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Abstract: Biodegradable starch-based films produced from agricultural waste represent a
sustainable alternative to petroleum-derived food packaging materials. In this study, starch
extracted from pineapple leaves (Ananas comosus) and Japanese sweet potato skins (Ipomoea
batatas) was incorporated with chitosan to develop antimicrobial biodegradable films using a gel-
casting technique. The prepared films were characterised for their mechanical, thermal, swelling,
solubility, structural, morphological, antimicrobial, and food-preservation properties. From the
various formulations, the 10% starch-chitosan PA-L film displayed the best performance, with an
optimum tensile strength of 19.8 + 1.2 MPa, elongation at break of 25.3 + 1.5%, thermal resistance
of 95 + 2°C, swelling degree of 120 + 3%, and water solubility of 28.7 + 1.5%. X-ray diffraction
and Fourier transform infrared spectroscopy confirmed the successful formation of a semi-
crystalline chitosan—starch composite through intermolecular interactions, while scanning electron
microscopy revealed compact and homogeneous film morphology. The PA-L film demonstrated
higher antimicrobial activity, producing inhibition zones of 14, 10, 10, and 8 mm against Bacillus
subtilis, Escherichia coli, Pseudomonas aeruginosa, and Staphylococcus aureus, respectively. In
comparison, the JSP-S film exhibited inhibition zones of 12, 0, 6, and 6 mm against the respective
bacterial strains. In the shelf-life studies, the optimised PA-L film confirmed an extended storage
life of lemons and ivy gourds for 10 days under ambient storage conditions by reducing the
moisture loss and delaying visible spoilage. Weight loss was reduced from 32.7% to 6.7% for
lemons and from 32.3% to 11.4% for ivy gourds when wrapped with the PA-L film. These findings
suggest that starch-based biodegradable films that are derived from agricultural waste like
pineapple leaves and Japanese sweet potato skins and reinforced with chitosan could serve as a
sustainable food packaging material capable of extending the shelf life and maintaining the quality
of fresh food produce.

Keywords: starch-chitosan composite films; shelf-life; food preservation; lemon; Coccinia
grandis; agricultural waste

INTRODUCTION

The global food industry is under increasing cerns and the need to preserve food quality
pressure to adopt sustainable packaging (Guillard et al., 2018). Conventional plastic
solutions due to mounting environmental con- packaging, although extensively used, has
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created significant environmental challenges
owing to its non-biodegradable nature. The in-
creased use of conventional plastics has worse-
ned the problem of environmental pollution
and micro-plastics, thereby posing a critical
need for environmentally friendly and sustain-
nable packaging materials based on agricul-
tural waste with superior properties. Among
natural biopolymers, starch has considerable
attention due to its biodegradability, renewa-
bility, low cost, excellent film-forming pro-
perties, and complete decomposition by natu-
rally existing microorganisms during compo-
sting for 30-90 days depending on the compo-
sition of films and environment (Nguyen et al.,
2024). Another important biodegradable poly-
mer with antimicrobial, biocompatible, non-
toxic, and film-forming properties is chitosan.
Chitosan is also degraded by microorganisms
and enzymes in the soil or compost environ-
ments during 4-12 weeks without any toxic re-
sidues (Su et al., 2023). Thus, the combination
of starch and chitosan provides an environ-
mentally friendly material for packaging with
improved functional properties and reduced
environmental pollution. Consequently, resear-
chers have been actively seeking biode-
gradable alternatives that not only minimise
environmental impact but also maintain food
safety and quality (Asgher et al., 2020). Biode-
gradable films derived from renewable agri-
cultural resources have emerged as promising
substitutes for synthetic plastics. These mate-
rials, including starch and chitosan, have
shown exceptional potential for food packa-
ging applications (Nilsen-Nygard et al., 2021).
Starch, an abundantly available polysaccha-
ride, is valued for its film-forming properties,
low cost, and biodegradability. It can be ex-
tracted from diverse plant-based agricultural
waste, making it an ideal candidate for eco-
friendly packaging solutions. Chitosan, a dea-
cetylated derivative of chitin, is the second
most abundant polysaccharide in nature after
cellulose. Renowned for its antimicrobial and
biocompatible properties, chitosan enhances
starch-based films by improving their mecha-
nical strength, barrier properties, and microbial
resistance (Goy et al., 2009). The antimicrobial
activity of chitosan is mainly due to its poly-
cationic properties, which cause disruption of
microbial cell membranes, resulting in leakage
of the contents inside the cell (Kong et al.,
2010). Organic food, prized for its nutritional
benefits, is particularly vulnerable to spoilage

