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In this study, chitosan (CS)/poly(1-vinylpyrrolidone-co-vinyl acetate) (PVP-co-VAc) films were fabricated
by incorporating different weight fractions of gallic acid (GA), abbreviated as CPG, using the solvent
casting method. The prepared films were investigated for their physicochemical properties. Fourier trans-
form infrared spectroscopy (FTIR), X-ray diffraction (XRD) and scanning electron microscopy (SEM) micro-
graphs revealed the effective interaction between the added GA and the CS/poly(1-vinylpyrrolidone-co-
vinyl acetate) polymer matrix. The resultant films demonstrated good barrier properties against water and
oxygen, which were further supported by water contact angle (WCA) findings. Also, the films exhibited
excellent mechanical properties with a tensile strength (TS) of 54.71 + 0.62 MPa, which is more substantial
than those of traditional polythene plastics (10-16 MPa). Compared with the CP film, the CPG-IV film
with the highest weight percentage of GA exhibited a strong DPPH radical scavenging activity of 77.18% +
0.020 and displayed vigorous antimicrobial activity against Staphylococcus aureus, Escherichia coli, and
Candida albicans. Also, the packaging study revealed that chillies packed with the CPG-1V film containing
the highest amount of GA showed a limited weight loss percentage in comparison with unpacked chillies
and those packed with a polyethylene film over 14 days of storage. The above results suggested that the

rsc.li/rscapplpolym

1. Introduction

In the current scenario, packaging and preservation of food
are more prominent in the food industry to prevent food from
microbial contamination.! To meet consumer demands,
packaging industries are taking extreme care to ensure food
safety. Innovative polymeric materials have revolutionized the
food packaging sector in the last decade.? Recently, synthetic
polymers petroleum
resources like polyethene, polypropylene, polyester, polyvinyl
alcohol, and polyamide have been used to prepare packaging
materials in the food sector due to their strength, flexibility,
ease of production, and excellent barrier properties.® Plastic

manufactured from nonrenewable

manufacturing has surged from roughly 8 billion tons during
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prepared films meet the essential requirements of green chilli packaging applications.

World War II to around 235 billion tons today, with production
expected to double further by 2035.* These plastic materials
are ultimately responsible for environmental pollution and may
also enter the food chain, causing serious health problems for
animals and human beings.> Thus, depletion of fossil fuels
leads to further use of renewable resources, such as products
derived from plants and animals, in the development of packa-
ging materials.® As a result, a lot of research is being done to
produce environmentally friendly materials. Thus, biopolymers
play a prominent role in sustaining future generations by devel-
oping packaging materials using products and by-products
derived from agricultural fields and biological waste.”
Biodegradable polymers, which include synthetic and
natural polymers, serve as alternatives to petroleum-based
plastics. When they are exposed to the environment, they will
form nontoxic constituents such as water and carbon dioxide.?
Biodegradable polymers in packaging reduce plastic pollution
and reliance on fossil fuels. Also, they maintain the food’s
freshness by acting as barriers to water and oxygen. Among all
the biodegradable polymers, chitosan (CS) plays a major role
in packaging applications in addition to its biodegradability,
film-forming quality, and chelating property. CS is a derivative
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of chitin; the potential polymer chitosan has drawn a lot of
attention from the packaging sector.”'® Also, it is the second
largest polymer obtained from nature, next to cellulose.'" The
protonation of NH, groups of the chitosan backbone allows it
to dissolve in low-pH solutions like acetic acid, which is
responsible for microbial inhibition.">"? Despite these advan-
tages, it has some drawbacks, like brittleness, hydrophilicity,
and poor mechanical properties. To enhance CS properties, it
is combined with polymers like PLA, PVA, and (PVP-co-
VAc)."*"*° Hence, using (PVP-co-VAc) in the blend can induce a
plasticizing effect, thereby reducing the brittleness of the film.

Poly(1-vinylpyrrolidone-co-vinyl acetate) (PVP-co-VAc) is a
synthetic biodegradable polymer suitable for food packaging,
and it is obtained by the polymerization of vinylpyrrolidone
with vinyl acetate.’” Indeed, the combined use of (PVP-co-VAc)
and CS can create a polymer network through intermolecular
hydrogen bonding, resulting in better mechanical and func-
tional properties. (PVP-co-VAc) has importance in the pharma-
ceutical industry and cosmetic industry because of its adhesive
qualities and affinity towards various substances and surfaces.
(PVP-co-VAc) is soluble in water and can be easily eliminated
through metabolic pathways.'® The film-forming property of
(PVP-co-VAc) enables it to combine with polymers to form
packaging films in the food packaging industry.

Active packaging accounts for the introduction of active
moieties to attain the required functionalities, mainly to pre-
serve food, while intelligent packaging mainly focuses on sig-
naling the visual quality of food to prolong its shelf life.*
Active agents keep the food fresh and minimize food spoilage
by preventing the interaction of water and oxygen with it.
Nowadays, food packaging materials that incorporate active
ingredients such as antioxidants and antibacterial agents, as
well as active and intelligent packaging techniques, are becom-
ing increasingly important since they increase human safety.

Gallic acid (GA) is a natural polyphenolic compound
present in grapes, several berries, and green tea.' It is charac-
terized by three hydroxyl groups that enable strong hydrogen
bonding interactions, and the presence of a benzene structure
in the gallic acid provides mechanical support, which helps in
preventing physical impacts from external factors on food
packaging films®*® and in preventing food deterioration.
Additionally, a survey conducted by the U.S. FDA found that
GA is a safe compound. Numerous pharmacological actions,
including antibacterial, antiviral, and anti-inflammatory
effects, have been demonstrated by gallic acid.>!

Some researchers have studied the effect of GA on bio-
degradable polymeric films. GA-incorporated PT blend films
showed good tensile strength (TS) and elongation at break (EB)
values, as reported by Goudar N et al.** It was found that the
shelf life of grapes coated with a GPP (GA, PVA and phycocya-
nin) hydrogel was noticeably extended up to 13 days.”
Additionally, photodynamically-mediated chitosan-nanocellu-
lose-based films crosslinked with GA extended the shelf life of
oysters by reducing lipid oxidation.>* Raja Venkatesan et al.
(2024) developed PBAT/CL films crosslinked with varying
weight percentages of GA, which showed good antibacterial
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properties and contributed to the increased shelf life of straw-
berries.>® GA-incorporated CS/PUL films showed good mechan-
ical and UV barrier properties as demonstrated by Min Zhang
et al.*® Recent studies suggested that GA-incorporated films
were eventually developed as sustainable, eco-friendly packa-
ging materials. These packaging materials were tested for
packaging efficiency using green chillies as a packaged
material. The goal of the current work is to develop CS/(PVP-
co-VAc) films crosslinked with various GA weight fractions, and
the most perishable vegetable, green chillies, was selected for
this study. The resultant properties were compared with those
of CS-based and CS/(PVP-co-VAc) blend-based films. According
to the literature review, CS/(PVP-co-VAc) films with GA have not
yet been published. Furthermore, the goal of this work is to
assess the efficiency of CPG films towards storage and prolong-
ing the shelf life of green chillies at room temperature.

