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Abstract

This study aimed to develop and characterize gelatin-based hydrogel active biodegradable
packaging films formulated using the solvent casting method. Three formulations (S1-S3 films)
were evaluated for physicochemical, thermal, and functional properties. FTIR spectra revealed
characteristic O—-H/N-H (3302-3303 cm™'), C—H (2924-2930 cm™), and amide I-II (1642—
1550 cm™) peaks, confirming intermolecular hydrogen bonding and composite matrix
formation. Mechanical testing showed that tensile strength decreased from 0.203 + 0.012 MPa
(ST film) to 0.091 £ 0.013 MPa (S3 film), while elongation ranged from 248.9 + 4.33 % to
189.07 £ 3.68 %. Barrier studies indicated that WVTR reduced from 54.10 £+ 1.51 to 46.06 +
1.16 ggm?-day ' and OTR from 210 + 4.08 to 181.67 £ 6.24 cm* m2-day '-atm™ with
increasing gelatin concentration. DSC analysis exhibited dual glass transitions (Tg: = 39.09
°C; Tgz = 51.92 °C) and a melting point at 188.7 °C (AHm = 156.48 J-g!), indicating semi-
crystalline stability. FE-SEM revealed a compact porous network (3.9-8.9 um), while Total
Plate Count remained <10 CFU/mL after 30 days. Soil burial tests confirmed > 95 %
biodegradation within 15 days, validating the film’s environmental compatibility for active and
sustainable food packaging applications. The selected S2 gelatin-based hydrogel film was
evaluated for packaging cherry tomatoes under refrigerated storage at 4 + 1 °C. Visible surface
shrinkage was first observed on day 12 in the control and on day 15 in the S2 hydrogel-film

packaged cherry tomatoes, indicating a 3-day extension in apparent visual shelf life.
Keywords

Gelatin-based hydrogel film; active biodegradable packaging; cherry tomatoes; refrigerated

storage; shelf life extension.
Highlights

1. Gelatin-based active biodegradable hydrogel films were developed by solvent casting.

2. S2 gelatin-based hydrogel film showed most balanced mechanical and barrier
properties.

3. The selected S2 film showed dual glass transitions and good thermal stability.

4. The selected S2 film achieved more than 95% biodegradation within 15 days.

5. Selected S2 film delayed visible cherry tomato surface shrinkage by 3 days at4 + 1 °C.
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1. Introduction

Growing awareness of food safety, environmental protection, and the need to reduce global
waste has accelerated efforts to discover new food packaging systems. Although conventional
plastic packaging provides effective protection and extended shelf life, its non-biodegradable
nature results in long-term ecological accumulation that threatens land and marine
environments . These concerns have encouraged the development of sustainable materials

that preserve food while lowering environmental impact.

Food spoilage remains a critical issue worldwide, causing major losses in food quality,
nutritional value, and market availability. Spoilage commonly arises due to microbial
contamination, oxidative reactions, and uncontrolled moisture transfer . Foodborne
pathogens, including Escherichia coli, Salmonella spp., and Listeria monocytogenes, lead to
undesirable sensory changes such as altered texture, unpleasant odors, and off-flavors, making
food unsuitable for consumption [5]. Oxidation of fats, proteins, and oils also plays a central
role in quality deterioration, particularly in meat, dairy, and fat-rich snacks, where breakdown
of nutrients and aroma compounds affects consumer acceptance . Similarly, unregulated
moisture results in wilting, softening, or hardening of foods such as fruits and vegetables,
compromising freshness and visual appeal . These challenges demonstrate the need for
packaging technologies that can control microbial growth, slow oxidative processes, and

regulate moisture.

Biodegradable materials developed from renewable biological sources present strong
potential as substitutes for petroleum-based plastics. Hydrogels are one such material and
consist of water-holding three-dimensional (3D) polymer networks formed from natural or
synthetic biopolymers [9]. Their ability to absorb and retain water, respond to environmental
triggers, and carry functional compounds has positioned them as promising platforms for food
packaging applications . The modification of hydrogel matrices with natural compounds
allows the incorporation of antimicrobial and antioxidant activity. These properties can help

slow spoilage, maintain quality, and enhance product safety without introducing toxic residues

Hydrogel-based active packaging also supports global sustainability goals because it
uses renewable materials, promotes resource recovery, and minimizes long-term waste
accumulation . Along with serving as a physical barrier, these materials can regulate

moisture and control the release of bioactive compounds, enabling them to actively preserve
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food rather than merely contain it . Therefore, hydrogel systems provide an opportunity
to replace traditional plastic packaging while supporting environmental safety and public

health.

The objective of this study is to develop and optimize biodegradable gelatin-based
hydrogel active packaging films using natural polymers and functional additives, and to
evaluate their physical, mechanical, and barrier properties, along with their effectiveness in
maintaining freshness and extending the shelf life of perishable food products, as a sustainable

alternative to conventional plastic packaging.

The objective of this study was to develop and optimize biodegradable gelatin-based
hydrogel active packaging films and evaluate their physicochemical, mechanical, barrier,
thermal, morphological, microbial, and biodegradation properties. The best-performing
formulation was selected for cherry tomato packaging under refrigerated storage at 4 + 1 °C,
with hydrogel-film packaged cherry tomatoes stored in transparent polyethylene terephthalate
(PET) clamshell containers and control cherry tomatoes placed directly in identical PET

containers without the hydrogel film.