caused by chemical, physical, or microbial fac-
tors. Spoilage leads to changes in a food’s
colour, texture, edibility, and nutritional value,
thereby impacting its safety and quality
(Rahman et al., 2007). Indicators of spoilage
include alterations in flavor, appearance, or
scent, often driven by interlinked mechanisms.
Key factors such as temperature, pH, nutrient
availability, air exposure, and chemical inte-
ractions play a significant role in accelerating
food spoilage (Amit et al., 2017). Effective
food preservation techniques aim to mitigate
these factors, thereby maintaining the natural
flavour, texture, and nutritional integrity of
food. This study leverages agricultural waste,
specifically pine-apple leaves (Ananas como-
sus) and Japanese sweet potato skin (Ipomoea
batatas), as sources of starch for the develop-
ment of biodegradable films. These agricul-
tural by-products, often discarded, are rich in
starch, which can be utilised to create biopo-
lymers. Employing such waste materials aligns
with sustainable practices and promotes a cir-
cular economy by transforming waste into
valuable resources (Zolek-Tryznowska et al.,
2021). By combining the extracted starch with
chitosan, biodegradable films were developed
that not only address food spoilage issues but
also reduce dependency on synthetic polymers.
The effectiveness of biodegradable films de-
pends on their functional properties, such as
mechanical strength, thermal resistance, water
solubility, and antimicrobial activity (Abdol-
lahi et al., 2012). Mechanical strength deter-
mines the durability and flexibility of the
films, while thermal resistance ensures their
performance under varying storage conditions.
Water solubility and swelling behaviour in-
fluence the films' biodegradability and suita-
bility for different food types, particularly
those with high moisture content (Khodaei et
al., 2021). Incorporating chitosan into starch-
based films enhances their antimicrobial pro-
perties, offering protection against foodborne
pathogens such as Bacillus subtilis, Staphylo-
coccus aureus, Escherichia coli, and Pseudo-
monas aeruginosa. This dual functionality of
extending shelf life and reducing microbial
contamination is crucial for the preservation of
perishable products (Cagri-Mehmetoglu et al.,
2004). Despite considerable progress in starch-
based biodegradable films, most reported stu-
dies have focused on conventional starch sour-
ces or a single agricultural by-product, with li-
mited emphasis on systematically comparing
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different waste-derived starches under iden-
tical fabrication conditions. Furthermore, the
mechanical, antimicrobial and practical food
preservation performance is not well under-
stood in terms of the relationship with the
structural characteristics of these films (Ranga-
nathan et al., 2020). Therefore, this study aims
to utilize two underutilized agricultural waste,
pineapple leaves (Ananas comosus) and Japa-
nese sweet potato skins (Ipomoea batatas), as
sources of starch to prepare chitosan-rein-
forced biodegradable films by a gel casting
technique.

Physicochemical, mechanical, thermal, struc-
tural (FTIR, XRD and SEM) and antimicrobial
characterization were used to make a compre-
hensive comparison of the two film systems,
and it was validated in real food packaging ap-
plications with lemon and ivy gourd. The com-
prehensive method used helps in gaining better
insights into how starch from agricultural was-
tes can serve as eco-friendly alternatives to
conventional food packaging films (Luchese et
al., 2018).