2. Materials and methods

2.1. Materials

Chitosan (CS) flakes (20-100 kDa; degree of deacetylation of
75-85%) having a viscosity of 200 cps were sourced from Loba
Chemie Pvt Ltd, Mumbai. The poly(1-vinylpyrrolidone-co-vinyl
acetate) copolymer formed by the combination of vinylpyrrolidone
and vinyl acetate in the ratio 7 : 3 with 50% ethanol was provided
by Tokyo Chemical Industry Co., Ltd. (TCI), Japan. Gallic acid
(GA) was purchased from Loba Chemie Pvt Ltd, Mumbai. Acetic
acid and ethanol were obtained from Merck Life Science Pvt Ltd,
Mumbai. Experiments were done using double distilled water.

2.2. Fabrication of films

The solvent casting method was used to prepare the films.
Initially, 2% acetic acid was used to dissolve 1.2 g of CS, and
unwanted particles were filtered out from the solution.
Conversely, 1 g of poly(1-vinylpyrrolidone-co-vinyl acetate) was
dissolved in double distilled water to make a 1% solution.
Then, various weight fractions of gallic acid were dissolved in
10 mL of 1:1 ethanol. Chitosan and (PVP-co-VAc) solutions
were agitated for 24 h, and various weight fractions of gallic
acid were added to the blend and stirred for about 4 h. The
resulting solutions were poured onto a dried Petri plate and
allowed to dry for 48 h at 35 °C. The films were separated from
the Petri plates and were named CP, CPG-I, CPG-II, CPG-III,
and CPG-IV based on the gallic acid content in the film.
Further analysis was carried out by placing films in a desicca-
tor containing anhydrous CacCl, (Table 1).

Table 1 Compositions of the prepared biofilms

Sample code CS(g) PVP-co-VAc (g) Gallic acid (wt%)
CP 1.2 1 —

CPG-1 1.2 1 1%

CPG-1I 1.2 1 2%

CPG-III 1.2 1 3%

CPG-IV 1.2 1 4%

© 2026 The Author(s). Published by the Royal Society of Chemistry
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2.3. Fourier transform infrared (FTIR) spectroscopy

The molecular interactions of the fabricated films were
studied with the help of an attenuated total reflectance-FT-IR
(ATR-FTIR) spectrometer. In brief, films of size 2 x 2 cm” were
analyzed using the ATR-FTIR spectrometer (Bruker 2 Alpha) at
room temperature with 4 cm™" resolution over the IR range of

4000-400 cm ™.

2.4. Scanning electron microscopy (SEM)

The surface morphology of the films was studied by using a
scanning electron microscope (JEOL, JSM-IT500LA) with a
magnification of 5 pm. A surface study was done in accordance
with the ASTM F1372 standard, where the prepared films with
a size of 2 x 2 cm” were coated with a gold layer before analysis
and adhered on a metal stub using double-sided carbon sticky
tape at an acceleration voltage of 10 kV.

2.5. Atomic force microscopy (AFM)

Atomic microscopy was used to study the surface morphology
of films with the help of a Nanosurf Easyscan 2 microscope
(Switzerland) with an aluminum-coated cantilever. The surface
roughness was analyzed qualitatively by capturing images at
different locations.

2.6. X-ray diffraction (XRD)

An X-ray diffractometer (Rigaku SmartLab, Japan) was used to
study the structural properties of the prepared films. Each film
sample (2.5 x 2.5 cm?) was set up on a sample holder. Every
film was scanned between an angle range of 26 = 5°-80° with a
speed of 5° min~". The crystallinity was calculated in terms of
percentage using eqn (1).

total area of crystalline peaks
total area of all peaks

% of crystallinity = x 100 (1)

2.7. Thickness and mechanical properties

A digital micrometer (Mitutoyo, Japan) was used to analyze the
thickness of films by taking measurements at three distinct
positions with 0.001 mm precision.

Flexibility and stress-withstanding capacity were important
parameters of the film. Mechanical properties were investi-
gated with the help of a DAK System Inc. Universal Testing
Machine (Series 7200-1 KN) at room temperature in accord-
ance with the ASTM-D882 standard. Samples with a size of 2.5
x 10 cm” were placed in the extension grip having a separation
of 50 mm, and films were stretched at a rate of 1 mm per
minute. Three readings were taken and they were averaged.

2.8. Water contact angle (WCA)

The surface wettability nature of the film was studied using a
sessile drop WCA machine DMs-401 model, made in Kyowa
Interface Science Co. Ltd using the ASTM D-5946 method. A
water droplet was mounted on the surface of the film placed
on the sample holder. Then, an image between the film
surface and the water droplet was captured using a camera.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Three different readings were taken at different places on the
surface of the film, and then all were averaged. The results
were averaged by taking three readings separately during
analysis.

2.9. Optical parameters

Optical properties were investigated using a LAMBDA 365
(PerkinElmer, USA) UV spectrophotometer. The film samples
(3 x 1 cm?) were kept inside a UV cell. The spectral analysis
was conducted in the wavelength range of 200-800 nm in
accordance with the standard ASTM D4329 method.
Transparency and opacity were calculated according to the pre-
viously reported literature by Kurabetta et al. at a wavelength of
600 nm using eqn (2) and (3).>’

—1og(%T)e00
t

A
Opacity = % (3)

Te00 =

(2)

where %Tg is the percentage transmittance at 600 nm, Agqo is
the absorbance and ¢ is the thickness of the film.

2.10. Hydration properties

The films of size 2 x 2 cm” were dried in an oven for 24 h at
50 °C to measure water absorption capacity in accordance with
the ASTM standard D570-98 guidelines. The weight of the
films was measured and recorded as the initial weight (W,).
Then films were dipped into a beaker containing 20 mL of
double distilled water. Again, they were weighed after 12 h;
before weighing, these films were blotted with filter paper. The
weight was measured after absorption of water (W,). The water
absorption ability of gallic acid crosslinked films was calcu-
lated with eqn (4).

Wi — W,

t

% of water absorption = x 100 (4)

In accordance with the ASTM standard D570-98 method,
the films were further dried at 50 °C for 24 h. Then the films
were cooled to room temperature and reweighed; this weight
was recorded as the dry weight following water absorption
(Waq). The water solubility of the films was calculated using eqn

(5).