2. Materials and methods
2.1 Procurements of raw materials and chemicals

The materials used for gelatin-based hydrogel formulation and subsequent analysis were
procured from dependable commercial sources to ensure quality and reproducibility. All
ingredients involved in the preparation of the gelatin-based hydrogel matrix were obtained in
food grade quality. “Puremate” veg gelatin was purchased from the local market and served as
the primary biopolymer. Neem oil sold under the brand name “Neem Veda” was procured from
a local supplier and was used as a natural active ingredient to enhance preservative and
functional attributes. Soy lecithin from the brand “Bake King” was obtained through an online
platform and functioned as a natural phospholipid emulsifier for stable incorporation of neem
oil into the aqueous gelatin phase. These ingredients were selected for their safety profile and

suitability for food related applications.

All reagents required for physicochemical, structural, and functional analyses including
plasticizers, solvents, and laboratory chemicals were procured from Merck (Sigma, Mumbai,
Maharashtra, India) were of analytical reagent (AR) grade and were used without further
purification to ensure accuracy and consistency in all analytical procedures. Food grade raw

materials were used for gelatin-based hydrogel fabrication while analytical grade chemicals

4
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were reserved for characterization studies. The procurement approach focused on quality,
purity, and compliance with research standards for both material preparation and subsequent

evaluations.
2.2 Preparation of gelatin-based hydrogel film formulations

The gelatin-based hydrogel formulations were developed in three different concentrations as
described in Table 1, and each batch was prepared following an identical protocol to maintain

experimental consistency.

The preparation began with the formation of the aqueous phase, in which distilled
water, gelatin and glycerol were transferred into a borosilicate beaker and heated to 60 + 1 °C
under continuous magnetic stirring. This step facilitated complete hydration and dissolution of
the biopolymer, resulting in a clear and uniform gelatin solution. Concurrently, the oil phase
was prepared by combining neem oil and soy lecithin in a separate beaker maintained at 60 +
1 °C with continuous stirring to ensure proper dispersion of the emulsifier within the

hydrophobic medium

Following the preparation of both phases, the aqueous phase was introduced dropwise
into the oil phase while maintaining vigorous stirring. The controlled addition and high shear
conditions promoted the formation of a fine and stable oil in water emulsion, ensuring
homogeneous incorporation of neem oil within the biopolymer matrix. The resulting emulsion
was subsequently cooled to 40 °C, at which point the crosslinking agent was added to facilitate
intermolecular interactions and strengthen the structural integrity of the developing gelatin-

based hydrogel network

The prepared gelatin-based hydrogel emulsion was subsequently cast onto a clean,
leveled glass surface using the solvent casting method. Casting volume and spreading were
carefully controlled to achieve uniform film formation. After drying at 45+1 °C for 48+2 hrs,

the films were gently peeled from the casting surface and conditioned in a desiccator

The developed gelatin-based hydrogel films exhibited an average thickness of 75 + 1
pum, measured in accordance with ASTM D6988 using a digital micrometer (Mitutoyo Digital
Micrometer, Model MDC-25MX, Mitutoyo Corp., Kawasaki, Japan). Thickness was measured
at five positions, including the center and the four corners, to ensure uniformity across each

sample

The finalized gelatin-based hydrogel films were characterized for their functional,

mechanical, barrier, thermal, structural, antimicrobial, and biodegradability properties using
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the analytical methods described in the subsequent sections. The formulations were
comparatively evaluated based on their measured characteristics, and the most suitable

formulation was selected for the food packaging application.

2.3 Application of developed suitable gelatin-based hydrogel film for cherry tomato

storage

Fresh cherry tomatoes were purchased from the APMC Market, Vashi, Navi Mumbai,
Maharashtra 400703, India, and chosen for uniform size and appearance. Tomatoes with visible
bruises, cracks, fungal growth, and physical damage were excluded. The selected tomatoes
were transported approximately 11 km to the School of Biotechnology & Bioinformatics, D Y
Patil (Deemed to be University), CBD Belapur, Navi Mumbai, Maharashtra 400614, India. On
arrival, the tomatoes were cleaned to remove adhering dirt and foreign matter, washed

thoroughly with clean water, and allowed to drain.

Following comparative characterization of the developed gelatin-based hydrogel film
formulations, the formulation with the most suitable combined performance was selected for
the packaging fresh cherry tomatoes. The washed tomatoes were packaged using the selected
hydrogel film and placed in transparent PET clamshell containers. Control tomatoes were
placed directly into transparent PET clamshell containers without the hydrogel film. Both

treatments were stored under refrigerated conditions at 4 + 1 °C (Fig. 1).

During storage, samples were visually assessed for changes in external appearance,
with particular focus on the development of visible surface shrinkage. The onset of surface
shrinkage served as the visual indicator of noticeable quality deterioration, and the apparent

shelf life of hydrogel-film packaged tomatoes was compared with that of the control.
2.4 Film characterization
2.4.1 Identification of functional group for developed gelatin-based hydrogel films

Functional group interactions in the gelatin-based hydrogel films were analysed using an
Attenuated Total Reflectance—Fourier Transform Infrared (ATR-FTIR) spectrometer
(Spectrum Two, PerkinElmer, USA). Film samples were equilibrated for 24 hrs before testing.
Spectra were recorded in the range of 4000 to 400 cm™ with a resolution of 4 cm™* and 12 scans
per sample. Background correction was performed before each run. The obtained spectra were
subsequently baseline corrected and analysed to identify characteristic absorption bands
corresponding to the functional groups present in the hydrogel matrix and to assess potential

molecular interactions among the constituent components. The characteristic peak positions of
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the S1, S2 and S3 formulations were comparatively evaluated, and the wavenumber variation
(Av) for corresponding absorption bands was calculated using Eq. 1, as the difference between
the highest and lowest wavenumber recorded among the three formulations. The resulting
spectral shifts were used to compare formulation-dependent variations in the vibrational

environment of the identified functional groups
AV =Viax — Vimin (1)
2.4.2 Mechanical properties of developed gelatin-based hydrogel films