MATERIALS AND METHODS
Isolation of starch from plant waste

The pineapple leaves (PA-L) and Japanese
sweet potato skins (JSP-S) that are considered
as waste were collected from the local markets
of Chennai, Tamil Nadu. They were tho-
roughly washed and rinsed in distilled water.
Then PA-L and JSP-S were crushed into small
pieces and soaked in double-distilled water
separately for one day to extract starch. From
the supernatant, starch was collected by pre-
cipitation, and it was subsequently dried in a
conventional oven at 70 °C (Saman et al.,
2019).

Starch iodine test

The two extracts (PA-L and JSP-S) were
subjected to lodine Starch Test to confirm the
presence of starch by adding 2-3 drops of
iodine solution.

Preparation of biodegradable films
incorporating PA-L and JSP-S starch
extracts

Biodegradable films were prepared by varying
the concentrations of starch and chitosan si-
multaneously at 4%, 8%, 10%, 12%, and 16%
(w/v), maintaining an equal starch-to-chitosan
ratio (4:4, 8:8, 10:10, 12:12, and 16:16). For

each formulation, the required amount of PA-L
or JSP-S starch was dispersed in distilled
water, while chitosan was dissolved separately
in 1% (v/v) acetic acid at pH 4.5 under
continuous stirring for 1-2 h at 30 °C until a
homogeneous solution was obtained. The
starch and chitosan solutions were then mixed
thoroughly to obtain a uniform film forming
solution. Approximately 20 mL of the final so-
lution was poured into a sterile 90 mm dia-
meter Petri dish and dried at room temperature
(25 = 2 °C) for 24 h (Luchese et al., 2018).
After drying, the films were carefully peeled
from the casting plates and stored in a desic-
cator for further characterization studies.

Characterization of the biodegradable film
Mechanical properties

The thickness of the two synthesized PA-L and
JSP-S starch extracts incorporated in films was
measured using a micrometer instrument.
Other physicochemical characteristics like ten-
sile strength and elongation at break was also
evaluated using universal testing machine
(Shimadzu, Japan) following ASTM D882
standard in triplicates with a film size of 60 x
10 mm at a crosshead speed of 5 mm/min.

Stability of the biodegradable film

The thermal resistance of the synthesized PA-
L and JSP-S biodegradable films was eva-
luated by visual observation using a hot air
oven (Memmert UN55, Memmert GmbH+ Co.
KG, Schwabach, Germany). Thermal resis-
tance of the synthesized biodegradable poly-
mer films of PA-L and JSP-S was carried out
by treating the film samples (20x20 mm) with
different temperatures (4, 10, 37, 90, 100, and
120 °C) using a hot air oven/incubator.

The films were kept at each of these tem-
peratures for 30 min and then cooled to room
temperature. Thermal resistance was deter-
mined by observation of the physical change in
the films in terms of any shrinkage, defor-
mation, cracks, colour change, brittleness, or
disintegration. If the films maintained their
original shape and flexibility without under-
going any visible change in their physical
form, then the films were said to be thermally
stable (Rhim et al., 2013).

Analysis of swelling and solubility

The prepared films were completely dried and
cut into 10x10 mm dimensions. The cut films
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were soaked in 30mL of distilled water in a
sterile beaker covered with aluminium foil and
left at room temperature overnight (Diaz-Cru
et al., 2022). The following formula was used
for calculating film solubility and swelling
degree:

Film solubility = [(F1-F3)/F1] x100

Swelling degree = [(F2-F1)/F1] x100

where,

F1- Initial dry mass (g)

F2- Residual film pieces after discarding water (g)
F3- Final dry mass after overnight incubation (g)

Fourier Transform Infrared spectroscopic
(FTIR) spectral analysis

Each film’s Fourier Transform Infrared spec-
troscopic (FTIR) characterization was carried
out using PerkinElmer Spectrum Two FTIR
spectrometer (USA). The spectra range was
between 400 and 4000 cm™ with an average of
100 scans and the respective films were
analysed and compared (Nguyen et al., 2024).

