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ABSTRACT

Engineering biodegradable sheets with inherent bioactivity is a crucial advancement for next-
generation active packaging systems. Corn starch-based bio-composite films were enhanced
with sunflower seed hull (SSH) powder as a phenolic-rich reinforcement, glycerol as
plasticizer, vinegar as an acidic formulation ingredient and thyme essential oil as a bioactive
antimicrobial component, facilitating concurrent antioxidant and antibacterial efficacy. Films
were produced using solution casting with differing SSH concentrations (0.25-1g). SSH
incorporation improved the physicochemical, mechanical, antioxidant, and antibacterial
properties of the developed films. Film thickness progressively increased from 0.024 mm to
0.042 mm in SSHT4, density decreased from 0.78 g/cm? to 0.58g/ cm® with increasing filler
concentration and moisture content reduced from 13.44% to 8.89% in SSHT4, indicating
reduced hydrophilicity of the films. Water absorption after 3h immersion reduced from 89.84%
to 62.56% in SSHT4, demonstrating reduced water uptake. Tensile strength peaked at 15.94
MPa and elongation at break reached 42.67% in SSHT2 film. SEM- based morphological study
demonstrated enhanced dispersion and structural integrity at modest filler loading; ATR-FTIR
spectroscopy demonstrated intermolecular interaction and hydrogen bonding between the
starch matrix and the SSH component. Antibacterial activity against Staphylococcus aureus and
Escherichia coli, showed maximum inhibition zones of 14.5+ 1.23mm and 12.54+0.62mm, at
SSHT2. DPPH antioxidant activity increased from 28.15mg/mL AAE in the control film to
41.19 mg/mL AAE in SSHT2 films. Biodegradability over 14 days ranged from 82.76% to
65.22% at SSHT4. A single, non-replicated visual shelf-life trial using bread suggested delayed
spoilage and better quality retention with SSHT?2 film packaging, an observation that requires
replicated, quantitative validation before being generalized. Because all SSH-containing
formulations also contained thyme essential oil while the control contained neither, the
antioxidant and antibacterial improvements reported here cannot be attributed to hull
reinforcement alone, and reported values represent measurements taken from a single cast film
per formulation. Overall, SSH-based bio-composite films demonstrate strong potential as
multifunctional, eco-friendly alternatives to traditional food packaging systems.
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1. INTRODUCTION

Plastics remain the dominant material in food packaging due to
their flexibility, durability, and cost-effectiveness, but this
convenience carries a substantial environmental cost. The
packaging sector alone accounts for 50% of global plastic waste
output, with food confinement and preservation responsible for
66% of packaging-derived waste (Ncube et al., 2021; Birania et
al., 2022). India's per-capita consumption of synthetic polymers
(43%) already exceeds the global average (39%), and
petroleum-derived plastics continue to dominate worldwide
production (Kan and Miller, 2022). This scale of plastic
dependence, set against its poor end-of-life fate, underscores
the need for biodegradable packaging alternatives.

In response to the escalating environmental danger, research in
the packaging business has transitioned towards the production
of bio-based polymers, attributed to their biodegradable
properties, marking a crucial advancement in the creation of
eco-friendly packaging materials (Ncube et al.,, 2021).
Biopolymers demonstrate qualities akin to traditional
packaging materials and may be handled using methods such as
solution casting, melt mixing, electrospinning, thermo-
processing, and extrusion procedures (Yadav et al., 2018). Due
to these various advantages, biopolymers generated from
renewable biological sources are rapidly being investigated as
sustainable alternatives, capable of reducing or completely
eliminating reliance on fossil fuel-based packaging materials.
Natural polymers encompass carbohydrate-based substances
such as chitosan, carrageenan, cellulose, and starch, as well as
protein-based materials like gelatin, soy protein, whey protein,
and zein; lipids comprise beeswax and fatty acids.
(Homthawornchoo et al., 2022).

Concentrating on polysaccharides, starch is regarded as one of
the most prevalent, dependable, and economical polymers for
film creation. The structural makeup has two primary
components: amylose and amylopectin, which account for
around 20-30% and 70-80%, respectively. This biopolymer
may be extracted from several agricultural sources, including
rice, potato, maize, wheat, and sago. Corn possesses a
substantial quantity of starch and produces a semi-crystalline
biopolymer due to a composition of 20-28% linear amylose and
highly branching amylopectin (Hazrol et al., 2021; Roy et al.,
2020). Moreover, maize starch generally experiences
gelatinization at temperatures between roughly 64.4°C to
77.2°C (Chakraborty et al., 2022). Starch films alone are stated
to have inadequate thermoplastic characteristics, mechanical
strength, permeability, and fire retardancy (Roy et al., 2020). To
address these limitations, starch films may be combined with
plasticizers, reinforcing materials, and certain alterations to the
chemical structure (Srivastava et al., 2023).

Sunflower seed hulls constitute a significant agro-waste
byproduct, accounting for 20-30% of the residual seeds from
the oil industry. These agricultural wastes include significant
amounts of lignocellulosic components, including cellulose,
hemicellulose, and lignin, as well as natural antioxidants and
nutritional fibres. Furthermore, it was shown that SSHs possess
a substantial phenolic content ranging from 0.7% to 5.4%. The
elevated phenolic content resulted in the creation of a starch-
based antioxidant film, with chlorogenic acid serving as the
principal antioxidant-rich active component. Consequently, this
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research validated that SSHs function as a powerful
reinforcement agent that improves the characteristics of starch-
based biofilms using sophisticated valorisation approaches
(Tsvetanova et al., 2025; Frolov et al., 2023; De’Nobili et al.,
2021; Menzel, 2020). Additionally, plasticizers (non-volatile
organic liquids) are extensively utilized additives in the plastic
sector. They are integrated to enhance mechanical strength,
extensibility, toughness, and processing ease, while
crosslinking agents act concurrently to improve the mechanical,
functional, and barrier properties of the films. (Hazrol et al.,
2021; Zhang et al., 2023).