Tensile strength (TS) and elongation at break (% EB) were measured using a Universal Testing
Machine (UTM Tinius Olsen 50ST) in accordance with ASTM D882. Film strips of 80 x 10
mm were conditioned for 48 hrs at 23 + 2 °C and 50 £ 5 % relative humidity (RH). Tests were
conducted at a crosshead speed of 50 mm/min. Tensile strength was calculated by dividing the
maximum load in Newtons (N) by the cross sectional area (mm?), and elongation at break was

recorded directly to assess film flexibility and ductility
2.4.3 Barrier properties of developed gelatin-based hydrogel films

Water vapour transmission rate (WVTR) was determined according to ASTM F1249 using an
infrared sensor based WVTR analyzer (Mocon Permatran-W) operated at 23 + 2 °C and 50 +
5% RH. Each gelatin-based hydrogel film was mounted in the test cell separating the dry and
humid chambers, and the instrument automatically recorded moisture transmission through the
film . WVTR values were expressed in g'm2-day ', and all measurements were performed

in triplicate and reported as mean * standard deviation (SD).

Oxygen transmission rate (OTR) was measured according to ASTM D3985 using a
coulometric oxygen transmission analyzer (Mocon Ox-Tran) under the same controlled
conditions of 23 £2 °C and 50 + 5% RH, where each film was sealed in the test cell and oxygen
was supplied on one side and nitrogen on the other. The coulometric sensor quantified oxygen
permeation through the film, and OTR values were expressed in cm* m2-day '-atm™'. AIl OTR

measurements were also conducted in triplicate and reported as mean + SD.
2.4.4 Thermal analysis of selected gelatin-based hydrogel film

Thermal properties of the selected gelatin-based hydrogel film was analysed using a
PerkinElmer Differential Scanning Calorimetry (DSC) 6000 (-40 to 400 °C). Film sample
weighing 5-10 mg were hermetically sealed in aluminium pans, with an empty pan as reference.

Measurements were performed under a nitrogen purge of 20-30 mL/min. Heating scans were
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conducted at 10 °C/min. Data were processed using Pyris v5.42 software to determine glass
transition (Tg), melting (Tm) and crystallization (Tc) temperatures and enthalpy (AHm), which

provided insights into molecular interactions, crystallinity, and thermal stability
2.4.5 Surface morphological analysis of selected gelatin-based hydrogel film

Surface morphological analysis of the selected gelatin-based hydrogel film was performed
using a Field Emission Scanning Electron Microscopy (FE-SEM TESCAN Viga 3,
Kohoutovice, Czech Republic). Film sections of approximately 20 x 20 mm were mounted on
aluminium stubs using conductive carbon tape and sputter coated with a thin gold-palladium
layer (~100 A) for 30 sec to minimise charging. Imaging was carried out at an accelerating
voltage of 20 kV with magnifications of 100X and 1,200X to evaluate the surface texture,

uniformity, and morphological features of the gelatin-based hydrogel film
2.4.6 Total plate count (TPC) of selected gelatin-based hydrogel film

The TPC of the selected gelatin-based hydrogel film was determined following ISO 4833-
1:2013 with minor modifications. Microbial load was assessed at 15-day intervals up to 30
days. Film samples were aseptically transferred to sterile saline, vortex-homogenized, serially
diluted, and plated on plate count agar. Plates were incubated at 37 °C for 24-48 hrs, and colony
counts were expressed as CFU/mL to evaluate changes in microbial load of the selected gelatin-

based hydrogel film over time.
2.4.7 Biodegradability test for selected gelatin-based hydrogel film

The biodegradability of the selected gelatin-based hydrogel film was evaluated using the soil
burial method in accordance with ASTM D5988. Film specimens measuring 5 X 5 cm were
buried at a depth of 10 cm in loamy soil maintained at 60% moisture and 25 + 2 °C under
aerobic conditions . The samples were retrieved at 3-day intervals until complete

degradation was achieved.
2.5 Visual shelf life assessment of cherry tomatoes under refrigerated storage

The packaged and control cherry tomatoes were stored at 4 + 1 °C and visually evaluated at 3-
day intervals. At each observation interval, changes in the external appearance of the samples
were recorded, with particular attention to visible surface shrinkage as the first indication of
noticeable quality deterioration. Photographs were captured using an iPhone 15 Plus camera at
1.5X zoom. The samples were placed on a clean white paper sheet, and the camera was

positioned vertically above the samples at a distance of 40 = 2 cm. The samples were uniformly
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illuminated during image acquisition, and the camera distance, vertical orientation, framing,
and imaging conditions were maintained consistently throughout the storage study. The
photographic records were used to document changes in the external appearance of the
tomatoes and identify the first occurrence of visible surface shrinkage. The apparent shelf life
was determined based on the onset of visible surface shrinkage and compared between the
tomatoes packaged with the selected gelatin-based hydrogel film and the control tomatoes

stored directly in transparent PET clamshell containers without the hydrogel film.
2.6 Statistical analysis

The mechanical and barrier properties of the developed gelatin based hydrogel films were
statistically evaluated using one way ANOVA followed by Tukey’s HSD test in SPSS version
26.0 (SPSS Inc., IL, USA, 2026) to identify significant differences among the samples at a
confidence level of p < 0.05. All analyses were conducted in triplicate, and the results were
expressed as mean + SD, calculated using Microsoft Excel 2022 (Microsoft Corporation,

Redmond, WA, USA).