X-Ray Diffraction Method (XRD)

The crystallographic structures of the film
were assessed by X-ray diffraction (XRD)
using X-ray diffractometer (Seifert JSO-De-
byeflex 2002). It was run at a wavelength of
1.5406A under 40 kV, 30 mA, and Cu K
radiation conditions. The film was lyophilized
at 50 °C and then XRD pattern was scanned in
two ranges of 35 ° to 70 ° at a step size of
0.04° per second (Nguyen et al., 2024).

Scanning Electron Microscope (SEM)

The surface morphology of the films was exa-
mined using Scanning Electron Microscopy
(SEM, JEOL, JSM-IT300 JEOL Ltd., Tokyo,
Japan). Prior to imaging, the samples were af-
fixed onto double-sided adhesive tape and
coated with a thin layer of gold via sputtering
in a low vacuum chamber. SEM analysis was
conducted at an accelerating voltage of 30 kV
(Homez-Jara et al., 2018).

Antibacterial study by disc diffusion method

The antibacterial properties of the biode-gra-
dable films PA-L and JSP-S against the four
bacterial strains of food-spoiling bacteria, in-
cluding Staphylococcus aureus, Bacillus sub-
tilis, Pseudomonas aeruginosa, and Escheri-
chia coli, were assessed via agar disc dif-
fusion test using three replications. The films
were prepared as sterile discs of 10 mm

diameter and were kept at 80 °C for 10 min in
the hot air oven before performing the expe-
riment. The film’s integrity was not altered by
this method. Bacterial cultures were grown in
4 mL of peptone water at 25 °C with agitation
until attaining approximately10® CFU/mL con-
centration. The suspension was evenly spread
on separate Mueller—Hinton agar (MHA) pla-
tes by using sterile cotton swabs. Then, the
sterilized film discs were placed on the MHA
plates, where they had been inoculated. The
streptomycin disc (10 pg/disc) was used as the
positive control, whereas sterile distilled water
was chosen as the negative control. Plates were
incubated for 24 h at 37°C (Jatav et al., 2022).
Antibacterial activity was estimated by mea-
suring the diameter of the inhibition zone
(mm).

Shelf-life analysis of biodegradable film

Fruits and vegetables of uniform size without
any defect were selected from fresh Citrus
limon (lemon) and Coccinia grandis (ivy
gourd). Fruits and vegetables were thoroughly
washed, surface sterilized with 70% ethanol,
rinsed with sterilized distilled water, and air-
dried.

Fruits and vegetables were divided randomly
into three treatments (n=3): (i) control fruits
and vegetables without wrapping, (ii) fruits
and vegetables wrapped individually with PA-
L starch-chitosan films and sealed, (iii) fruits
and vegetables wrapped individually with JSP-
S starch-chitosan films and sealed. The
wrapped fruits and vegetables were stored for
10 days under ambient laboratory condi-tions
(25x2°C) with relative humidity of 62%.

Regular observations on physical quality
change like colour change, firmness, shrinking,
and visual deterioration were recorded. Percen-
tage weight loss was estimated by taking the
difference in weight before and after storage.
Shelf life was determined based on physical
appearance and weight loss percentage of
wrapped and unwrapped fruits and vegetables
(Ungureanu et al., 2023).

Statistical Analysis

All experiments were carried out in triplicates
(n=3), and the data is expressed as mean *
standard deviation (SD) values. Statistical ana-
lysis was done using one-way analysis of va-
riance (ANOVA) followed by Tukey’s post-
hoc test to check for significant differences
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between groups. A value of p<0.05 was con-
sidered significant (Montgomery et al., 2019).