A prevalent strategy to enhance the efficacy of biofilms is their
incorporation into intelligent packaging systems. Active
packaging is regarded as an innovative approach designed to
prolong the shelf life of food by directly interacting with the
food itself. The process entails the integration of an active
chemical into the polymer matrix, which affects its antioxidant
or antimicrobial properties (Ribeiro-Santos et al., 2017,
Menzel, 2020). Antimicrobial agents originate from several
sources, with naturally derived ones receiving heightened
attention due to growing food safety concerns and customer
demands. Numerous studies have documented the increasing
interest in naturally sourced antimicrobial compounds (Ju et al.,
2019; Sharma et al., 2020). Essential oils (EOs) derived from
plants have garnered significant interest for their capacity to
preserve fruits, vegetables, meat, fish, dairy products, and
baked goods. Essential oils are not utilized directly with food
due to their volatile characteristics and vulnerability to
destruction from light, oxidation, and elevated temperatures.
Consequently, contemporary methods and advancements use
essential oils via encapsulation and coatings on liposomes, solid
lipid nanoparticles, and packaging materials (Sharma et al.,
2021).

The aforementioned methodologies were employed in the
current work to develop a corn starch-based bio-composite film
for food packaging applications, using sunflower seed husk
powder (SSHs) alongside thyme essential oil as an antibacterial
agent. Research indicated that milled sunflower seed hulls,
when coupled with oat bran or certain minerals, promoted
fungal growth, suggesting that sunflower seed hulls likely have
little antifungal properties (Tsvetanova et al., 2025). While
previous studies have investigated the formulation of bio-
composites for food packaging, the particular amalgamation of
corn starch, SSH powder, glycerol, vinegar, and thyme essential
oil, along with the evaluation of its physicochemical,
mechanical, structural, antioxidant, antimicrobial,
biodegradation, and food preservation properties, remains
insufficiently studied. The primary aim of this study was to
develop an eco-friendly and biodegradable bio-composite and
to assess its qualities for prospective use in food packaging
through visual shelf-life assessment using bread as a model
food system. This effort further advanced waste valorisation by
using a significant agricultural by-product, specifically
sunflower seed hulls (SSHs). It was hypothesised that
incorporating SSH powder into the corn starch matrix would
progressively improve mechanical strength and reduce water
sensitivity by reinforcing the polymer network, while the co-
incorporated thyme essential oil would confer antioxidant and
antibacterial functionality; formulations combining both
components were therefore expected to outperform an
unreinforced control on these measured endpoints, without
distinguishing the individual contribution of each component.



All ingredients utilized in this investigation were chemically
safe, food-grade, and employed without previous processing. A
thorough analysis of the films was conducted to assess their
efficacy as packaging material.

2. MATERIALS AND METHODS

This section outlines the material used in the experimental
procedures followed for the preparation of Corn Starch- based
films reinforced with Sunflower seed hull for use in active
packaging applications.

2.1 Materials and Chemicals

The bio-composite films were formulated using corn starch as
primary biopolymer. Glycerol was employed as a plasticiser,
vinegar served as an acidic formulation ingredient, and thyme
essential oil was incorporated as an antimicrobial component.
Sunflower seed hulls were utilized as the reinforcing material.
Sunflower seeds were obtained from local markets in Varanasi,
Uttar Pradesh, India and manually dehulled to obtain the hulls.
Corn starch (Starch Corn pure, Catalogue No. 58254, CAS
9005-25-8; Batch No. 7108553; Mfg. Date 09/2025) was
procured from Sisco Research Laboratories Pvt. Ltd. (SRL),
Mumbai, Mabharashtra, India. Glycerol was procured as
USP/FCC/EP-grade vegetable glycerin (99.7% purity,
produced in Malaysia; Lot No. SN1478, packaged January
2026) from Sharrets Nutritions LLP, Jaipur, Rajasthan, India.
Thyme essential oil (100% pure thyme essential oil, Batch No.
HeiTHYM, 50 mL) was procured from Heilen Biopharm Pvt.
Ltd., Banaskantha, Gujarat, India. Vinegar (non-fruit vinegar
prepared from acetic acid and water, Batch No. 301) was
procured from U.P. Vinegar Works, Lucknow, Uttar Pradesh,
India, and had a measured pH of 2.3.

2.2 Fabrication of Bio-composite films
2.2.1 Preparation of SSHs powder

The raw sunflower seeds were manually dehulled to separate
the hulls, which were then thoroughly rinsed with water to

Table 1. Formulation Table of the Prepared Bio-composites
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eliminate impurities. The cleaned hulls were subjected to
drying in a dehydrator at 65°C for 4 hours (De'Nobili et al.,
2021), followed by allowing them to cool down to room
temperature. Subsequently, the dried hulls were ground into a
fine powder and sieved through a 56um mesh screen to achieve
uniform particle size. The resulting powder was then placed in
an airtight container for subsequent use.

2.2.2 Synthesis of Bio-composites

Preparation of the bio-composite films was carried out by
employing a solution casting technique based on the procedure
described by (Quispetera et al., 2021). Corn starch (5g) was
added to S0mL of distilled water in a beaker, after which 2.5mL
of glycerol,3mL of vinegar, and 0.25mL of thyme essential oil
were added to the mixture. To this formulation, sunflower seed
hull powder (SSHs) was incorporated at varying concentrations
(0.25g,0.5g,0.75g and 1g) while maintaining a constant starch
content, as summarised in Table 1. The mixture was then

heated with continuous stirring at 85°C until a uniform film-
forming solution was achieved. The resulting solutions were
cast and allowed to dry at ambient temperature for 24 hours.
After complete drying, the films were carefully detached and
kept for subsequent evaluation. A control film prepared without
SSHs was also fabricated under the same condition for
comparative analysis. For each formulation, one film-forming
solution was prepared and cast as a single sheet; three
measurements per test were subsequently taken at different
locations on that single sheet and used as technical replicates.
The control formulation contained neither SSH powder nor
thyme essential oil, whereas every SSH-containing formulation
also contained a fixed level of thyme oil (0.25 mL);
consequently, this design does not allow the independent
contributions of hull reinforcement and thyme oil to be
statistically separated, and a dedicated thyme-only formulation
was not included in the present study.

Sample CS (g) SSHs (g) Glycerol (ml) Vinegar (ml) Thyme Essential Oil (ml)
Control 5 0 2.5 3 -

SSHT]1 5 0.25 2.5 3 0.25

SSHT2 5 0.5 2.5 3 0.25

SSHT3 5 0.75 2.5 3 0.25

SSHT4 5 1.00 2.5 3 0.25

2.3 CHARACTERIZATION OF THE BIO-COMPOSITE
FILMS

2.3.1 Thickness

Digital micrometre (Mitutoyo Co.,Japan) was used to assess the
thickness of each prepared films keeping a zero error of +
0.01mm. Arbitrary values were taken at three random points of
the films and the mean thickness was calculated (Nanda and
Singh, 2022).
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2.3.2 Density

The density of the developed films was estimated according to
the procedures described by Hazrati et al., 2021 based on their
mass and volume. Film samples measuring 10x 30mm and
weighed using a digital balance. The thickness values were
taken from the previously conducted thickness assessment.
Volume was calculated using the measured dimensions, and
density was then equated using Equation 1. The values were
measured in triplicates and the mean value was reported.

p=m/v (eqn.1)



Where m= mass (g) and v= volume (cm?
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Fig.1. Preparation of bio-composite films from natural ingredients

2.3.3 Moisture content

Moisture content of the films was determined following the
method of Biswas et al., 2022 with slight modification. Film
samples were cut into 2cmx2cm pieces, and the initial weight

of each sample was recorded. The samples were then dried in a
hot air oven at 105°C for 24 hours and their final weights was
recorded. Equation 2 was used to calculate the % moisture
content of the films. The values were recorded in triplicates.