3. Results and discussion

3.1 Detection of functional group in developed gelatin-based hydrogel films using FTIR

spectroscopy

FTIR spectroscopy was used to evaluate functional group interactions and structural
differences among the three gelatin-based hydrogel formulations (S1, S2, and S3 films). All
films exhibited characteristic absorption bands corresponding to hydroxyl groups, protein
amide structures, lipid components, and polysaccharide-derived functionalities, confirming the
formation of composite hydrogel matrices. However, notable variations in peak intensity and
band assignments were observed, reflecting formulation-dependent molecular interactions.
Table 2 presents the detailed spectral assignments for each gelatin-based hydrogel film

formulation.

All three developed gelatin-based active biodegradable hydrogel films showed broad
of O-H/N-H stretching bands at 3302-3303 cm™, indicating extensive hydrogen bonding
within the polymer network . The broadest peak was observed in S1 film, suggesting a
higher contribution from polysaccharide-based components , whereas S2 and S3 films
exhibited comparatively sharper bands consistent with stronger protein-mediated interactions
at higher gelatin concentrations . Peaks in the 2924-2930 cm™ region and associated CH>

symmetric vibrations (~2854-2884 cm™') were present in all formulations and corresponded to
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aliphatic C—H stretching of fatty acids and phospholipid chains from neem oil and lecithin.
These peaks were more intense in S2 and S3 films, indicating more efficient lipid incorporation

within the denser gelatin matrices

The ester carbonyl peak near 1742—-1743 cm™ confirmed the presence of lipid-derived
ester linkages in all films. Film S3 showed the most defined ester band, suggesting enhanced
stability of the emulsified oil phase at higher gelatin content . Protein-associated amide I
(1642—-1635 cm™) and amide II (1551-1550 cm™) bands were evident in all samples, with
increasing intensity from S1 to S3 films, reflecting the progressive increase in gelatin
concentration and protein network formation. These results confirm that gelatin contributed

significantly to the structural organization of the hydrogel matrix

The region between 1407—1038 cm™! showed characteristic vibrations corresponding to
COO  stretching, O—H bending, C—N stretching, and C—O—C linkages originating from various
polysaccharides and stabilizing agents . S1 film demonstrated stronger polysaccharide-
derived signals such as pectin, mannitol, and pullulan, consistent with a more hydrated and
flexible structure . S2 film exhibited balanced polysaccharide-protein features including
guar gum, agarose, and casein, while S3 film showed characteristic interactions from alginate,
chitosan, cellulose acetate, and xanthan gum, indicating the presence of a more compact and

reinforced biopolymer network

FTIR analysis revealed distinct formulation dependent variations among the gelatin-
based hydrogel films. S1 film showed dominant polysaccharide driven hydrogen bonding
which supports its higher flexibility, while S2 film displayed a balanced contribution of
proteins, polysaccharides, and lipids indicating an intermediate structural organization. In
comparison, S3 film demonstrated the most pronounced protein dominant structure with
enhanced lipid stabilization, reflecting the formation of a denser and more compact gelatin-
based hydrogel matrix. These structural differences directly correlated with the mechanical and

barrier behaviors of the films.

3.2 Mechanical properties of developed gelatin-based hydrogel films

Mechanical properties of the gelatin-based hydrogel films showed a clear dependence on
gelatin concentration and results are tabulated in Table 3. S1 film demonstrated the highest
tensile strength at 0.203 + 0.012 MPa and the highest elongation at 248.9 + 4.33 %, which
supports the FTIR observation that this film contained a polysaccharide rich and highly

hydrated matrix capable of substantial deformation . S2 film exhibited intermediate
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values, with a tensile strength of 0.148 + 0.010 MPa and elongation of 205.27 + 3.18 %, which
reflects its balanced polymer composition that allows both structural resistance and reasonable
flexibility. S3 film displayed the lowest tensile strength at 0.091 + 0.013 MPa and the lowest
elongation at 189.07 + 3.68 %. This pattern is consistent with the compact, protein-dominant
structure determined by FTIR, because densely packed protein chains lower molecular mobility

and limit deformation when subjected to stress

The gradual reduction in mechanical properties with increasing gelatin concentration
suggests that lower protein levels facilitated enhanced chain mobility and more efficient stress
distribution, resulting in greater elasticity . These findings are consistent with previous
studies on gelatin and protein based hydrogels where higher protein concentrations create rigid

networks that limit chain relaxation and tend to fracture more readily

Lower concentrations, as observed in S1 film, often promote softer and more elastic
matrices, although such flexibility may come at the expense of structural stability under
mechanical load . The performance of the S2 film positions it as the most mechanically
balanced formulation because it combines adequate strength with sufficient extensibility, a
combination that is desirable for films intended for active food packaging where both stability

and compliance are required.
3.3 Barrier properties of developed gelatin-based hydrogel films

The results for barrier properties of all gelatin-based hydrogel film formulations, including
WVTR and OTR, are tabulated in Table 3. As gelatin concentration increased, WVTR

decreased, and these results are reported in Table 3.

