improvements in cas-
sava starch bilayer films after incorporating ZnO nanorods
and PVA nanofibers loaded with rosemary extract. The val-
ues reported by the authors, with tensile strength of 3.5 MPa
and elongation at a break of 76%, are comparable to those
obtained in the present study.
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Contact Angle

The water contact angle is widely used to characterize the
hydrophilicity or hydrophobicity of film surfaces. Values
below 90° indicate hydrophilic surfaces, while values above
90° are characteristic of hydrophobic surfaces (Zhang et al.,
2021). The water contact angle of the fibers and films is pre-
sented in Fig. 3. The value for each sample was determined
by calculating the average contact angle on both sides. The
zein fibers exhibited a high water contact angle of 103° and
119° for fibers with 0% and 60% of TEO, respectively. There
was an increase in the contact angle with the inclusion of the
EO, enhancing the hydrophobicity.

Both the starch film and bilayer films exhibited low con-
tact angles, ranging from 43 to 75°. These results indicate
that, although starch films are intrinsically hydrophilic due
to the presence of hydroxyl groups, the incorporation of
electrospun fibers with TEO resulted in a significant reduc-
tion in the hydrophilicity of the films (Zhang et al., 2021).
This behavior can be attributed to the characteristics of the
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components forming the second layer. The amino acids in
zein, which constitute the fibers’ matrix, possess properties
that reduce the polymer’s affinity for water (Nanda et al.,
2024). Moreover, TEO, being a predominantly hydrophobic
compound, contributes to forming a barrier that hinders the
interaction between the film surface and water molecules
(Mahanta et al., 2021). The incorporation of zein/TEO fibers
during bilayer film production represents a promising strat-
egy for modifying starch films, imparting more hydropho-
bic surface properties. This feature can expand the applica-
tions of these materials in active packaging, where moisture
resistance is an essential requirement.

Biodegradability

The development of food packaging has been advancing
toward recyclable, biodegradable, and compostable alter-
natives, aligned with the growing demands for sustainability
(Han et al., 2018; Zhong et al., 2020). Biodegradation refers
to the chemical decomposition of materials facilitated by the
enzymatic action of microorganisms such as bacteria, yeasts,
and fungi, resulting in more sustainable products (Zhong
et al., 2020). In this study, sweet potato starch and zein were
used for film production, natural biopolymers that enable
the creation of sustainable and fully compostable packaging
materials (Kola & Carvalho, 2023).

The degradation of biopolymers depends on factors
such as composition, environment, type of polymer, and
chemical bonds between them (Kola & Carvalho, 2023).
The results of the biodegradability test for starch films and
bilayer films, conducted in plant compost, are presented
through photographic records, showing the progression
of disintegration and curves illustrating mass loss over
time (Fig. 4). After 7 days of testing, it was observed that
sample deterioration began at the edges, resulting in vis-
ible irregularities. The films without fibers exhibited the
highest weight loss during this initial period, and from
day 21 onward, a more pronounced mass loss was evident.
This trend persisted throughout the study, indicating that
pure starch films underwent faster biodegradation when
compared to formulations containing fibers.

At the end of the 35 days, all films demonstrated degra-
dability potential, with significant changes in their appear-
ance and integrity, including fragmentation, size reduc-
tion, color changes, and wrinkled surfaces. The percentage
of mass loss was 45.7% for pure starch films, 28.5% for
bilayer films with zein fibers, and 27.8% for bilayer films
with zein/TEO fibers, indicating that the incorporation
of fibers helped delay the degradation process. Polymer
biodegradation is a process that can be accelerated by
hydrolysis, which promotes the random breaking of poly-
mer chains. This mechanism reduces the molecular weight
of the material, making it more accessible to microbial

decomposition, as reported by Asgher et al. (2020). These
results highlight the influence of fibers in modulating the
biodegradation rate, creating a more resistant and less sus-
ceptible matrix.