- Wy — W,
% of water solubility = on x 100 (5)

0

2.11. Barrier properties

Water vapor transmission rate (WVTR). The WVTR test was
performed in accordance with the ASTM standard 1249,
according to the results obtained by Gasti et al.>® Using Teflon
tape, the prepared films were wrapped around the mouth of
glass vials containing 10 ml of double distilled water. The
initial weight was recorded as W;. The vials were placed in the
oven at 40 °C for 24 h. The glass vials were measured after
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being taken out of the oven after 24 h, and the weight was
recorded as W;. Using eqn (6), the WVTR was calculated:

Wi — W
. x
A

WVTR = T (6)
where A is the area of cross section of the vial and T is the time
duration (24 h).

Oxygen permeability (OP). The OP test was carried out
according to the ASTM standard 1307 to determine the oxygen
permeability through gallic acid crosslinked films. The mouth
of the glass vials was wrapped using films with Teflon tape.
The initial weight of the vials was recorded as W;. The vials
were then placed in a desiccator and again the weight was
taken for three sequential days, every 24 h. Using eqn (7), the
oxygen permeability transmission rate (OPTR) was calculated:

slope

OPTR = —
film area

(7)
A linear regression curve was used to find the slope of the
weight change vs. time curve.
The oxygen permeability (OP) was analyzed using eqn (8).

_ OPTR x L

OP
AP

(8)
Here, L is the average film thickness and AP is the variation in
the partial pressure between water and the dry atmosphere
(0.02308 at 25 °C).

2.12. Differential scanning calorimetry (DSC)

The thermal stability of the prepared films was predicted with
a DSC instrument model SET-DSC/SA (SETLINE DSC/SA
France/Switzerland) using Calisto software. The film samples
were heated from room temperature to 500 °C under an inert
N, atmosphere in an aluminium crucible.

2.13. Titration of free amine groups

The free amine content of the film was calculated by using the
acid-base back titration method. The films were cut into small
pieces and dried in an oven at 40 °C for 24 h. 0.01 M (M;) HCI
(25 mL) was poured into a beaker containing 1 g (W) of film
sample to protonate the available amine groups. This mixture
was continuously stirred for about 24 h to ensure interaction
between the acid and amine groups. Under similar conditions,
a blank solution was prepared without a film. Then solutions
with films and without films were titrated against a 0.01 M
NaOH (M,) solution using a phenolphthalein indicator until a
pale pink endpoint was observed. The free amine content pro-
vides the quantitative measure of the extent of amine groups
involved in crosslinking and was calculated using eqn (9).
Also, the reduction of free amine content on addition of the
crosslinking agent is given by eqn (10).

(Vl — Vz) X M2
w

Free amine =

(9)

where V; is the volume of the NaOH solution for the blank and
V, is the volume of NaOH for the sample.
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A1 — Ay

1

Reduction of free amine = x 100 (10)
where A, is the free amine content of the control CP film and

A, is the free amine content of the GA crosslinked films.

2.14. Overall migration test

The overall migration study was carried out according to the
ASTM standard 9845. In this method, film samples were
measured, and the weight was recorded as W;; then the
samples were dipped into a beaker containing food stimulants,
viz, distilled water, 50% ethanol, and 3% acetic acid, and kept
in an oven at 40 °C for 10 days. After 10 days, the weight was
further recorded as W;. The effect of the food stimulants on
food items was calculated using the gravimetric method, and
the amount of extract was determined using eqn (11).

Wi — We

Amount of extract (%) = S

(11)
where S is the area of the film taken.

2.15. Antimicrobial properties

In Mueller-Hinton Agar (MHA) medium, according to the well
diffusion method, the antibacterial characteristics of gallic
acid crosslinked films were tested against E. coli (ATCC 10799)
and S. aureus (ATCC 6538) bacteria and C. albicans (ATCC
24433). Bacterial medium was subcultured employing Luria
broth, where the optical density was kept at 0.5 at 600 nm.
Using a swab, the microbes were dispersed over a 4 mm thick
MHA medium. By considering distilled water as a solvent
control, previously made wells of 8 mm diameter were filled
with 100 mL of sample solution. Bacterial and microbial devel-
opments were observed overnight at 37 °C. Using a Vernier
scale, inhibitory zone measurements were taken sequentially.

2.16. Antioxidant properties

The radical scavenging activity of CPG films was determined
using DPPH (2,2-diphenyl-1-picrylhydrazyl), methanol, and
standard ascorbic acid (1 mg ml™"). Analysis was carried out
by dissolving the films and the volume was made up to
1000 pL. The samples were made to react with 100-500 pL of
DPPH (0.5 mM) and incubated for 30 min at room tempera-
ture. A 1.5 ml glass cuvette having a pathlength of 1 cm was
placed in a UV-visible spectrophotometer (Labman, LMSP
UV-1200), then the absorbance was measured at 517 nm. Pure
methanol was used as a blank solution, while methanol
diluted with DPPH solution was considered as a control. The
results were expressed as a percentage of inhibition according
to eqn (12).

Ab. — Abs

x 100
Ab,

% scavenging = (12)

2.17. Packaging studies

The fabricated gallic acid combined chitosan/(PVP-co-VAc)
films were tested for the preservation studies for extending the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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storage life of green chillies. A packaging study was carried out
by considering unpacked chillies as a reference. A pouch of
size 6 x 6 cm”> was made by using the prepared films and from
a polyethylene bag, and packing of chillies was done at room
temperature. Every two sequential days, the physical texture
was captured using a camera. Furthermore, the weight loss
percentage was determined using eqn (13).

‘,Vi_

We
X 100

i

% of weight loss = (13)
W; is the initial weight of chillies and Wt is the final weight of
chillies.

After packaging, 1 g of each chilli sample was agitated in a
rotary shaker at 150 rpm. Then, the obtained solution was
spread out on agar plates and incubated for 24 h at 38 °C.
Then, using OpenCFU colony software, the colonies were
counted. Using eqn (14), the CFUs per gram of chillies were
calculated using the following equation:

(number of colonies x dilution factor x 10)

F
CFUg™ (volume plated in pl)

(14)

2.18. Statistical analysis

OriginPro software was employed to carry out statistical ana-
lysis. Using Tukey’s test (p < 0.05) in the one-way ANOVA
program, the triplicate results were taken. The standard devi-
ation method was used for further calculations.

3. Results and discussion

3.1. Fourier transform infrared (FTIR) spectroscopy

The possible interactions between the different functional
groups in the CS/(PVP-co-VAc)/GA matrix were studied with the
help of an FTIR spectroscopic method (Fig. 1). The FTIR
spectra of the GA-incorporated films are displayed in Fig. 2.
The -NH and -OH stretching vibrations were observed for the
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Fig. 2 FTIR spectra of GA crosslinked CS/(PVP-co-VAc) films.

distinct broad peak at 3270 cm™ in the CP film. The -CH
stretching is confirmed by the appearance of a peak at
2970 cm™', which is due to the -CH, group; the band at
1652 cm™" is accounted for by the acetyl group (amide-I) due
to C=O stretching. Also, -NH stretching and bending
vibration (amide-II) appears for the band at 1542 cm™'. The
peaks obtained at 3350 cm™" and 2920 cm™" were responsible
for alcoholic -OH stretching and asymmetric -CH (pyrrole
ring) in (PVP-co-VAc), respectively.