Film S1 recorded the highest WVTR (54.10 = 1.51 g'm2-day'), followed by film S2
(48.33 + 1.31 grm?-day!), while film S3 displayed the lowest WVTR (46.06 + 1.16
g'm2-day'). This reduction with increasing polymer concentration suggests that denser
hydrogel matrices in higher-gelatin films provided improved resistance to moisture
permeation. This trend aligns with previous reports where increased biopolymer content

reduces free volume and restricts water vapour diffusion

A similar trend was observed for OTR analysis. The highest OTR was measured for
film S1 (210 + 4.08 cm’*m™2-day'-atm™), which decreased to 191.67 + 6.24
cm?*m2-day '-atm™' for film S2 and further to 181.67 + 6.24 cm* - m2-day '-atm™' for film S3.
The reduced OTR values with increasing gelatin concentration suggest the formation of a more

compact and uniform matrix, limiting oxygen diffusion . Comparable findings in gelatin-
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based and hydrogel-based packaging films show that increased protein concentration enhances

oxygen barrier performance due to stronger polymer chain interactions and reduced microvoids

The combined WVTR and OTR results suggest that stronger protein interactions and
greater molecular packing in S3 film generate fewer diffusion pathways for moisture and gases.
In contrast, the higher permeability of S1 film is attributed to its more hydrated and open
network, characteristic of polysaccharide-rich matrices. Positioned between these extremes, S2
film demonstrates intermediate barrier performance, indicating a sufficiently compact structure

that offers meaningful protection without excessive rigidity.

Considering the functional, mechanical, and barrier results collectively, each
formulation demonstrated distinct functional strengths. Film S1 showed high flexibility but
insufficient barrier protection, while S3 film offered strong moisture and oxygen resistance but
limited mechanical resilience. In contrast, S2 film presented the most balanced performance,
combining adequate tensile, desirable elongation, and moderate barrier properties suitable for
protecting perishable foods. Therefore, S2 film was selected as the optimized gelatin-based
hydrogel film for thermal, morphological, microbial, and biodegradability evaluations to assess

its potential for biodegradable active food packaging applications.
3.4 Thermal properties of selected gelatin-based hydrogel film

DSC analysis revealed distinct thermal transitions reflecting the structural organization and
thermal stability of the developed gelatin-based hydrogel film, and the results are presented in
Table 4. At the lower temperature range, the DSC thermogram exhibited two distinct Tg
temperatures which confirm the presence of more than one amorphous domain within the
hydrogel network. The Tg: occurred at 39.09 °C with the onset (To:) and endset (Tci)
temperatures recorded at 35.02 °C and 43.26 °C, respectively. The Tg: appeared at 51.92 °C.
The corresponding changes in specific heat capacity (ACp) were 0.207 J g! °C™! for Tg: and
0.172 J g °C! for Tg.. The occurrence of two glass transition points indicates partial phase

separation between the hydrophilic and hydrophobic regions of the film

The lower glass transition corresponds to the gelatin and glycerol-rich region, which
shows greater molecular flexibility due to the plasticizing effect of glycerol. The higher
transition temperature is related to the lecithin and neem oil region where restricted molecular
mobility results in a more rigid phase . This dual glass transition pattern is common in

composite biopolymer systems containing both hydrophilic and hydrophobic components
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The partial incompatibility between these domains produces a heterogeneous network
structure. Similar behavior has been reported in gelatin film blended with plasticizers, where

microphase separation leads to multiple transition zones

A strong endothermic peak was observed in the second thermogram, which represents
the melting or structural disintegration of the organized polymeric regions. The melting
transition began at 185.60 °C (To:), reached a maximum peak at 188.70 °C (Tm), and
completed at 196.92 °C (Tcz). The AH change associated with this event was 156.4837 J-g'.
The sharp and narrow nature of the endothermic peak indicates the existence of ordered
crystalline domains that require significant energy to disrupt. These ordered regions are most
likely formed through intermolecular hydrogen bonding between gelatin chains and lecithin

molecules, along with the contribution of triple-helical structures in the gelatin matrix

The high value of enthalpy reflects strong cohesive interactions within the film and
confirms the presence of a semi-crystalline structure. The melting temperature near 189 °C
demonstrates that the gelatin-based hydrogel film possesses good thermal stability and can
tolerate moderate processing and storage temperatures without losing its structural integrity.
The combined presence of glycerol, soy lecithin, and neem oil effectively modulates the
molecular arrangement of the hydrogel, resulting in an optimized balance between elasticity
and thermal endurance. These characteristics make the developed gelatin-based hydrogel film
suitable for biodegradable and functional packaging applications that demand mechanical

flexibility and resistance to thermal degradation.
3.5 Morphological analysis of selected gelatin-based hydrogel film