Possible explanations for the results observed may
involve a combination of factors, such as the hydropho-
bicity of zein, which may reduce the ability of the film
to absorb water—an essential factor for the hydrolysis
and biodegradation of starch; the added fibers acting as a
structural barrier, increasing the density and stiffness of
the films and hindering the access of microorganisms and
enzymes to the substrate; and the presence of TEO in the
fibers, which may inhibit the growth of microorganisms
responsible for degradation, further delaying the process.
These factors make the bilayer films more resistant to deg-
radation when compared to pure starch films, which have
a more accessible structure and are easily degraded by
microorganisms.

Although the study duration did not allow for the com-
plete degradation of the films, the results showed a con-
tinuous mass loss over the evaluated period. This indicates
that the films have the potential for biodegradation over
longer timeframes. Using starch-based bilayer films with
zein/TEO fibers represents a sustainable and environmen-
tally friendly approach to managing the growing volume
of solid waste, aligning with the demand for greener and
more environmentally responsible solutions.

Loading Capacity and Encapsulation Efficiency
of Zein Electrospun Fibers

The results of LC and EE of zein fibers are in Table 2. The
LC of the fibers loaded with TEO was 33.2%, indicating
that approximately one-third of the initial amount of TEO
used in the production process of the fibers remained in the
material. Considering that the proportion of TEO used was
60%, the LC value indicates effective incorporation of the
TEO during the electrospinning process. However, previous
studies show that increasing the essential oil concentration
in the fibers leads to a reduction in loading capacity, likely
due to saturation effects (Pires et al., 2023).

The EE was determined to be 91%, further confirming
the effectiveness of the method in retaining TEO within
the fibers. This result surpasses that of Ansarifar and
Moradinezhad (2022), who reported an EE of 75.2% for
TEO encapsulated in zein electrospun fibers. Notably, their
polymer solution was prepared using glacial acetic acid as
the solvent, and the TEO concentration employed was lower
(4%), which differs from the methodology applied in this
study. Similarly, a recent study by Valizadeh et al. (2024)
achieved EE values of 92.2-96.1% and LC ranging from
12.3 to 36.1% when encapsulating pomegranate flower
extract. Variations in EE can be attributed to differences in
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Fig. 5 In vitro release of TEO 80
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electrospinning parameters, including applied voltage, flow
rate, and needle-to-collector distance, as well as the ratio of
polymer to TEO used in the formulations. The higher EE
observed in this study suggests that the optimized param-
eters employed here enhance the encapsulation performance
of the fibers, potentially offering superior protection and a
more controlled release of TEO.

In Vitro Release of Essential Oil from Zein
Electrospun Fibers

In vitro, release assays were performed for zein electrospun
fibers incorporated with TEO using 10% ethanol (hydro-
philic), 50% ethanol (lipophilic), and hexane (highly hydro-
phobic), by total immersion of the bilayer material in the
simulants. These assays aimed to identify suitable media
for the controlled release of TEO and target products for
such release.

In all evaluated media, a rapid initial release of the
essential oil was observed within the first 4 h, followed by
a controlled release phase. After 4 h, in media containing
ethanol (10% and 50%), the release exhibited a smoother
slope, whereas in the more hydrophobic medium (hexane),
the release profile displayed a steeper slope (Fig. 5). It was
observed that the highest release of essential oil occurred
in media simulating oily food models. Hexane showed the
highest release, reaching 79.4% of the essential oil in the
fibers after 48 h. This behavior can be attributed to the
high affinity between the essential oil compounds and the

Time (hours)

hydrophobic medium, combined with the high porosity and
large surface area of the electrospun fibers, which facili-
tate the permeation and extraction of the compounds in this
medium (Fonseca et al., 2020).

Ethanol at 50% exhibited a more balanced release, reach-
ing 40.3% of the essential oil after 48 h. On the other hand,
in the hydrophilic medium (10% ethanol), the release was
slower and more gradual, reaching only 8.2% after 48 h. A
similar result was observed in studies with electrospun glia-
din fibers loaded with essential (Bahrami et al., 2023). This
behavior suggests the potential of the hydrophilic medium
for applications in foods with long shelf lives, where pro-
longed release of bioactive compounds is desirable.