The peaks recorded at 1217 ecm™* and 1022 cm™ corres-
pond to ester moieties in (PVP-co-VAc) for PVAc. The spectra of
GA-added films showed negligible differences in comparison
with the CP film. The GA-incorporated CPG-1, CPG-1I, CPG-III,
and CPG-IV films exhibited the -OH stretching frequency
peak, which was shifted towards 3330 cm™" from 3270 cm™,
indicating an increase in intermolecular hydrogen bonding,
and showed increased tensile strength in the film.>® Likewise,
in GA crosslinked films, the bands at 1652 cm™' and
1542 cm™ moved to lower wavenumbers 1648 cm™' and

PVP-co-VAc
{ == CHZ—CH)—(CHZ—CH)“._

n
N
o
g gy

NH, Chitosan

OH

CIB

0 u

H, Chitosan

\\\H
I/I/I

H “”llm
C

/\
----Cll7 CH)—(CH» CH);-0 CH3
H,/”//n

0y, 0 @ PVP-co-VAc

Fig. 1 Plausible intermolecular interactions between different functional groups in the CS/(PVP-co-VAc)/GA films.
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1540 cm™', respectively, in GA-incorporated films. This shift
was due to the strong bonding interaction between hydroxyl
groups of CS/(PVP-co-VAc)/GA.

3.2. Scanning electron microscopy (SEM)

Fig. 3 displays the surface morphologies of CP, CPG-1, CPG-II,
CPG-III, and CPG-IV films. The CP film had a smooth, homo-
geneous surface devoid of cracks and fractures. The surface
morphology of the CPG-I film changed noticeably due to the
addition of GA, which had a smooth, uniform surface similar
to the CP film.?° Further addition of 3 wt% and 4 wt% GA,
i.e., CPG-III and CPG-IV films, resulted in a dense mor-
phology without altering its uniformity, attributed to strong
hydrogen bonding interactions between CS, (PVP-co-VAc) and
GA.*' However, at higher concentrations of GA, the CPG-IV
film showed tiny particles, indicating heterogeneity in the
film at higher concentrations, which is attributed to the
agglomeration of molecules, leading to stronger inter-
molecular interactions between GA and the CP polymer
matrix.>®

Baji¢ M et al.”* and Emma Talén et al.”” obtained similar
results, where CS-starch films demonstrated uniform and
smooth surfaces because of compatibility in blend solutions.
CS/(PVP-co-VAC)/GA interactions showed improved tensile
strength upon addition of GA in the film in comparison with
the CP film. Overall, the addition of GA resulted in changes in
the mechanical properties. In the presence of GA, there is a
decrease of free volume in the polymer matrix and increased
rigidity due to CS/(PVP-co-VAc)/GA hydrogen bonding inter-
actions. Ahmed J. et al.** obtained similar findings: addition
of graphene oxide (GO) to the PLA/PEG polymer matrix

1'32 l.33

Fig. 3 SEM images of GA crosslinked CS/(PVP-co-VAc) films.
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resulted in increased tensile properties and decreased EB
values.

3.3. Atomic force microscopy (AFM)

The surface roughness of GA crosslinked films was analyzed
qualitatively with the help of AFM images. As observed from
SEM images, all the films possess a dense structure without
pores. The AFM images of GA crosslinked CS/(PVP-co-VAc)
films are shown in Fig. 4. The CP film shows a moderately
rough surface without cracks and pores. The addition of 1 wt%
GA into the CS/(PVP-co-VAc) polymer matrix results in a small
change in surface roughness. However, further addition of
2 wt% and 3 wt% GA makes the film homogeneous with some
peaks and valleys.

This is due to the intermolecular interactions between GA
and the CS/(PVP-co-VAc) polymer matrix, which result in
reduction of free volume; thus, shortening of the polymer
chain takes place, leading to changes in structural arrange-
ments.** Similar results were obtained by Jie Liu et al.*>® when
citric acid was added to soluble soybean polysaccharide films.
At a higher GA concentration of 4 wt%, the film shows a
heterogeneous and rougher surface morphology. This
increased surface roughness upon the addition of GA is
mainly attributed to the agglomeration of GA molecules due to
the presence of higher concentration of GA.>” The surface
roughness images were also supported by the SEM images.

3.4. X-ray diffraction (XRD) pattern analysis

The crystalline or amorphous nature of the film was investi-
gated using the X-ray diffraction (XRD) technique. The XRD
patterns of the CP, CPG-I, CPG-II, CPG-III, and CPG-1V films

© 2026 The Author(s). Published by the Royal Society of Chemistry
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are given in Fig. 5(a). In the CP film, the crystalloid and semi-
crystalline nature of (PVP-co-VAc) and CS was proved by the
appearance of distinct peaks at about 22° and 11.45° with a
crystallinity of 19.21992% =+ 0.5745 respectively.*® It was found
that the peak intensity increased on adding GA, attributed to

the homogeneous distribution of GA in the film.”*> The results
tabulated in Table 2 show that the CP film without GA has the
lowest crystallinity of 19.219% + 0.5745 compared to the
CPG-I, CPG-II, CPG-III, and CPG-IV films. Meanwhile, increas-
ing the GA concentration leads to increased crystallinity.
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(a) X-ray diffraction patterns, (b) stress—strain curves, (c) tensile strength values and (d) elongation at break values of GA crosslinked CS/(PVP-
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Table 2 Mechanical properties of gallic acid (GA) crosslinked CS/(PVP-co-VAc) films

Sample code Thickness (mm) Tensile strength (MPa)

Extensibility (%) Elastic moduli (MPa) Crystallinity (%)

38.172 + 0.5872¢

36.334 + 0.8117;1

Cp 0.0506 + 0.0052%
CPG-I 0.0403 + 0.0060"

CPG-II 0.0521 + 0.0052% 50.657 £ 0.4116
CPG-III 0.0523 + 0.0067% 54.713 + 0.6238"
CPG-1IV 0.0513 + 0.0052% 44.373 + 0.4388°

¢ values in the respective columns differ significantly (p < 0.05).