Initial Weight of sample—Final Weight of sample after drying

Moisture content % =
Initial Weight of sample

2.3.4 Water Absorption

Water absorption capacity refers to the ability of the dried films
to absorb and retain water. Films with a uniform dimension of
12 mm X 12mm (Wildan et al., 2021) were taken and dried in a
hot air oven at 105°C for 3 hours. The initial dry weight of each
sample (Wy) was measured before immersion. Subsequently,
the dried films were then placed in distilled water for
predetermined duration of 30 minutes and 3 hours (Nanda and
Singh, 2022). After soaking, the samples were carefully
removed and gently wiped with tissue paper to eliminate excess
surface water. The final weight after immersion (W) was then
recorded. The water absorption percentage was determined
using equation 3.

Wi =W,
WA% = ——— x 100 (eqn.3)
Wo

Where W = Initial dry weight

W, = Final Weight after immersion

Ghosh et al. (2026)

X 100 (eqn.2)

2.3.5 Tensile strength

The tensile properties of the prepared bio-composite films,
namely tensile strength and eclongation at break, were
determined using a Universal testing machine (Model
INSTRON 5kN) in accordance with ASTM standard D882.
Film samples measuring 90 mm % 10 mm were prepared, with
a gauge length of 40mm while maintaining a cross-head speed
of 3mm/min. Each film sample was analysed in three replicates
and the average values were calculated (Suklaw and
Ratanakamnuan, 2022). Specimens for all physical and
mechanical tests (Sections 2.3.1-2.3.6) were tested under
ambient laboratory  conditions; controlled  relative-
humidity/temperature conditioning of specimens prior to
testing i.e., 23 degrees C, 50% RH as typically specified for
ASTM D882 was not performed or recorded, and this is noted
as a limitation of the present study.

2.3.6 Folding Endurance

Folding endurance test is performed to determine the films’
flexibility and its physical stability when exposed to processing,
handling and packaging application. Each film was cut into a

sample size of 4cmX4cm and was manually folded at the same

375



place over and over again till they ruptured. The no. of folds (n)
before rupturing was noted which indicated the folding
endurance of films (Nanda and Singh, 2022).

2.3.7 Biodegradability Test

Soil burial test was employed to assess the biodegradability of
the prepared films. The biodegradability of the films was
assessed using soil burial test as described by (Pongputthipat et
al.,, 2023) with some modifications. Film specimen of
dimension 3%3 c¢cm was cut and buried 5cm deep inside wet
garden soil kept inside plastic containers. The initial weight of
the films was recorded as Wi. The films were kept under
observation for 14 days and the loss in weight of the film
specimens was recorded at every two days. After retrieval from
the soil the films were cleaned to remove the adhered soil

particles and dried at 40°C until constant weight was achieved.
The final weight of the dried films was recorded as Wt. The
results were obtained using equation 3:

. Wi-Wg
% Weight loss=

x 100

(eqn.4)
Where W; = initial weight before burial
W, = Final weight of films after soil burial

2.3.8 Scanning Electron Microscope (SEM)

Surface morphology of the developed films was examined
using scanning electron microscope (Model JSM 6490LV,
JEOL,Tokyo, Japan) (Anand et al., 2022). The film samples
were cut into Smmx5mm dimension and was mounted onto
SEM specimen stubs and was sputter- coated with a thin layer
of platinum. Micrographs were obtained at different
magnification 500%,1000%,5500 and 10,000 with a constant
accelerating voltage of 15kV. The working distance and current
beam were adjusted corresponding to the standard operating
protocol of the equipment (Nanda et al., 2024).

2.3.9 ATR-FTIR analysis

The chemical structure of the developed films was analysed
using Fourier Transform Infrared (FTIR) spectroscopy in
Attenuated Total Reflectance (ATR) mode using an Agilent
Cary 630 FTIR spectrometer. The spectra were recorded over a
wavenumber range of 4000-650cm™ at a resolution of 16 cm’!
with 100 scans for both background and sample. The film
samples were directly placed onto the ATR crystal surface with
proper contact to ensure accurate spectral acquisition. The
obtained spectra were analysed to identify functional groups
and evaluate intermolecular interaction within the bio-
composite matrix.

2.3.10 Antimicrobial Testing

The antimicrobial activity of the prepared films was performed
against gram positive (S. aureus) and gram-negative bacteria
(E. coli) using agar disc diffusion assay (Anand et al., 2022;
Aydin and Zorlu, 2022). Initially, nutrient broth was prepared
by dissolving 14g of nutrient broth powder in 500 ml distilled

Ghosh et al. (2026)

Journal of Food Innovation, Nutrition, and Environmental Sciences

September, 2026, Volume 3; Issue 3: 372-388
ISSN No: 3078-5537

water while nutrient agar was prepared by mixing 1.3g nutrient
agar in 100mL distilled water. Additionally, the prepared media
and the petri dishes were sterilised in an autoclave under
standard conditions of 121°C , 15psi pressure for 15 minutes.
Subsequently, the molten agar medium was poured on petri
plates and were allowed to solidify (Nanda et al., 2022).
Approximately, 0.1mL of each bacterial strains were inoculated
into the nutrient broth (Contessa et al., 2021) and incubated at

37°C.The bacterial suspension was then diluted using sterile
saline solution to 1x 10 to the power 8 CFU/mL and was
uniformly spread over the nutrient agar plates. (Aydin and Zorlu
et al., 2022). The films were cut in circular disc of Smm
diameter and was placed aseptically over the nutrient agar-
bacterial suspension plates. Two control setups were also
maintained; negative control (plain film without thyme oil) and
positive control (Ampicillin 32 pg/mL for E. coli and
Vancomycin 2 pg/mL for S. aureus. Thereafter the inoculated

agar wells were maintained at 4°C for 1 hour followed by

aerobic incubation at 37°C for 24 hours. (Anand et al., 2022).
The antibacterial efficacy of the prepared films was evaluated
by measuring the diameter of the inhibition zone formed around
the film disc, and the values were recorded in millimetres
(Singh et al., 2026).