The surface morphology of the developed gelatin-based hydrogel film was examined using FE-
SEM at both low (100X) and high (1200X) magnifications to evaluate the uniformity, phase
dispersion, and internal microstructure of the film matrix. The micrograph obtained at 100X
magnification (Fig. 2a) revealed a smooth, compact, and continuous surface with a few shallow
depressions and minor voids. This observation suggests that the film formation process
produced a homogeneous gelatin-based network without cracks or fractures . The dense
matrix structure indicates strong polymer chain entanglement and effective cross-linking
between the biopolymer and plasticizer components, ensuring flexibility and mechanical

stability of the film

At a higher magnification of 1200X (Fig. 2b), the film displayed a dense polymeric

network with uniformly distributed micro-sized pores and spherical cavities. The pore
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diameters ranged from approximately 3.95 to 8.98 um, which can be attributed to entrapped
air bubbles or phase separation between the hydrophilic gelatin matrix and the dispersed
hydrophobic domains, such as neem oil stabilized by soy lecithin. These microcavities indicate
successful emulsification and uniform dispersion of the oil phase within the continuous gelatin
network . The absence of large aggregates or fractured edges further confirms that the
incorporation of bioactive ingredients maintained the films structural integrity while enhancing

compactness and cohesion

Such microstructural characteristics are in good agreement with previously reported
emulsion-based hydrogel and biopolymer films . Pure gelatin films generally exhibit
smoother and more featureless surfaces due to the presence of a single continuous phase

. However, the incorporation of hydrophobic bioactive compounds or essential oils
often produces a slightly rougher texture with discrete voids and embedded droplets. This
pattern has been reported in gelatin films containing clove, oregano, and citrus essential oils

. The presence of fine and uniformly distributed microvoids within the 3-10 um range
is consistent with the findings of Li et al., who linked such porosity to improved
swelling behavior, diffusivity, and retention of active compounds in gelatin-polysaccharide

composite hydrogels.

The developed gelatin-based hydrogel film exhibited a moderately porous yet
continuous microstructure, which played a significant role in defining its functional
performance. The compact and well-connected polymeric network contributed to improved
mechanical strength and effective barrier properties , while the presence of fine, uniformly
distributed pores enhanced water uptake and diffusion behavior . These microvoids likely
facilitated the controlled and sustained release of neem oil and other bioactive constituents
embedded within the gelatin-lecithin matrix. Such structural characteristics are advantageous
for maintaining prolonged antimicrobial and antioxidant activity during application
Comparable morphological and functional relationships has been reported by Bhardwaj et al.,

on gelatin based hydrogel systems, where controlled porosity was found to enhance
swelling, permeability, and active compound release. Therefore, the observed morphology in
the present study confirms that the developed gelatin-based hydrogel film possesses an

optimized structure suitable for smart and active food packaging applications.

3.6 Microbial stability of selected gelatin-based hydrogel film
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The microbiological stability of the selected S2 gelatin-based hydrogel film was evaluated
through TPC analysis during refrigerated storage to determine their ability to prevent microbial
contamination over time. The TPC values recorded for the selected S2 gelatin-based hydrogel
film remained below detectable limits (<10 CFU/mL) on Day 1, Day 15, and Day 30 of storage,
confirming the absence of microbial growth throughout the study period. These findings clearly
indicate that the hydrogel film maintained excellent microbial stability and provided a

contamination-free surface under refrigerated conditions (4 = 1 °C).

The consistently undetectable TPC values demonstrate the active performance of the
formulated S2 gelatin-based hydrogel film. This activity can be attributed to the presence of
neem oil, which contains potent antimicrobial constituents such as azadirachtin, nimbin, and
salannin that effectively inhibit bacterial proliferation . The emulsifying role of soy lecithin
helped achieve uniform dispersion of neem oil droplets within the gelatin matrix, enabling
gradual and sustained release of the active compounds during storage . Additionally, the
dense and continuous surface morphology observed in the FE-SEM analysis may have acted

as a physical barrier, reducing microbial attachment and penetration on the film surface.

The selected S2 gelatin-based active biodegradable hydrogel film incorporated with
essential oils maintained microbial counts below detectable limits (TPC <10 CFU/mL) after
30 days of cold storage due to the sustained release of natural antimicrobial compounds

. The present study showed similar results, where the developed gelatin-based hydrogel film
effectively inhibited microbial proliferation throughout the 30-day refrigerated storage period.
This strong and long-lasting antimicrobial performance can be attributed to the synergistic
action of the natural bioactive components and the stable polymeric matrix, which together
provided an effective barrier against microbial contamination. These results confirm the
potential of the developed gelatin-based hydrogel film as an active and biodegradable
packaging material capable of extending the shelf life and maintaining the microbial safety of

perishable food products.
3.7 Biodegradability of selected gelatin-based hydrogel film

The results showed a clear trend of progressive decomposition of the gelatin-based hydrogel
film with increasing burial time. At the beginning of the test, the gelatin-based hydrogel film
retained its structural integrity and smooth appearance. After 3 days of burial, the surface
became slightly softer with minor loss of transparency, indicating the initiation of microbial

activity and water absorption by the biopolymer matrix. By the 6th day, small cracks and color
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fading were evident on the surface, suggesting the partial breakdown of the gelatin network
due to microbial colonization . On the 9th day, the film exhibited visible fragmentation and
an average weight loss of approximately 56.3 + 2.1 %, confirming enzymatic degradation and
hydrolysis of the polymer chains . After 12th day, the film showed extensive disintegration
with only small pieces remaining, corresponding to about 83.7 + 1.8 % degradation. Complete
degradation was observed on the 15th day with a total weight loss of 96.4 + 1.2 %, leaving only

fine traces of organic residue in the soil.

The rapid and complete decomposition within 15 days demonstrates the high
biodegradation potential of the developed gelatin-based hydrogel film. This behavior can be
attributed to the natural biodegradability of the film components including gelatin, glycerol,
soy lecithin, and neem oil. The hydrophilic and moderately porous structure of the film, as
confirmed by FE-SEM analysis, enhanced soil moisture infiltration and microbial accessibility,
promoting faster enzymatic hydrolysis. Microorganisms present in the soil produced proteases
and lipases that efficiently degraded the peptide and ester bonds within the biopolymer matrix

. Although neem oil and lecithin introduced mild hydrophobicity, their concentrations were
insufficient to hinder microbial attack, allowing continuous degradation throughout the test

period.