RESULTS AND DISCUSSION

PA-L and JSP-S biodegradable film formu-
lation

The extraction process yielded approximately
0.7 g of starch from JSP-S and d 0.9 g from
PA-L, indicating a moderately effective reco-
very method, where PA-L exhibited a higher
yield compared to JSP-S. The comparatively
lower starch yield obtained from pineapple
leaves and sweet potato skins could be due to
the highly fibrous structure of these plant
materials, along with the use of a basic water-
based extraction process without the appli-
cation of enzymatic or alkaline pretreatment.
The isolated starches were incorporated into a
chitosan biopolymer matrix to develop a bio-
degradable film. The starch—chitosan mixtures

at various w/v % were stirred continuously for
2 hours to achieve a uniform and viscous
solution, following a method similar to that
described by Saman et al. (2019). The resulting
homogeneous mixtures were processed using
the gel casting technique to form bio-degra-
dable film.

The compatibility between starch and chitosan
resulted in uniform and flexible film structures.
This outcome is consistent with the findings of
Sun et al. (2017), who high-lighted the role of
starch in enhancing the plasticity and film
forming ability of chitosan-based materials.

The improved texture and handling properties
of the films can be attributed to the inter-
molecular interactions between the hydroxyl
groups of starch and the amino groups of chi-
tosan. The physical appearance and integrity of
the developed biodegradable film are presented
inFig. 1 a, b.

Figure 1. Biodegradable film prepared using (a) Pineapple leaf (PA-L); (b) Japanese sweet potato (JSP-S)

Table 1.

Mechanical, stability, and swelling properties of PA-L & JSP-S starch-based films

s-trreenrf”t% Elorg)%zzgl(zn at r-:;si?;g:gle Swelling degree Solubility
Chitosan  Starch g . (%) (%)
(MPa) (%) 9
(%) (%) PA-  JSP-
PA-L JSP-S PA-L JSP-S L S PA-L JSP-S PA-L JSP-S
4 4 124+ 118+ 182+ 175+ gy, go+ 145+ 148+ 385 392+
0.8¢ 0.7¢ 1.14 1.04 2d 2d 5b 5b +2.1b 2.0°
8 8 156+ 149+ 215+ 203+ gg4+ g+ 132+ 136z 324 348+
1.00 0.9° 1.3° 1.2b 3 2b 4e 4e +1.8¢ 1.7¢
10 10 198+ 186+ 253+ 239+ g5+ g2+ 120+ 125% 287 305+
1.2# 1.1 1.5 1.4 2a 2a 3d 3d + 1564 1.64
12 12 16.2+ 158+ 201+ 197+ gp+ gg+ 135+ 138% 342 359+
0.9 08 12 1l g 3 4e 5e  +17¢ 18
16 16 135+ 131+ 17.8% 169+ g5+ g3+ 150+ 152+ 406 413+
0.7¢ 0.6¢ 1.04 0.9¢ 3 2 62 62 +2.3 2.2a

*a = Highest mean value, b = Second highest mean value, ¢ = Third highest mean value, d = Lowest mean value
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Table 2.

One-way ANOVA results for the mechanical and structural properties of PA-L and JSP-S starch-based

biodegradable films

Parameter PA-L F-value PA-L p-value JSP-S F-value JSP-S p-value
Tensile strength 42.67 <0.001 39.82 <0.001
Elongation at break 31.84 <0.001 28.51 <0.001
Thermal resistance 26.11 <0.001 24.37 <0.001
Swelling degree 57.98 <0.001 53.14 <0.001
Solubility 44.53 <0.001 41.76 <0.001

Mechanical and structural properties of the
biodegradable film

The mechanical properties of the film have
shown substantial dependence on polymer con-
centration as well as on the type of starch used.
Table 1 shows that, for both films, tensile
strength increases with an increase in chitosan-
starch concentration up to 10%, beyond which
tensile strength decreases. Notably, PA-L film
show higher tensile strength at 10% concen-
tration, i.e., 19.8 + 1.2 MPa, as compared to
JSP-S film, which has a tensile strength of 18.6
+ 1.1 MPa at 10% concentration. This indi-
cates that PA-L film has stronger intermo-
lecular interactions as compared to JSP-S film.
A similar observation was noted for elongation
at break, where PA-L film has higher elon-
gation at break as compared to JSP-S film. PA-
L film has higher flexibility at 10% concen-
tration, i.e., 25.3 + 1.5%, as compared to JSP-S
film, which has 23.9 + 1.4% (Bof et al., 2015).