2.3.11 Antioxidant Activity

The antioxidant potential of the prepared films was evaluated
using DPPH (2,2- diphenyl-1 picrylhydrazyl) radical
scavenging assay (Singh et al., 2025). The method was adapted
from Sadeghi et al., 2025 and performed at single concentration
using standard spectrophotometric approach with slight
modifications. Film samples (25 mg) were dispersed in SmL of
distilled water and vortexed for 4 minutes to achieve uniform
extraction of the active compounds. An aliquot of this extract
(2.8 mL) was reacted with 0.2 mL of 1 mM DPPH solution
prepared in methanol. This mixture was thoroughly mixed and
kept in dark for 30 minutes at room temperature prior to
analysis. Absorbance was recorded at 515 nm using UV- Visible
spectrophotometer (Sadeghi et al., 2025). A control was
prepared using methanol in place of sample extract, while
methanol without DPPH served as blank sample. A calibration
curve was generated using ascorbic acid as reference sample,
and the antioxidant capacity of the sample was expressed as
mg/mL ascorbic acid equivalent (AAE) based on the extract
concentration. The percentage of radical scavenging activity
was determined using the following equation:

Ap—A
Antioxidant activity %= %x 100
b

Where,

Ayp represents absorbance of control and A represents
absorbance of sample.

2.4 preliminary visual shelf-life study

A preliminary visual shelf- life assessment was performed to
examine the practical suitability of the fabricated bio-
composite films for use in active food packaging. Fresh bread
slices of roughly equal dimensions were chosen as a
representative food model and categorized into three
experimental groups: (i) bread left unwrapped as a control
system, (ii) bread enclosed in the control film sample, (iii)
bread slice packaged using the SSHT2 film. All samples were



maintained under room conditions for total of 20 days.
Observable changes in physical attributes such as appearance,
surface texture, drying and mold visibility were recorded at
defined time intervals on days 0,5,10,15 and 20. The rate of the
quality degradation across the different packaging type film
was then compared to determine the effectiveness of the
developed films in maintaining bread quality over the storage
duration,

2.5 Statistical analysis

Experimental data are presented as mean+ standard deviation
where applicable. Statistical analyses were conducted using
IBM SPSS Statistics (Version 32) and GraphPad Prism (Version
11).  Differences among the formulations across
physicochemical and mechanical properties were assessed
using one-way analysis of variance (ANOVA) followed by
Tukey’s Honestly Significant Difference (HSD) post hoc test.
Antibacterial activity data were evaluated using one-way
ANOVA with Dunnett’s multiple comparison test, with the
control group as the reference group. A probability value of
p<0.05 was considered statistically significant in all analyses.
It should be noted that the reported n=3 for each formulation
corresponds to three measurements taken at different locations
on a single cast film (technical replicates) rather than
independently prepared and cast films. ANOVA outcomes are
therefore reported to summarise the measured data and should
be interpreted as descriptive of within-film variability rather
than as confirmatory inference across independently
manufactured batches; findings should be treated as
preliminary until confirmed using independently cast replicate
films.

Journal of Food Innovation, Nutrition, and Environmental Sciences

September, 2026, Volume 3; Issue 3: 372-388
ISSN No: 3078-5537

3. RESULTS AND DISCUSSION

This section discusses and analyses the characteristics and
properties of the bio-composites prepared at different hull
powder concentration.

3.1 Fabrication of bio-composite films

The prepared films were easily removed after drying the corn
starch- glycerol solution. However, an increased concentration
of the reinforcement material (Sunflower seed hull powder)
showed reduced translucency and increased brittleness (Nanda
&Singh, 2022).

3.2 Thickness

The incorporation of the reinforcement material led to a
progressive increase in the thickness of the films varying
slightly. The thickness of the films ranged from 0.024+0.003
mm (Control) to 0.042+0.002mm (SSHT4). Statistical analysis
confirmed that film thickness was significantly influenced by
SSH concentration (F=21.560, p<0.001). This enhancement in
the thickness may be attributed to presence of more solid
content and high intermolecular interactions within the polymer
matrixes. The difference in the thickness may also be associated
due to viscosity of the film forming solution and the drying
nature of the films. A similar trend has been reported by
Oluwasina et al., 2021; Neupane et al., 2025 which also
concluded that thickness is directly proportional to increasing
reinforcement material.

Table 2. Thickness and Density of developed bio-composites reinforced with SSH powder. Values are presented as mean + SD
(n=3). Means sharing different superscript letters within a column are significantly different according to Tukey’s HSD post hoc

test (p< 0.05).

Film Formulation Code Thickness (mm) Density (g/cm?)
C 0.024+ 0.002° 0.78 £0.05*
SSHT1 0.027 £ 0.001% 0.74 £ 0.03%
SSHT2 0.029 +0.002° 0.69 £ 0.02%°
SSHT3 0.035+0.001% 0.63 +0.03°¢
SSHT4 0.042 £ 0.002°¢ 0.58 +0.024

3.3 Density

The present study shows that control film possessed a density
of 0.7810.05 while the film with maximum thickness showed

0.58+0.02. The observed variation in density among the
formulations was statistically significant, as confirmed by one-
way ANOVA (F (4,10) =19.206, p<0.001). Pairwise
comparisons using Tukey’s HSD further demonstrated
significant differences between selected treatment groups (p<
0.05). This data is supported by the previous study of Nanda &
Singh, 2022 which strongly establishes the relationship
between density and compactness. Density, also known as the
volumetric mass is defined as the mass per unit volume the
density of the film is influenced by the filler concentration and
distribution inside the matrix of the polymer. This variation in
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the density is attributed due to the filler and matrix interaction.
Higher the filler concentration more rigid will be the interfacial

bonding. Consequently, a high interfacial bonding results in
filling of the internal voids with the matrix thereby leading to a
compact structure (Nanda & Singh, 2022). Similar trend of
inverse relationship between thickness and density has been
reported by Hazrati et al., 2021; Neupane et al., 2025.