This is accounted for by the strong bonding interaction
between hydroxyl groups present in the CS/(PVP-co-VAc) matrix
and GA.*® The addition of GA led to an increase in peak inten-
sity as depicted in Fig. 5(a). This suggests that GA is respon-
sible for the alterations in the film structure brought about by
the interaction with the CS/(PVP-co-VAc) matrix. However, GA-
related peaks were not clearly seen in XRD, which could be
due to the strong interactions, resulting in the overlapping of
the GA peaks.”” The CPG-IV film exhibited an increased crys-
tallinity of 48.65% + 0.57 in comparison with the CP film.
Increased crystallinity also resulted in a more brittle film with
less flexibility,"® which is also supported by the mechanical
results, where the CPG-1V film showed a minimum flexibility
of 2.23% + 0.320.

3.5. Thickness and mechanical properties

The tensile strength (TS), elongation at break (EB), and Young’s
modulus (YM) of films are dependent on the thickness of the
film.** The GA-incorporated CS/(PVP-co-VAc) films showed
uniform thickness, indicating homogeneity between CS/(PVP-
co-VAc) and GA as supported by the FTIR/SEM/XRD results.

Good mechanical properties are necessary for packaging
materials to resist stress during transit and storage, lowering
damage and scratches.”” Hence, the mechanical characteristics
like TS, EB, and YM were studied, and the results are given in
Table 2. These findings demonstrated that the GA-added films
showed more tensile strength compared to the CP film. The
CP film exhibited a tensile strength of 38.172 + 0.5872 MPa
and a YM of 1298.583 + 0.7084 MPa. The added GA resulted in
increased TS and YM. This increment is attributed to strong
bonding interactions between the NH;' of the CS backbone
and the OH™ of the GA molecules in the polymer matrix.*?
Similar findings were obtained by Chunnhua Wu et al.**

The TS and YM values of the films were increased due to
the addition of GA; however, at high concentrations, the films
showed scattered white patches of GA, leading to a lowering of
TS and increased brittleness due to disruption in polymeric
chains.*

Also, elongation at break is responsible for the nature of a
packaging material. The CP film had an EB of 2.861 =+
0.0701%. Initially, the CPG-I film (with a 1 wt% concentration
of GA) showed an EB of 10.954%. Additionally, the free voids
available in the film reinforce the movement of polymeric
chains, consequently increasing the plasticizing and hydro-
philic effects (the extensible character) as observed by the

RSC Appl. Polym.

1298.583 + 0.7084° 19.2199 + 0.5745°
1658.585 + 0.73624 27.3072 + 0.51159
1966.891 + 0.7592% 31.5225 + 0.4839°¢
1847.644 + 0.7136° 41.5671 + 0.5230°

1749.796 + 0.4804° 48.6523 + 0.5780°

2.861 + 0.0701°
9.879 + 0.5893%
2.127 + 0.0560°
3.438 + 0.0692°
2.239 + 0.3208"

decreased WCA in CPG-I. These findings were also similar to
observations made by Promsorn ] et al*® The increased EB
value upon the addition of 1 wt% GA indicated decreased
rigidity of components accountable for the plasticizing nature
of GA. However, the crosslinking effect of GA decreases the
free volume in the films, giving a more rigid structure by
restricting chain mobility; thus the films showed less extensi-
ble behavior at high concentrations of GA.*> The prepared
films exhibited enhanced mechanical properties compared
with other polymer films, as summarized in Table 7.

3.6. Water contact angle (WCA) measurements

The surface adhesivity could be studied with the help of
contact angle measurements. Generally, films show hydro-
philic and hydrophobic nature when WCA < 65° and WCA >
65°, respectively.”” The results are shown in Fig. 6. The CP film
revealed surface hydrophilicity with a WCA of 52.6°. This is
attributable to the hydrophilic nature of (PVP-co-VAc). The
lower WCA in the CP film is due to the availability of free -OH
groups in the CP film.*®

Initially, the free -OH groups on the CPG-I film surface lead
to increased hydrophilicity.*® However, it was found that the
further addition of 3 wt% of GA to the CP film (CPG-II film)
resulted in an enhanced WCA of up to 93.4° and the film
became highly hydrophobic in nature. Although GA is hydro-
philic, its addition might lead to hydrogen bonding inter-
actions with the matrix. These interactions could result in GA
being embedded within the film matrix rather than being
exposed at the surface. Consequently, its integration into a
crosslinked network might reduce polar functional groups,
making them no longer available for water interaction, and the
increased crosslinking density also results in reduced free
volume and chain mobility, limiting water diffusion.>®

Thus, a higher WCA of the CPG-III active film makes it a
good packaging material. Indeed, the CPG-IV film demonstrated
a WCA of 72.7°. This decrease is due to the presence of free
—-OH groups as a consequence of the higher concentration of
GA. These outcomes were supported by the mechanical results.

3.7. Optical parameters

The external appearance of food packaging films is necessary,
and it depends on the color of the film. The appearance of the
CS/(PVP-co-VAc) film was significantly altered by the addition
of GA. The CP film appeared in a pale yellow color. When GA
was added to the film, its transparency decreased, and the film

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Water contact angle images of GA crosslinked CS/(PVP-co-VAc) films.

became darker. This color change is due to the occurrence of
ionic interactions as a result of crosslinking between GA and
the NH, groups of chitosan.>”

Food quality and appearance will be affected when UV and
visible light interacts with food, causing secondary reactions
in vitamins, proteins, etc.>® Thus, it is necessary for packaging
materials to possess a property that prevents UV light transmit-
tance. Fig. 7(b) and (c) show that the CP film exhibited percen-
tage transmittance values of 56.77% in the UV region of
380 nm and 37.829% + 0.04461 at 600 nm. The addition of GA
led to a decrease in both transparency and transmittance. The
1 wt%, 2 wt%, 3 wt%, and 4 wt% GA-incorporated films
showed decreased percentage transmittance values at 380 nm
of 6.63%, 13.32%, 4.47% and 0.9472% respectively. Also, the
Teoo values decreased up to 33.5235% =+ 0.06144 in the CPG-IV
film. The significant decreases in percentage transmittance
and Tgoo were due to the improved interaction between poly-
phenolic GA chains and chitosan moieties, resulting in a
denser network, thus blocking the penetration of UV light.>?
Prodpran T et al. obtained similar findings: decreased trans-
mittance and transparency with increased concentrations of
polyphenolic compounds like ferulic acid, catechin, caffeic
acid, and tannic acid due to the cross-linkage of different com-
pounds with the polymer matrix.>*

The opacity of the GA-incorporated films was measured at
600 nm wavelength, as shown in Fig. 7(d). The CP film exhibi-
ted an opacity of 2.180% =+ 0.00997. However, the CPG-IV film
showed an increased opacity of 6.4725% + 0.00642, indicating
less UV-light transmittance due to the formation of a dense
network.”