The biodegradation rate observed in this study corresponds well with earlier reports on
gelatin-based biodegradable films. Mottalib et al., reported approximately 80 %
degradation of gelatin-starch composites within 15 days, while Li et al., observed near-
complete breakdown of gelatin film incorporated with essential oils within 12 to 16 days.
Similarly, Said et al., found that gelatinchitosan films degraded completely within 14 days
under comparable soil conditions. The results of the present study, showing complete
degradation of the gelatin-based hydrogel film within 15 days, are consistent with these reports
and confirm its rapid biodegradability and environmental compatibility. The film exhibited
controlled degradation behavior that maintained structural stability during use and ensured total
disintegration after disposal. These characteristics highlight its suitability as a sustainable

material for active food packaging, offering both functional performance and ecological safety.
3.8. Visual shelf life assessment of cherry tomatoes under refrigerated storage

The practical performance of the selected S2 gelatin-based hydrogel film was assessed by
tracking the visual quality of cherry tomatoes kept in refrigerated storage at 4 + 1 °C. The

control tomatoes were stored in transparent PET clamshell containers, whereas the treated
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tomatoes were packaged in PET clamshell containers using the S2 gelatin-based hydrogel film.
Visual observations were undertaken at every three days intervals on the storage of 0, 3, 6, 9,

12, and 15 days, as depicted in Fig. 3.

On the Oth day, both treatments showed a fresh, intact external appearance with no
observable surface shrinkage. Similar appearances persisted on 3rd and 6th days, and neither
treatment exhibited distinct surface shrinkage up to 9th day. By 12th day, visible surface
shrinkage became apparent in the control tomatoes, signaling the start of noticeable visual
deterioration, while the S2 gelatin-based hydrogel film packaged tomatoes maintained a
comparatively better appearance. Surface shrinkage was also evident in the S2 hydrogel film

packaged tomatoes by 15th day.

Based on the first appearance of visible surface shrinkage, the apparent visual shelf life
was estimated at about 12 days for the control and 15 days for the S2 gelatin-based hydrogel
film packaged tomatoes, corresponding to a 3 days delay in the onset of visible surface
deterioration. This delayed shrinkage may relate to the barrier properties of the S2 gelatin-
based hydrogel film and its ability to moderate moisture transfer; however, moisture loss was

not measured directly in this study.

The observed pattern agrees with prior findings on gelatin-based packaging systems.
Sooch and Mann (2021) , reported prolonged tomato shelf life using a Ti-doped CuO-
reinforced gelatin active packaging film, and other gelatin-based composite films incorporating
antimicrobial, antioxidant, neem essential-oil, or cellulose nanofiber components have been
reported to reduce weight loss and slow quality deterioration in tomatoes. Meaningful
comparison may be constrained owing to the fact that reported studies varied in film matrix
formulation, active components, storage environment, packaging configuration, and criteria

used for shelf life assessment.

Therefore, the 3-day prolongation observed in the present study should be interpreted
as an apparent extension of visual shelf life based primarily on the onset of visible surface
shrinkage, not as a comprehensive assessment of physico-chemical, microbiological, or
sensory quality. Overall, the S2 gelatin-based hydrogel film exhibited potential for delaying
visible surface shrinkage and retaining the visual appearance of cherry tomatoes throughout

refrigerated storage.

4. Conclusion
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The developed gelatin-based hydrogel films demonstrated desirable functional, mechanical,
barrier, thermal, morphological, microbial, and biodegradation properties, indicating their
potential for sustainable active food-packaging applications. Based on the combined
mechanical and barrier performance, S2 was identified as the most suitable formulation, with
a tensile strength of 0.148 + 0.010 MPa, elongation at break of 205.27 + 3.18%, WVTR of
48.33 + 1.31 gom2-day’, and OTR of 191.67 £ 6.24 cm* m2-day '-atm'. FTIR analysis
indicated interactions among gelatin, soy lecithin, and neem oil, while DSC showed Tg: of
39.09 °C, Tg2 of 51.92 °C, and Tm of 188.70 °C. FE-SEM revealed a compact surface with
micropores ranging from 3.95 to 8.98 um. The selected film maintained a total plate count
below the detection limit (<10 CFU/mL) during the 30-day evaluation and exhibited 96.4 +
1.2% biodegradation within 15 days under aerobic soil conditions. In the cherry tomato
application study, the selected S2 hydrogel film delayed the onset of visible surface shrinkage
by approximately 3 days, with shrinkage observed on day 12 in the control and day 15 in the
hydrogel-film packaged tomatoes. Based on this visual criterion, the film demonstrated
potential to maintain the visual quality and extend the apparent shelf life of cherry tomatoes

under refrigerated conditions while providing active biodegradable packaging functionality.
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Figure Captions

Fig. 1 Packaged cherry tomatoes (a — Control Sample; b — Treatment sample with selected
gelatin-based hydrogel film) stored in transparent PET clamshell containers under refrigerated

(at 4 = 1 °C) storage.

Fig. 2 Morphological analysis of the selected S2 gelatin-based hydrogel film at 100x (a) and
1, 200x (b).