3.4 Moisture Content

The moisture content of the developed CS-based films
decreased progressively with increasing concentration of
sunflower seed hull powder. The value of the moisture analysis
was recorded as 13.44 +0.37,11.24+0.22, 10.631+0.26,

9.89140.23, 8.894+0.34 for C, SSHT1, SSHT2, SSHT3 and
SSHT4 respectively. One-way ANOVA revealed a significant
effect of formulation on moisture content (F (4.10) =100.916,



p< 0.001). Tukey’s HSD post hoc test indicated significant
differences among the formulations (p<0.05). Starch molecules
are characterised by presence of numerous hydroxyl (-OH)
group, which contribute to their hydrophilic nature and
facilitate interaction with water molecules. Consequently, neat
starch generally exhibits higher moisture content (Amaraweera
et al., 2021). However, incorporation of reinforcing materials
has been reported to reduce moisture uptake in starch- based
(Roslan and Tukiran , 2022). In the present study, addition of
sunflower seed hull (SSH) fibres likely contributed to a
reduction in the moisture content by limiting the availability of
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the hydrophilic sites and restriction water interaction within the
matrix. A comparable decreasing trend in moisture content has
been reported by Désiré et al., 2021 where increasing the
microcrystalline cellulose in starch- based films resulted in a
reduction in moisture from 15.97% to 11.43%. Similarly, in
corn- starch based bio-composite films, incorporation of nature
kenaf fibres has been shown to lower the amount of water
retained in the films (Hazrol et al., 2022). Consistent findings
have also been documented in previous studies (Iffath et al.,
2025; Srivastava et al., 2023; Priya et al., 2021; Nanda & Singh,
2022).

Table 3. Moisture content and water absorption (%) of bio-composite films. Values are expressed as meant SD (n=3). Different
superscript letters within the same column indicate significant differences (Tukey’s HSD post-hoc, p< 0.05).

Composite films Moisture content (%)

CONTROL 13.44+0.37°
SSHT1 11.24+0.22°
SSHT2 10.63+0.26"
SSHT3 9.89+0.23¢
SSHT4 8.89+0.34¢
3.5 Water absorption

Water absorption is an important property of biodegradable
packaging films, as higher water uptake may adversely affect
the stability and shelf life of packaged food products. Table 3.
presents the results which demonstrated that the control starch
film exhibited the highest water absorption, whereas
incorporation of sunflower seed hull powder resulted in a
progressive reduction in the water uptake. After 30 minutes,
water absorption values decreased from 82.27%, 76.22%,
69.44%, 64.17% to 58.00% for C, SSHT1, SSHT2, SSHT3 and
SSHT4 respectively. A similar decreasing trend was observed
after 3h of immersion, with the control film showing the
maximum water absorption (89.84%). One-way ANOVA
revealed significant differences among the film formulations
for water absorption for 30 min (F (4,10) =37.64, p<0.001) and
for 3h (F (4,10) = 48.85, p< 0.001). Tukey’s HSD post hoc
analysis further confirmed significant differences between the
formulations (p<0.05). The higher water absorption of the
control film may be associated with the hydrophilic nature of
the starch and the presence of free hydroxyl groups within the
polymer matrix. Comparable findings were documented by
Pradiza et al., 2025, who noted greater water uptake in pure
starch and PVA /starch films. The reduction in water absorption
observed after incorporation of SSH may be related to the filler-
induced reduction in matrix free volume and restriction of water
diffusion pathways. Oulwasina et al., 2021 similarly reported
that filler materials reduced water penetration by occupying
microvoids within the polymer network, thereby decreasing
hydrophilicity and improving barrier characteristics.

3.6 Tensile testing & Elongation at break

The mechanical behaviour of the prepared films showed a
composition- dependent biphasic trend, wherein both tensile
strength (TS) and elongation at break (EAB) increased
progressively with filler incorporation up to 0.5g (SSHT2),
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Water absorption (%)

30 minutes 3 hours

82.274+2.692 89.84+2.692
76.22+2.58 81.94+2.70°
69.44+2.91" 76.93+1.61%
64.17+2.69% 69.96+2.46°
58.00+2.65¢ 62.56+3.314

followed by a gradual decline at higher concentrations. The
tensile strength increased from 12.90+0.65 M Pa (control) to
14.28+0.54 MPa (SSHT1) and then attained a maximum
peak of 15.94+0.48 MPa (SSHT2). Beyond this
concentration, a reduction in TS was observed, with values
decreasing to  15.324+0.32 MPa  (SSHT3) and

13.7440.73 MPa (SSHT4). A comparable pattern was noted
for elongation at break. The EAB increased progressively from

29.90 +1.59%(control) to 36.06+2.29% reaching peak
value of 42.67+2.23% and subsequently declined at higher
filler concentration (SSHT3 and SSHT4) to 40.95+2.04%

and 24.08+2.42% respectively. One-way ANOVA revealed
that the film formulation had a significant effect on both TS (F=
13.834, p< 0.001) and EAB ( F= 39.330, p< 0.001). Tukey’s
HSD post-hoc analysis further confirmed significant
differences among several formulation, indicating that the
mechanical performance of the films was strongly influenced
by SSH concentration.

The observed improvement in flexibility at lower filler
concentration (0.25g, 0.5g) can be attributed to the uniform
distribution of SSH fibres in the starch matrix, allowing
adequate chain mobility resulting in improved flexibility
(Wildan and Lubis, 2021). However, at higher filler
concentration, the reduction in TS and EAB may be associated
due to limited adhesion between the phases and restricted
polymer chain movement due to reduce flexibility and failure
(Wildan and Lubis, 2021; Srivastava et al., 2023). Similar trend
has been reported in the previous studies. For instance,
Kusmono et al., 2021 observed that chitosan/CNC bio-
composite films exhibited an increase in TS and elongation at
break up to an optimum CNC concentration (4%) followed by
decline at higher loadings. Likewise, Mahardika et al., 2021
reported that PVA-based bio-composite reinforced with durian
peel fibres showed increase in TS from 24MPa to 37 MPa along
with an improvement in elongation at break (79%) up to 6 wt%
addition of natural fibre. In addition, Srivastava et al., 2023
demonstrated that rice husk fibre reinforced films exhibited



enhanced mechanical properties up to an optimum fibre content
(20%), beyond which both TS and EAB declined. Overall, the
result indicated that optimal filler incorporation is essential for
enhancing mechanical performance without compromising
flexibility. It should be noted that the observed density and
strength trends may also be influenced by concurrent variation
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in film thickness, moisture content, and the fixed thyme oil
loading across formulations, as well as by casting heterogeneity
inherent to the single-film-per-formulation design; these
interacting factors cannot be fully isolated from the effect of
SSH concentration alone based on the present dataset.