3.8. Hydration properties

The outcomes of water absorption capacity and water solubility
(WS) tests of GA-incorporated films are presented in Fig. 8(a)

© 2026 The Author(s). Published by the Royal Society of Chemistry

and (b), respectively, and the findings are summarized in
Table 3. The CP film had a water solubility of 29.18% =+ 0.605.
The addition of 1 wt% GA resulted in a maximum WS of
29.16% =+ 0.600 in comparison with the other GA crosslinked
films due to the presence of multiple hydroxyl groups in GA.
However, on addition of 2 wt% and 3 wt% GA, the film
showed improved water solubility values of 20.57% + 0.564
and 11.43% + 0.464 respectively. The CPG-III film showed a
higher water resistance property, which was also proven by the
water contact angle results. The CPG-III film exhibited a hydro-
phobic nature with WCA = 93.4°. This is attributed to the
crosslinking effect of GA, which significantly increases the re-
sistance to water solubility and water absorption capacity,
forming a compact crosslinked network, which decreases the
availability of free OH groups due to polymer-polymer inter-
actions.”® Shuwa Bhowmik et al. obtained the same findings:
the addition of glycerol, chitooligosaccharides, and GA into
the chitosan matrix resulted in decreased water solubility.>” In
contrast to this, the CS film showed increased WS values of
32.56% and 34% upon the incorporation of GA and salicylic
acid,*®>° respectively. The CPG-IV film with 4 wt% GA content
showed a WS of 14.43% + 0.578; this is because the added GA
leads to a greater number of free hydroxyl groups interacting
with water molecules, thus enhancing the WS, owing to the
presence of a high concentration of GA; these findings were
further supported by the decreased WCA in the CPG-1V film.

Also, the CP film had a water absorption capacity of
95.283% =+ 0.535, showing its hydrophilic nature. Addition of
1 wt% and 2 wt% GA resulted in reduced water absorption
capacity. This is accountable for the formation of strong
bonding interactions between -OH and -NH, groups on the
chitosan surface, reducing the availability of free hydroxyl
groups and thereby disturbing the hydrogen bonding in the
polymer matrix.®°

RSC Appl. Polym.
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Fig. 7 Optical parameters: (a) absorbance, (b) % transmittance, (c) transparency, and (d) opacity of GA crosslinked CS/(PVP-co-VAc) films.

However, the CPG-III film showed the lowest water absorp-
tion capacity of 60.356% + 0.557, and addition of GA at the
optimum level led to the formation of a compact crosslinked
network, thus reducing water uptake.®® It was found that the
CPG-1V film exhibited a slight increase in water absorption
capacity of 64.466% + 0.733 due to the presence of free -OH
groups, owing to an increase in the concentration of GA com-
pared to the optimum level. It was also supported by the water
contact angle results.

3.9. Barrier properties

The water vapor transmission rate (WVTR) and oxygen per-
meability (OP) values of CS/(PVP-co-VAc) films are given in
Fig. 8(c) and (d) respectively. The CP film has a WVTR of
26.367 + 0.382 ¢ m~> h. However, addition of GA into the CS/
(PVP-co-VAc) polymer matrix initially increased the WVTR
value in the CPG-I film to 28.295 + 0.581 g m~> h, which allows
penetration of water molecules because of the formation of
small pores due to a slight decrease in intermolecular hydro-
gen bonding interaction between polymeric chains.®® When
the GA concentration was increased, the WVTR values of the
CPG-11, CPG-111I, and CPG-1V films declined to 25.416 + 0.425 g
m~> h, 25.397 + 0.835 g m > h and 24.751 + 0.307 g m > h,
respectively, compared to that of the CP film. This reduction is

RSC Appl. Polym.

accounted for by the restriction of the micro-passages between
the CS/(PVP-co-VAc) matrix by forming a dense structure due to
the crosslinking effect of GA.®” This formation of dense mor-
phology is supported by SEM images. Bhowmik S et al’’
observed similar findings when GA and chitooligosaccharides
were added to the CS polymer matrix.

The disruption in the OP of the film could be due to the
changes in the structural arrangement and number of voids
present in the polymeric matrix. The OP of the fabricated films
indicated that the CP control film showed the highest OP
value of 2.574 x 107> + 0.067 cc per m per 24 h per atm.
However, the addition of GA into the CS/(PVP-co-VAc) polymer
matrix caused a decrease of the OP value to 1.325 x 107> +
0.067 cc per m per 24 h per atm in the CPG-IV film.

The decrease in the diffusive path for oxygen molecules to
pass across the CS/(PVP-co-VAc) film was the cause of this elev-
ated OP.®® Also, the addition of GA leads to a more compact
structure by accumulating the voids through the cross-linkage
between GA and the polymer blend matrix resulting in
reduced void volume and OP values through the formation of
intermolecular hydrogen bonds.®* From the literature survey, it
is clear that the present WVTR and OP values of the films are
in a good range and the films could be effectively used in food
packaging applications.®

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 (a) Water absorption, (b) water solubility, (c) water vapor permeability and (d) oxygen permeability values of GA crosslinked CS/(PVP-co-VAc)
films.

Table 3 Water solubility, water absorption, water vapor permeability, and oxygen permeability of GA crosslinked CS/(PVP-co-VAc) films

Sample code Ws (%) Wa (%)

WVTR (g m™? day)

OP (in 107°) (cc per m per 24 h per atm)

CP 29.18 + 0.605% 95.283 + 0.535%
CPG-I 29.16 + 0.600* 76.59 + 0.716°
CPG-II 20.57 + 0.564° 73.37 + 0.859°¢
CPG-III 11.43 + 0.464¢ 60.356 + 0.557°
CPG-1V 14.43 + 0.578° 64.466 + 0.733¢

#“values in the respective columns differ significantly (p < 0.05).

3.10. Differential scanning calorimetry

Fig. 9 shows the DSC thermograms of GA crosslinked CS/(PVP-
co-VAc) films. Table 4 presents the glass transition temperature
(Ty), melting temperature (Ty,) and decomposition temperature
(Tq) values of the films. It was observed that all the films
showed a single glass transition temperature. The CP film
showed a T, of 88.59 °C. However, in the GA crosslinked films,
the glass transition temperature increased to 92.93 °C. This is
attributed to the strong interactions of GA with the CS/(PVP-co-
VAc) polymer matrix, resulting in reduced free volume and
chain mobility.®®

The glass transition temperature values above room temp-
erature indicate that all the films are thermally stable for
packaging applications. These higher values are beneficial for
increasing the tensile strength of the films, as supported by
the mechanical properties. The endothermic peaks around

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Glass transition temperature (Tg), melting temperature (T.,)
and decomposition temperature (T4) of GA crosslinked CS/(PVP-co-VAc)
films

Glass transition Melting Decomposition

Sample temperature (T) temperature temperature (T4)
code (°C) (Tm) (°C) (°C)

CP 88.59 135.94 308.69 (°C)
CPG-1 88.98 144.71 304.44 (OC)
CPG-TI 90.76 140.76 303.95 (°C)
CPG-III 92.93 147.73 309.45 (OC)
CPG-1IV 91.65 149.58 302.03 (°C)

135 °C to 149 °C in the DSC thermograms correspond to the
melting temperatures of the films due to the loss of moisture
content from the films.®” Increase in the melting temperature
on addition of GA suggests that the prepared films were resist-
ant to deformation during high temperature packaging appli-
cations.®> The thermograms of the GA crosslinked films
demonstrate that decomposition of the films occurs above T,
and Ty, indicating that the films are stable for food packaging
applications. Furthermore, these results indicate that the
developed films exhibit sufficient thermal stability require-
ments for packaging applications in accordance with the FDA
guidelines and EU regulation no. 10/2011.