The release obtained in this assay was performed by total
immersion of the bilayer material in the simulant media, rep-
resenting a cumulative result from the contribution of both
sides of the film. However, in real packaging applications,
only one side of the film would be in contact with the food,
indicating that the release of compounds in actual systems
is likely to be lower than that observed in vitro.

The interaction mechanisms among the medium can
explain the differences in release profiles, the encapsu-
lating matrix (zein), and the TEO. As the polarity of the
medium increases, the tendency of the hydrophobic matrix
to dissolve decreases, thereby increasing the TEO release
time (Bahrami et al., 2023). Furthermore, mechanisms such
as diffusion and permeation through the porous structure
of the fibers and their large surface area justify the initial
burst release observed (Fonseca et al., 2020; Bruni et al.,
2020). Additionally, encapsulation efficiency analysis
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revealed that approximately 9% of the loaded TEO was
not encapsulated and could be easily released during the
initial hours.

In Vitro Antioxidant Activity

The antioxidant activity of TEO is directly associated with
its high content of volatile compounds, as demonstrated
in Table 1. Free-form TEO exhibited high antioxidant
capacity, with inhibition rates of approximately 95.2%
and 77.2% against ABTS and DPPH radicals, respectively.
Even after the electrospinning process, fibers containing
TEO displayed significant antioxidant activity for both
radicals, at 76.2% and 44.3% (Fig. 6). These results can
be attributed to the high concentration of encapsulated
TEO (60% TEO) and the stability of the encapsulation
method, which preserved the integrity of its compounds
(Rather et al., 2021).

According to Bilenler et al. (2015), the antioxidant activ-
ity of TEO against radicals can occur either within the par-
ticles or after its release from the fibers. For this to happen,
the encapsulated TEO must overcome the diffusion barrier
imposed by the encapsulating matrix within the reaction
time. In this way, antioxidants perform their function by
reducing activity and neutralizing free radicals, breaking
peroxides, and chelating transition metal ions. Their anti-
oxidant efficacy is influenced by the presence of aromatic
rings as well as the arrangement and quantity of hydroxyl
groups (Embuscado, 2015). Dong et al. (2023), while ana-
lyzing eight distinct thyme species, identified 16 compounds
positively correlated with DPPH radical scavenging capac-
ity, with thymol, carvacrol, and p-cymene standing out.

The starch film, when evaluated in isolation, exhibited
insignificant antioxidant activity for both radicals, with

100 r

Inhibition (%)
3 3 ]

(o]
[=}

TEO Zein fibers

Zein/TEO fibers

values below 5.6%. In contrast, zein electrospun fibers, even
in the absence of TEO, demonstrated considerable antioxi-
dant capacity, reaching 22.6% inhibition for the ABTS radi-
cal and 19.5% for the DPPH radical. These findings align
with those reported by Peixoto et al. (2023) and Tavares
et al. (2021) and can be attributed to the presence of specific
amino acid residues in zein, such as tyrosine, tryptophan,
and methionine, which possess intrinsic potential to neutral-
ize free radicals.

The final structure of the bilayer starch film, with zein act-
ing as the encapsulating agent for TEO, resulted in a mate-
rial with antioxidant activity capable of inhibiting ABTS
and DPPH radicals by 43.3% and 33.8%, respectively. These
values are lower than those for free TEO; however, the TEO
is protected, potentially offering prolonged and effective
action. Films with antioxidant properties can play a crucial
role in the preservation of food and other products by slow-
ing the oxidation of lipids, pigments, and nutrients, as well
as inhibiting the formation of toxic compounds generated
by oxidative processes. This contributes to extending shelf
life and enhancing the sensory quality of products (Asgher
et al., 2020).