Table 4. TS and EAB of bio-composite films containing different concentration of sunflower seed hull (SSH) powder. Values are
presented as meant SD (n=3). Different superscript letters in the same column indicate significant differences (Tukey’s HSD, p<

0.05).

Film Formulation Code Tensile strength (MPa) % of Elongation at break

C 12.90 £ 0.65° 29.90 £ 1.59°

SSHT1 14.28 £ 0.54% 36.06 £ 2.29¢

SSHT2 15.94 + 0.48¢ 42.67 £ 2.234

SSHT3 15.32 £ 0.32¢ 40.95 + 2.04¢

SSHT4 13.74 £ 0.73% 24.08 +£2.42°
+2.51°) and SSHT3 (13.33 + 2.08") and SSHT4 showed very
low endurance (6 + 2.00%), indicating brittle nature. The

3.7 Folding Endurance observed differences in the folding endurance among the

Folding endurance represents the ability of the film to withstand
repeated bending at the same location before breaking
(Aldawsari et al., 2023). This parameter provides insight into
the flexibility and handling performance of the film (Nanda &
Singh, 2022). In the present investigation, the control film
exhibited the highest folding endurance (20.33 =+ 2.08°)
indicating greater flexibility. However, the incorporation of
SSH content led to a noticeable decline in folding endurance.
Among the modified samples, SSHT2 demonstrated maximum
folding endurance (17.67 + 2.51%), followed by SSHT1 (14.67

2500

formulations were statistically significant, as evidenced by one-
way ANOVA (F (4,10) = 17.469, p<0.001). This reduction in
the folding endurance can be linked to the increased filler
concentration, which restricts the mobility of polymer chains
and reduces flexibility. Despite this, SSHT2 exhibited
comparatively improved folding endurance among the
formulated film, which may be attributed due to more uniform
dispersion and stronger interaction between SSH and CS
matrix. Comparable findings have been reported by Nanda &
Singh, 2022 where an increase in the coconut fibre and corn cob
concentration led to decreased flexibility of the films.
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Fig.2. Evaluation of Folding Endurance of CS film and SSH-based film formulation, expressed as folding cycles (n), indicating
flexibility of the films. Values are presented as mean =+ standard deviation (n=3). Different letters above bars indicate statistically
significant differences among formulations according to Tukey’s HSD post hoc test (p<0.05).

3.8 Biodegradability test

Biodegradability was examined through a 14-day soil burial
test, and the percentage weight loss was recorded at 2-day
intervals. The test results revealed that control films possessed
highest percentage of weight loss (82.76%) at the end of 14™"
day showing rapid degradation due to absence of the
reinforcement material. A decreasing trend in weight loss was
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observed for filler- based films, with SSHT1, SSHT2, SSHT3,
SSHT4 showing a % weight loss of 74.19%, 74.07%, 69.70%
and 65.22% respectively. All the films showed visual cracks
and fragmentation after burial indicating progressive
degradation. Figure 3 shows the graphical representation of the
bio-composites degraded over 14 days. Similar, trends have
been reported by Othman et al., 2023; Srivastava et al., 2023;
Malekzadeh et al., 2024; Suwanpratap et al., 2026, where



biodegradability reduced wupon increasing the filler
concentration. This can be attributed due to addition of filler
material which leads to formation of more compact and
torturous structure due to enhanced internal arrangement and
composition. This newly formed network hampers moisture
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penetration and reduces microbial and enzymatic action
responsible for degradation. Owing to the observational nature
of the biodegradability assessment, formal statistical
comparison was not conducted for this parameter.

Weight loss of the prepared Biocomposites

100+

80+

60

40+

Weight loss %

20+

CONTROL
SSHT1
SSHT2
SSHT3
SSHT4

EENE

———
5
Time (days)

10

15

Fig.3. Graph showing % degradation of the bio-composites over 14 days soil burial biodegradability test. Weight loss recorded at

2-day interval each.

3.9 Scanning electron microscope

SEM analysis revealed the internal morphology and constituent
distribution influencing the mechanical and barrier properties
(Iffath et al., 2025). Micrographs revealed that the control film
exhibited smooth, uniform and homogenous matrix, without
noticeable defects, indicating good film- forming ability.
However, some agglomerated starch granules were also
visualised. With incorporation of SSH hull powder, a reduction
in the smoothness was observed. The SSHT2 film showed
slightly rough surface with uniform distribution of the SSH
particles within the matrix indicating good interfacial bonding.
This enhanced interaction may be attributed to presence of
hydrogen bonding between the starch matrix and the functional
group of the filler (Ramesh et al., 2024). No visual defects and
cracks were observed at this concentration. However, SSHT3
exhibited highly discontinuous and irregular surface with
visible agglomeration, micro voids and cracks, suggesting
weak interfacial adhesion due to increased filler loading.
structural deformities with cracks and micro voids suggesting
poor film forming ability. These findings indicate that
reinforcement material improves structural integrity and film
forming property only up to a certain concentration after which
structural deformities start to dominate. The results are
consistent with the studies of Srivastava et al., 2023 who
reported that the surface smoothness and uniformity declined
after addition of fibre to the starch matrix. Similarly, Medina-
Jaramillo et al., 2025 observed uniform and homogenous
surface films at moderate concentration which declined due to
presence of agglomeration at higher concentration. These SEM
observations are qualitative; no quantitative image analysis
(e.g., pore/void area fraction) was performed, and the
interfacial bonding described above is an interpretation of
surface appearance rather than a directly measured mechanical
or chemical property.
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3.10 ATR-FTIR analysis