3.11. Titration of free amine groups

The titration of free amine groups using acid-base titration
helps to quantify the effect of GA crosslinking in the CS/(PVP-
co-VAc) blend films (Fig. 10). It was observed that initially the
CP film had 0.52 + 0.008 mmol g~ " of free amines. On addition
of 1 wt% and 2 wt% GA, free amines underwent crosslinking
with -OH groups present in GA, thus showing amine group
reduction of 34.61% and 54.61% respectively. Also, the CPG-III
film showed the presence of the lowest amount of amino
groups (0.09 mmol g™'), due to the loss of titratable amine
groups, providing strong evidence for crosslinking. On
addition of 4 wt% GA content, the free amine concentration
increased to 0.14 mmol g™, This is attributed to the saturation
of free amine groups and altered molecular interactions within
the polymer matrix.®® This slight decrease in crosslinking at
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higher concentrations of GA was further supported by the
tensile strength values and water contact angle findings.

3.12. Overall migration test

The overall migration studies were carried out at 40 °C for 10
days using three stimulants, viz. distilled water, alcohol (50%)
and acetic acid (3%) representing aqueous media, alcoholic
beverages and acidic foods respectively. The test was mainly
carried out to assess the extent of sample migration into all
three food stimulants. According to the Food Safety and
Standards Authority of India 2018 (FSSAI), the permissible
migration limit was 10 mg dm™> of food sample. The findings
of the present migration studies are given in Table 5. The CP
film showed higher migration levels in distilled water and in
acetic acid due to the hydrophilic nature and solubility of CS
in acetic acid.® It was observed that the addition of GA into
the film limits the migration of the sample into distilled water,
3% acetic acid and 50% alcohol. This is attributed to the cross-
linking of GA molecules between CS and the (PVP-co-VAc)
polymer matrix; these interactions restrict the chain mobility
and diffusion of low molecular fragments into the food stimu-
lants, thus increasing the migration stability.”®

3.13. Antimicrobial properties

The benefits of the antimicrobial activity of the films are the
retardation of population growth of microbes over time and
the avoidance of the contamination of microbes entering into

Table 5 Overall migration studies of GA crosslinked CS/(PVP-co-VAc)
films

Overall migration as per IS: 9845-1998

Sample Deionised water 3% acetic acid 50% alcohol
code (mg dm™2) (mg dm™?) (mg dm™?)
CP 4.24 +0.012 2.50 + 0.05% 2.53 +0.12°
CPG-I 1.12 + 0.03% 1.21 + 0.04% 0.73 £ 0.32°
CPG-II 0.75 + 0.33¢ 0.74 + 0.32° 1.12 + 0.038°
CPG-III 1.12 £ 0.06> 1.09 + 0.05%¢ 1.38 £ 0.06°
CPG-IV 1.82 + 0.08" 1.52 + 0.06" 1.31 + 0.06°

““values in the respective columns differ significantly (p < 0.05).
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(a) Table showing free amine content and amine reduction values and (b) graph showing free amine contents in GA crosslinked CS/(PVP-
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a)

Fig. 11 Microbial growth inhibition profiles of the prepared biofilms against (a) E. coli, (b) S. aureus and (c) C. albicans, and (d) total bacterial count
of unpacked chillies and (e) total bacterial count of chillies packed with the CPG-IV film.

food products.”* The antimicrobial activity of CP films is illus-
trated in Fig. 11, and the respective zone of inhibition values
are tabulated in Table 6. The antimicrobial properties of the
prepared films were tested against Gram positive bacteria (S.
aureus), Gram negative bacteria (E. coli) and C. albicans fungi.
It was found that all the films exhibited strong anti-
microbial properties. This is due to the inherent antimicrobial
potential of CS. However, (PVP-co-VAc) was not effective against
microorganisms. The reason behind the antibacterial activity
of CS was the interaction of cationic groups in CS with anionic
cell walls in bacteria, resulting in the accumulation of protein-
aceous substances inside the cell, which ultimately causes the
death of an organism.”® The presence of a porous permeable
peptidoglycan layer in S. aureus allows easy entry of anti-
microbial agents, leading to a larger zone of inhibition com-
pared to Gram negative bacteria.”> Additionally, incorporation
of GA into the CS/(PVP-co-VAc) polymer matrix improved the
antimicrobial properties of the fabricated biofilms. This is
attributed to the excellent antibacterial properties of GA,

Table 6 Antimicrobial inhibition zones (in mm) of the CP (control) and
CPG-I, CPG-Il, CPG-IIl, and CPG-IV films

Zone of inhibition (mm)

Sample name

E. coli S. aureus C. albicans
CP 10.62 £ 0.398°  10.58 + 0.5849 9.36 + 0.806%
CPG-I 15.68 £ 0.624%  15.23 + 0.646° 12.32 + 0.836%¢
CPG-II 17.63 £ 0.603°  17.55 +0.522°¢  14.16 + 0.545%
CPG-III 18.08 + 0.557°  19.22 + 0.516" 16.53 + 0.513%
CPG-IV 22.23 £ 0.506°  22.12 * 0.620° 17.66 + 0.635°

#“values in the respective columns differ significantly (p < 0.05).

© 2026 The Author(s). Published by the Royal Society of Chemistry

where disruption of microbial membranes and denaturation
of proteins by GA lead to the leakage of cellular contents,
thereby hampering bacterial growth.”

Food packaging films also deteriorate due to fungal infesta-
tion. The CP film showed good antifungal activity. In addition
to this, the increase in the weight percentage of GA also results
in enhanced inhibition zones against C. albicans. It was found
that CPG exhibited an increased zone of inhibition value of
17.66 + 0.635 mm from 9.36 + 0.806 mm. It is higher than
those of chitosan-HPMC films reported by Gunaki et al.”> and
Ch-CMC blend films (19.31 mm) reported by Noshirvani N
et al”’® In both antibacterial and antifungal studies, the films
act as effective barriers for microbes by preventing growth and
damage to the DNA through rupture of the membrane, ulti-
mately resulting in the death of the pathogen. The incorpor-
ation of GA into the CS/(PVP-co-VAc) polymer matrix endowed
it with good antimicrobial activity in comparison with the CP
film, making it appropriate for packaging applications.