Hou et al. (2024) investigated the free radical scavenging
capacity of a bilayer bioactive film made from konjac gum
(KGM) and hydroxypropyl methylcellulose (HPMC), con-
taining TEO encapsulated in a Pickering nanoemulsion. The
authors observed a progressive increase in the antioxidant
activity of the films with the increasing concentration of
TEO, reaching maximum values of 79.9% and 89.3% inhi-
bition against DPPH and ABTS radicals, respectively. Liu
et al. (2024) developed bioactive films based on soy protein
isolate incorporated with TEO and reported a significant
increase in DPPH radical scavenging capacity, from 12 to
22.4%, as the concentration of TEO in the films increased.

EABTS mDPPH

Starch film Bilayer film with Bilayer films with

zein fibers zein/TEO fibers

Fig.6 Antioxidant activity of thyme essential oil (TEO), zein fibers, zein/TEO fibers, starch film, bilayer film with zein fibers, and bilayer film

with zein/TEO fibers
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Conclusion

Overall, the bilayer film with zein/TEO fibers demonstrated
superior properties compared to monolayer starch films.
These findings underscore the potential of such bilayer sys-
tems as advanced, sustainable, and functional materials for
application in bioactive food packaging.

The incorporation of zein electrospun fibers containing
encapsulated thyme essential oil (TEO) on the sweet potato
starch—based films represented an innovative approach,
resulting in an enhanced material with bioactive and bio-
degradable properties. The main components of TEO were
identified as p-cymene (36.4%) and thymol (29.5%). The
zein electrospun fibers with encapsulated TEO exhibited
cylindrical, homogeneous, and continuous morphology
without beads, classifying them as ultrafine fibers. The
starch films displayed a continuous and homogeneous sur-
face, with some cracks visible in the cross-section after fib-
ers application, where a closely integrated bilayer structure
was observed. The FTIR spectra showed characteristic bands
of their components (starch, zein, and TEO), further con-
firming encapsulation efficiency.

The films demonstrated thermal stability, slight yellow-
ish opacity, a thickness of 0.194 mm, low solubility, and
improved water vapor barrier properties. Mechanical tests
yielded satisfactory results, with an elongation at break of
72.4%, tensile strength of 3.74 MPa, and adhesiveness of
2.88 g. The films exhibited hydrophilic behavior, as indi-
cated by the water contact angle and biodegradability, with a
27.8% mass loss over 35 days. The fibers exhibited a loading
capacity of 33.2% and an encapsulation efficiency of 91%,
demonstrating high effectiveness in encapsulating TEO,
providing protection and controlled release, which varied
depending on the medium. In vitro, the films showed anti-
oxidant activity against DPPH and ABTS radicals. These
findings underscore the potential of bilayer films as func-
tional and sustainable packaging solutions, addressing the
demand for environmentally responsible innovations in the
packaging sector. The ability to incorporate bioactive com-
pounds like TEO while maintaining the integrity of the films
and performance opens new possibilities for active food
packaging. However, further in situ studies are necessary
to assess the long-term performance and application of the
films in food preservation with controlled release of volatile
compounds, particularly for sensitive products, by delaying
the oxidation of lipids, pigments, and nutrients, as well as
by inhibiting the formation of toxic compounds generated
through oxidative processes. This approach may help pro-
tect light-sensitive foods by preventing the degradation of
nutrients and bioactive compounds.

Thus, the functional differentiation between the layers
allows one side to act as a mechanical barrier, while the

other interacts with the food or the environment, provid-
ing bioactive protection. However, key limitations include
moisture sensitivity, a common characteristic of starch-
based materials, potential undesired migration of volatile
compounds in more humid environments, and the need
for validation through in situ studies to evaluate long-term
performance and applicability in food preservation. This is
especially important as the material’s properties may vary
depending on the type of food, secondary packaging, and
storage atmosphere used. Additionally, production scale and
the cost of bioactive materials remain challenges for large-
scale industrial feasibility.
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