The FTIR spectra of the control and SSHT2 films exhibited
characteristic absorption bands of starch-based films. In the
control film, the broad absorption around 3200-3400 cm'was
attributed to O-H stretching vibrations of hydroxyl groups
present in starch, glycerol, and water which is in agreement
with the findings of Wardak et al., 2021. Peaks observed near
2920-2935 c¢cm™' corresponded to C-H stretching vibration,
while the bands between 1150 and 950 cm™! were associated
with C-O and C-O-C stretching vibrations characteristic of
starch molecules, as also reported by Nanda and Singh, 2022.
The SSHT?2 film showed similar absorption bands, indicating
that starch remained the primary matrix component. However,
slight broadening of the peak around 3300-3375 cm’' was
observed, which may be associated with the presence of
additional groups corresponding to lignocellulosic components
of sunflower seed hull powder. Similar hydroxyl stretching
behaviour in sunflower seed shell materials was reported by
Hayoun et al., 2021. Slight intensity changes in the fingerprint
region further suggested interactions between starch and
cellulose- rich sunflower seed hull powder. The absence of
major new peaks indicated that incorporation of sunflower seed
hull powder did not significantly alter the chemical structure of
the starch matrix, and the interaction mainly occurred due to
hydrogen bonding and van der Waal’s interactions, which
probably occurs between filler components and the polymer
matrix (Islam et al., 2026). These FTIR interpretations are
based on single spectra per formulation rather than replicated
spectral acquisitions, and the peak shifts described should be
regarded as suggestive of interaction rather than definitive
proof of new hydrogen bonding; complementary structural or
thermal evidence (e.g., XRD, DSC) was not obtained in this
study.
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Fig.4. SEM micrographs illustrating surface morphology of developed bio-composite films:(A-B) Control film showing
homogenous arrangement and smooth film surface, (C-D) SSHT2 film showing dispersed filler particles and fibre embedded
within the starch matrix, (E-F) SSHT3 film showing particle agglomeration, micro voids and surface irregularities.
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Fig. 5. FTIR spectra of control film and SSHT2 bio-composite film
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3.11 Antimicrobial Activity

Antimicrobial properties play a highly significant role in food
packaging, especially active packaging applications (Merino et
al., 2023). In the present study antibacterial activity of the
developed bio-composites were analysed through disc diffusion

S.aureus
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assay against Staphylococcus aureus (Gram-Positive) and
Escherichia coli (Gram Negative). Thyme essential oil
(0.25ml) was incorporated as the active antimicrobial agent,
and its effectiveness was evaluated at varying filler
concentration. The observed zone of inhibition patterns are
shown in Figure 6.

Fig. 6. Zone of inhibition formed by prepared bio-composites using Agar disc- diffusion method (A) S. aureus (B) E. coli

A distinct, non-linear inhibition pattern was obtained which can
be attributed to the concentration gradient created by filler
loadings at different concentration. The diameter of inhibition
zone increased from 0.25g to reach a maximum at 0.5g,
followed by gradual decrease at higher concentration of 0.75g
and 1g. The inhibition zone is listed in Table 5. A comparable
trend was reported by Castro et al., 2024 where incorporation
of bentonite clay and essential oil filler content caused
enhancement in the antimicrobial activity up to an optimal filler
loading. Beyond this threshold, excessive filler concentration
caused a decline in the zone of inhibition. This reduction was
explained by the aggregation and overlapping of filler particles
which hinders the diffusion of the active compounds from the
essential oil, thereby limiting its interaction with the bacterial
cell wall. Consequently, higher filler concentration caused a
decrease in the antimicrobial activity. The use of thyme
essential oil in this study is supported by Vasile et al., 2017 who
reported its potent antimicrobial efficacy, with notably greater

inhibition zone against S. aureus (64.7+1.2mm) compared

to E. coli (35.5+4.5mm), indicating its enhanced activity
towards Gram-Positive Bacteria. In addition, the present results
are reinforced by the work of Syafiq et al., 2021 showing that
essential- oil based films are more effective against Gram-
Positive strains compared to Gram Negative strains. This
difference arises due to structural variation in cell wall where
the Gram-Negative bacteria  contain  outer thick
lipopolysaccharide layer, thereby limiting the penetration of
active compounds from the antimicrobial agents. Similar
observation reported by Nanda and Singh, 2022 and
Tongnuanchan and Benjakul, 2014 further confirm less
susceptibility of Gram- Negative strains.
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Overall, the study demonstrated that SSHT?2 film exhibited the
maximum antibacterial activity against both the strains of
bacteria. In the present study, SSHT2 film showed highest
antibacterial activity against both the strains of bacteria. The
experimental results are presented graphically in Figure 7,
where A shows antibacterial activity against S. aureus and B
shows antibacterial activity against E. coli.

3.12 Antioxidant Analysis

The antioxidant potential of the developed film was determined
using DPPH assay. The results revealed that the film
incorporated with sunflower hulls exhibited a higher
antioxidant activity (41.19 mg/mL AAE) compared to control
film sample (28.15 mg/mL AAE), indicating a clear
improvement in radical scavenging efficiency due to addition
of sunflower seed hulls. The regression analysis (y= -0.0305x
+ 2.1007; R?>= 0.9623) demonstrates a strong inverse
relationship between concentration and absorbance, confirming
that increasing the concentration leads to decrease in
absorbance, thereby indicating effective free radical scavenging
activity. This enhancement is primarily associated with the rich
phenolic composition of the sunflower seed hulls. As reported
by Menzel et al., 2019 these hulls contain significant amount of
phenolic compounds ranging from 40-86 mg per 100 g dry
weight with chlorogenic acid identified as the major
constituent. Moreover, films prepared using sunflower hull
extracts have shown improved antioxidant performance owing
to these phenolic substances (Menzel, 2020). For instance, Wu
et al,, 2021 reported that cellulose- based films showed
enhanced antioxidant effect upon addition of oregano essential
oil through pickering emulsion due to presence of phenolic

382



compounds. Similarly, the incorporation of methylene blue
(MB) and Vitamin C into polymer matrices resulted in a marked
increase in the antioxidant behaviour (Sadeghi et al., 2025).
Overall, the results confirm that incorporation of sunflower
seed hulls effectively improve the antioxidant functionality of
the starch-based films, making them suitable for active
packaging applications. Across the measured endpoints,
SSHT?2 (0.5 g SSH) was selected as the formulation for further
evaluation on the basis of a simple multi-criteria comparison: it
produced the highest tensile strength (15.94 MPa) and
elongation at break (42.67%) among all formulations, the
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largest antibacterial inhibition zones against both S. aureus and
E. coli, and the highest antioxidant activity (41.19 mg/mL
AAE), while higher SSH loadings (SSHT3, SSHT4) showed
declining mechanical performance despite further reductions in
water absorption and density. SSHT2 was therefore judged the
best overall balance of mechanical, antibacterial, and
antioxidant performance among the tested formulations; this
comparison was made post hoc on the measured means rather
than via a prespecified weighted scoring rule, and is noted as
such.
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Fig.7. Antibacterial activity of different film formulations against S. aureus (A) and E. coli (B) measured by zone of inhibition
(mm). Data are presented as mean+ standard deviation (n=3). Statistical analysis was performed using one-way ANOVA followed
by Dunnett’s multiple comparison test. Statistically significant differences are denoted by (*) where p <0.05 and (**) where p <

0.01 (Nanda & Singh, 2022).