3.14. Antioxidant properties

It is of immense importance to prevent food components such
as protein and lipid molecules from oxidation by using packa-
ging materials. Lipid molecules, on interaction with oxygen,
result in the generation of free radicals, which cause loss of
quality and appearance of food.”” Antioxidant packaging
materials help in extending the quality of food. This anti-
oxidant capacity is determined using the DPPH assay.
Fig. 12(b) shows less antioxidant activity of the CP film.
Addition of GA into the polymer matrix led to increased anti-
oxidant activity, which is accounted for by the free radical
interaction with GA through the radical polymerization
process by an electron transfer mechanism.”®
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Fig. 12
crosslinked CS/(PVP-co-VAc) films.

The CPG-1V film demonstrated a higher antioxidant poten-
tial compared to the other films, owing to the presence of a
high concentration of -OH functional groups on the surface of
the film due to the addition of 4 wt% GA. The enhanced con-
centration of hydroxyl groups increases the shift of electrons,
thus promoting the free radical scavenging phenomenon.”®
Thus, it is evident that GA-incorporated films showed anti-
oxidant activity in comparison with the CP film, making them
better materials in antioxidant packaging applications.

3.15. Packaging efficiency

Chillies are generally considered to be one of the widely used
vegetables in day-to-day life. Fresh chillies are highly prone to
physical damage, moisture loss, and microbial attack. Thus, the
packaging study involves the extension of shelf life by the incor-
poration of strong antimicrobial agents. Chillies are widely
available throughout the year, which makes them convenient

CPG-Il
Sample code

70 [ Unpacked i
C) |eacrcav
60 [ Polythylene|
b B a
a

—_ e b
S ¢
2 d p b
240
= a (b
o0
30 2
=

20 fee

10{ 21

CPG-1II CPG-IV

Storage time (days)

(a) Antimicrobial activity profiles of the films, (b) antioxidant activity profiles of the films and (c) physiological weight loss (%) values of GA

for study as a packaged material. The CPG-IV film was chosen
for the packaging study among all other films, because, in con-
trast to the other films, it has good antimicrobial and anti-
oxidant properties. The packaging efficiency of the CPG-1V film
was studied in comparison with the unpacked chillies and chil-
lies packed with a polyethylene film. The physical texture of the
green chillies for up to 14 days is shown in Fig. 13. Initially,
every packed and unpacked chilli was green in appearance;
then, the unpacked chilli started to lose its green color and
became deteriorated during the time period of 14 days. Also,
the unpacked chilli shrank and underwent a dehydration
process due to water loss.®® The chilli packed with polyethylene
shrank on the 14th day of storage. In contrast, the CPG-IV film
retained the chilli’s physical appearance after 14 days of
storage. This is due to the high antioxidant activity of the
CPG-1V film, which hampers the generation of free radicals,
thus stopping the oxidation of components in the chilli.

Unpacked

CPG-1V <
‘Q ~”

Polyethylene

Day-1 Day-2 Day-4 Day-6 Day-8 Day-lO Day-12 Day-14

() ¢
YHN

Fig. 13 Visual appearance of unpacked and packed chillies.
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Table 7 Comparison of the mechanical, biodegradability and cost effective properties of various crosslinking agents incorporated into the different

polymer matrices

Sl. no Crosslinking agent used TS (MPa) EB (%) Biodegradability Cost effective Ref.
1 Tannic acid 4.10 £ 0.26 42.71 + 8.20 Biodegradable More expensive 83
2 Citric acid 6.5+ 0.5 33.9+2.2 Biodegradable Less expensive 84
3 Citric acid 6.93 £0.16 77.76 £ 0.2 Biodegradable Less expensive 85
4 Vanillin 10.18 £ 0.41 43.73 +£2.03 Biodegradable Less expensive 86
5 Tannic acid 11.29 £ 0.22 42.02 + 4.14 Biodegradable More expensive 87
6 Caffeic acid 13.97 £ 0.69 34.53 +2.80 Biodegradable More expensive 88
7 Caffeic acid 17.7 219.3 Biodegradable More expensive 89
8 Citric acid 20.4 677 Biodegradable Less expensive 90
9 Tannic acid 26.99 £ 1.91 3.65 £ 0.02 Biodegradable More expensive 91
10 Vanillin 40.1+1.2 30.1 Biodegradable Less expensive 92
11 Vanillin 43.04 +4.8 40.49 + 4.82 Biodegradable Less expensive 93
12 Gallic acid 54.71 £ 0.62 3.43 £ 0.06 Biodegradable Cost effective Present work

Also, the weight loss values of the unpacked chillies, chillies
packed with polyethylene and those packed with the CPG-IV
film are shown in Fig. 12(c). It was found that the main reason
for weight loss is dehydration through evaporation and cellular
respiration. Unpacked chillies showed more weight loss on the
14th day of storage in comparison with those with the CPG-IV
film and polyethylene. The chillies packed with the CPG-IV
film showed decreased weight loss in comparison with the
unpacked chillies on the 14th day of storage. This is attributed
to the improved WVTR, OP, and antioxidant properties of the
CPG-1V film, which altered the internal atmosphere, thereby
avoiding dehydration.*" Also, the chillies packed with poly-
ethylene showed less weight loss in comparison with the chil-
lies exposed to the environment; this is due to the hydro-
phobic behavior of the polyethylene bag.*” Furthermore, the
total bacterial count test was determined with the help of
Fig. 11(d) and (e). The total bacterial study revealed that the
unpacked chillies showed less resistance to bacterial attack in
comparison with the chillies packed with the CPG-IV film.
This is accountable for the good antibacterial properties of the
CPG-1V film, which was also supported by the antibacterial
results.

4. Conclusions

The present work mainly focused on using an ecofriendly
solvent casting method for the fabrication of polymeric films.
FTIR findings clearly explained the formation of hydrogen
bonding between GA and the CS/(PVP-co-VAc) polymer matrix.
Also, SEM studies revealed the formation of dense morphology
upon the addition of GA. This addition of GA brought changes
in the WS and WCA characteristics and also showed good
mechanical and barrier properties. The fabricated films
showed potential antibacterial and antioxidant nature upon
incorporation of GA into the CS/(PVP-co-VAc) polymer matrix.
The CPG-IV film exhibited higher antioxidant activity (77.18%
+ 0.020) and antimicrobial property than the CP film. In
addition to this, the packaging study results showed that the
CPG-1V film with 4 wt% of GA maintained the quality of chil-
lies by regulating the weight loss and extending the shelf life

© 2026 The Author(s). Published by the Royal Society of Chemistry

of chillies for a period of 14 days. Thus, these findings
suggested that GA-incorporated CS/(PVP-co-VAc) films could be
used in food packaging applications.
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