Fig. 3 Visual shelf life assessment of cherry tomatoes (a — Control Sample; b — Treatment
sample packaged with selected gelatin-based hydrogel film) stored in transparent PET

clamshell containers under refrigerated (at 4 + 1 °C) storage.

Table Captions

Table 1. Composition of biodegradable gelatin-based hydrogel packaging films with different

formulations

Table 2. Intermolecular interactions in gelatin-based hydrogel films with different

formulations (S1, S2, and S3) using FTIR spectroscopy

Table 3. Mechanical and barrier properties of developed gelatin-based hydrogel films with

different formulations

Table 4. Thermal transition characteristics of the selected S2 gelatin-based hydrogel film
determined using DSC

Graphical Abstract: Development of gelatin-based active biodegradable hydrogel packaging

film.
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842
843 (a) (b)

844  Fig. 1. Packaged cherry tomatoes (a — Control Sample; b — Treatment sample with selected
845  gelatin-based hydrogel film) stored in transparent PET clamshell containers under refrigerated

846 (at4 %1 °C) storage.
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849  Fig. 2. Morphological analysis of the selected S2 gelatin-based hydrogel film at 100x (a) and 1, 200x (b).
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Fig. 3. Visual shelf life assessment of cherry tomatoes (a — Control Sample; b — Treatment sample packaged with selected gelatin-based

hydrogel film) stored in transparent PET clamshell containers under refrigerated (at 4 £ 1 °C) storage.
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856 Tablel

857  Composition of biodegradable gelatin-based hydrogel packaging films with different

858  formulations

Ingredients S1 (%) S2 (%) S3 (%)
Soy Lecithin 2 2 2
Neem Oil 4 4 4
Gelatin 2.5 5 7.5
Glycerol 5 5 5
Distilled Water 85.5 83 80.5
Citric Acid 1 1 1

Total 100 100 100

859
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860 Table 2

861 Intermolecular interactions in gelatin-based hydrogel films with different formulations (S1, S2,

862 and S3) using FTIR spectroscopy

Sr. Functional Molecular motion Wavenumber (cm™) Peak variation,

Av (cm™)

no. group S1 S2 S3

Film Film Film

1 O-H/N-H Stretching 3303.04 3302.69 3302.92 0.35
2 Aliphatic C-H  Stretching 2924.64 2929.66 2930.23 5.59
3 CH./C-H Stretching — 2883.48 2884.26 0.78
4 CH: Stretching 2854.20 2855.08 2854.66 0.88
5 Ester carbonyl  Stretching 1742.41 1743.50 1741.99 1.51
(C=0)
6 Amide | C=0 stretching 1635.69 1642.51 1642.89 7.20
7 Amide 11 N-H bending and C— 1550.62 1551.61 1550.94 0.99

N stretching

8 CH: Bending 1454.04 — — —

9 Carboxylate Symmetric stretching 1406.90 1407.33 1407.39 0.49
(COO)

10 C-H/O-H/C- Bending/ 1336.04 1335.72 1335.87 0.32
N deformation

11 Amide I1II C—N stretching and 1238.07 1240.26 1236.24 4.02

N-H bending

12 C-0-C Stretching 1203.63 — — —

13 C-O0-C/P-0O Stretching — 1109.95 1109.85 0.10

14 C-O Stretching 1039.53 1038.32 1038.58 1.21

863  *Av represents the difference between the highest and lowest reported wavenumbers for a given
864  spectral band. Dashes indicate bands not reported in the supplied tables, not confirmed spectral

865 absence.
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866 Table 3

867  Mechanical and barrier properties of developed gelatin-based hydrogel films with different

868 formulations

Film WVTR OTR Tensile Elongation
formulations (g'm2-day™) (cm®* m~2-day'-atm™) Strength (%)

(MPa)
S1 54.10 £ 1.512 210.00 +£4.08% 0.203 £0.012* 248.9 +4.33%
S2 4833 +1.31° 191.67 + 6.24° 0.148 £0.010°> 2053 +3.18"
S3 46.06 + 1.16° 181.67 + 6.24° 0.092 £0.013° 189.07 + 3.68°

869  *Values that do not share a common letter are significantly different (p < 0.05).
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870 Table 4

871  Thermal transition characteristics of the selected S2 gelatin-based hydrogel film determined using DSC

Transition Glass Onset Endset Melt Melting Range Change in Enthalpy of Peak Height
Transition Temperatur Temperatur Peak (Tc—To, °C) Heat ( Aﬁelt;lggl) (mW)
Temperatur e (To, °C) e (Tc, °C) Temperatur Capacity
e (Tg, °C) e (Tm, °C) (ACp,
J.gfl.ocfl)
First 39.09 (Tg1) 35.02 (Toy) 43.26 (Tcy) — 8.24 0.207 (ACp1) — —
Second 51.92 (Tgx) 185.60 (To2) 196.92 (Tcz) 188.70 11.32 0.172 (ACp2) 156.4837 15.4211

872  *Tg, first glass transition temperature; Toi, onset temperature of the first thermal transition; Tci, endset melt temperature of the first thermal
873  transition; ACp1, change in heat capacity associated with the first glass transition; Tg., second glass transition temperature; To2, onset temperature
874  of the melting transition; Tcz, endset melt temperature of the melting transition; ACp2, change in heat capacity associated with the second glass

875  transition; Tm, melting peak temperature; AHm, enthalpy of melting; mW, maximum height of the endothermic melting peak.
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877  Graphical Abstract: Development of gelatin-based active biodegradable hydrogel packaging film.
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