Table 5. Zone of inhibition of prepared films at different filler loadings

Film Formulation (g) Thyme I;Ils;;;ntial Oil S.(t:lt::)us )(E‘mcI;Jl;t
SSHT1 (0.25g) 0.25ml 11+£1.09 9.5+1.11
SSHT?2 (0.5g) 0.25ml 14.5+1.23 12.5+0.62
SSHT3 (0.75g) 0.25ml 9+1.07 11.0+£1.13
SSHT4(1g) 0.25ml 8+ 1.04 8.0+0.98
T e Veomsin 5. s -
Negative control (plain film without thyme oil) - 0 0

3.13 Visual shelf-life evaluation of bread

Table 6 summarizes the visual quality changes observed in
bread samples across the storage period. Among all the tested
samples, unwrapped bread deteriorated most quickly, showing
progressive surface dehydration and increased firmness, and
visible mold development as storage time extended. By the 20
day, these samples had spoiled to a degree that rendered it unfit
for consumption. Bread enclosed in the control film showed
moderately better preservation outcomes. The film helped limit
moisture evaporation and slowed mold development to a
certain degree, though significant quality decline was still
evident over extended storage. Bread packaged using SSHT2
film, however, retained a noticeable fresher look and better
structural quality throughout the observation period. Fungal
colonisation was visibly postponed, and the bread remained
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within acceptable quality standards for a longer period
compared to both other groups. This trial was a single, non-
replicated, visually assessed run without controlled
humidity/temperature, standardized inoculation, blinding, or
quantitative microbial counts, and should be treated as an
illustrative demonstration rather than evidence of shelf-life
extension. With that caveat, the apparently enhanced
preservation performance may be tentatively associated with
the antioxidant and antimicrobial actions of thyme essential oil
and hull phenolics within the SSHT?2 film matrix, though this
cannot be statistically confirmed from the present data. Prior
research has documented that thyme essential oil exhibits
notable antifungal activity against a range of food spoilage
fungi and molds, among them Rhizopus species (Mota et
al.,2012) and both Aspergillus, and Penicillium species
(Hernandez-Figueroa et al., 2025). These findings highlight the
promising role of this developed film as an eco-friendly active
packaging solution.
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Fig. 8. Standard calibration plot of ascorbic acid showing the decrease in absorbance at 515 nm with increasing concentration
(mg/mL) in the DPPH assay. The linear regression demonstrates strong correlation (R%2= 0.962).

Table 6. Visual assessment of bread quality and spoilage under different packaging conditions during storage.

ls)te(zsge Unwrapped Bread Bread wrapped with Control film Bread wrapped with SSHT2 film
Dav 0 Fresh look, soft and smooth texture, Fresh look with smooth, soft Fresh appearance, soft texture, no
y no signs of spoilage surface and no spoilage signs visible spoilage
Dav 5 Surface drying and increased Texture softness and overall Fresh appearance and soft texture
y firmness noted appearance maintained preserved
Dav 10 Considerable surface drying and Minor surface drying and stiffening Fresh appearance with no visual
Y early fungal development observed. with no notable fungal presence fungal development
Dark and firm texture with clearly MOflerate m oisture lo.ss’ carly Slight surface moisture loss with
Day 15 .. . spoilage signs, and mild texture
visible fungal colonies . overall acceptable appearance
degradation
Spoilage onset delayed with initial
Day 20 Total spoilage resulting from Visible spoilage with established appearance of tiny fungal colonies

extensive fungal growth

fungal colonies

with comparatively superior
appearance and texture preservation

Table 7. Photographic representation of spoilage progression in unwrapped bread, control- film-wrapped bread, and SSHT?2 film-
wrapped bread samples monitored at Day 0,5,10,15, and 20 during ambient storage

Sample Day 0

Day 5

Day 10

Day 15

Day 20

Unwrapped
Bread slice

Wrapped in
Control film

Bread

wrapped in
SSHT?2 film

Bread
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4. STUDY LIMITATIONS

Although the developed sunflower seed hull reinforced bio-
composite films demonstrated promising results, certain
limitations must be acknowledged. Detailed raw material
characterization and X-ray diffraction (XRD) analysis could
not be performed due to time constraints and difficulties in
converting the developed film materials into a suitable
powdered form required for XRD analysis. Thermal stability
and heat seal ability of the films were also not evaluated, as
these analyses require specialized equipment and additional
time resources that were unavailable within the scope of study.
Biodegradability assessment was limited to a single
experimental run due to the time-intensive nature of the soil-
burial test; replication of this parameter in future studies is
recommended for statistical validation. Additionally, the films
were fabricated using laboratory-scale solution casting
technique, which may limit direct industrial scalability.
Furthermore, the food packaging evaluation was restricted to
bread as a sole food model, and only short- term shelf-life
assessment was conducted; long- term studies across diverse
food systems would better validate the film’s preservation
efficacy. Antifungal activity of the films was not assessed,
which remains an important aspect for comprehensive food
packaging applications. Additionally, each formulation in this
study was represented by a single cast film, with reported n=3
values corresponding to repeated measurements at different
locations on that film rather than independently prepared and
cast replicate films; the statistical comparisons reported here
should therefore be regarded as descriptive rather than fully
confirmatory, and future work should employ independently
cast batches per formulation. The experimental design also did
not include a thyme-oil-only control (without SSH), so the
individual contributions of hull reinforcement and thyme
essential oil to the observed antioxidant and antibacterial
improvements could not be statistically separated in this study;
a factorial SSH x thyme design is recommended for future
work.

5. CONCLUSION

The incorporation of sunflower seed hull powder into corn-
starch bio-composite films, combined with thyme essential oil,
yields multifunctional active packaging materials with
enhanced mechanical, antioxidant, and antibacterial properties.
The SSHT2 formulation emerged as the best-performing
composition among those tested, showing favourable trends
across the evaluated parameters, including a preliminary,
single-run indication of delayed bread spoilage in the
exploratory visual shelf-life trial. These findings indicate that
SSH-based bio-composite films hold potential as sustainable
and bioactive alternatives to conventional food packaging;
confirming this potential will require independently replicated
casting batches, a thyme-only control to isolate the contribution
of hull reinforcement, and additional performance data (e.g.,
water-vapor/oxygen permeability, migration and food-contact
safety testing) beyond the laboratory-prototype stage
represented here. Future investigation should explore
antifungal evaluation, thermal characterization, long-term
shelf-life studies across varied food products, and scale-up
feasibility to advance the commercial applicability of these
films.
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