Thermal resistance analysis confirmed that
PA-L film has higher thermal resistance at
10% concentration, i.e., 95 + 2 °C, compared
to JSP-S film, which has stability at 92 + 2 °C
that could be due to stronger hydrogen bonds.
In addition to this, swelling degree and solu-
bility also decreased with an increase in con-
centration up to 10%, which indicated im-
proved water uptake and moisture resistance
owing to the increased density of cross-linking.
The lowest solubility was also recorded in PA-
L film (28.7 £ 1.5%), followed by JSP-S film
(30.5 £ 1.6%), which also indicated improved
barrier characteristics in PA-L biodegradable
film. However, at concentrations above the op-
timal concentration (>12%), both PA-L and
JSP-S films showed a reduction in tensile
strength and elongation along with an impro-
vement in swelling and solubility. These re-
sults are consistent with previous reports sug-
gesting that the interaction of chitosan-starch
plays an important role in the improvement of
the film's mechanical strength and also showed
reduced tensile strength and flexibility due to

the disruption of the polymer structure by the
starch component (Thakhiew et al., 2015). The
effect of varying chitosan-starch concentration
was statistically significant, as observed from
one-way ANOVA (Table 2). Of all the for-
mulations used in the experiment, the 10%
concentration had the highest tensile strength,
elongation, and thermal resistance while ha-
ving the lowest swelling degree and solubility.

Antimicrobial analysis

The antimicrobial activity of biodegradable
films was assessed against Bacillus subtilis,
Staphylococcus aureus, Escherichia coli, and
Pseudomonas aeruginosa. Streptomycin (20
JHg/mL) was used as the positive control,
while sterile discs without film served as the
negative control. For PA-L film, the ZOI dia-
meters were 14 mm for B. subtilis, 8 mm for S.
aureus, and 10 mm each for E. coli and P.
aeruginosa (Jatav et al., 2022). In contrast,
JSP-S film exhibited lower ZOI values, mea-
suring 12 mm for B. subtilis, 6 mm for S.
aureus, and 6 mm for P. aeruginosa, with no
inhibition against E. coli (Table 3). These fin-
dings align with earlier research on chitosan’s
antimicrobial properties, which are influenced
by its molecular weight, degree of deacetyl-
lation, and the strain of microorganisms. The
antimicrobial effect of the chitosan—starch
films can largely be attributed to the poly-
cationic characteristics of chitosan. The posi-
tively charged amino groups present in chito-
san interact with the negatively charged com-
ponents of bacterial cell membranes, which
disrupts membrane integrity. This interaction
enhances membrane permeability, causing lea-
kage of cellular contents and ultimately re-
sulting in bacterial cell death. Chitosan with a
high degree of deacetylation was found to dis-
rupt bacterial cell membranes by interacting
with phospholipids, increasing permeability,
and causing cell damage (Goy et al., 2009).
Both Gram-positive and Gram-negative bacte-
ria showed sensitivity to chitosan in this study,
similar to the previous studies, which also have
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Table 3.

Antibacterial activity of PA-L and SP-S starch-based biodegradable films against selected foodborne bacteria

compared with positive and negative controls

Negative control

Positive control

Bacterial strain (Sterilized water) (Streptomycin 20 PA-L film SP-Sfilm
(mm) pg/disc) (mm) (mm)
(mm)
Bacillus subtilis 0 30 14 12
Staphylococcus aureus 0 19 8 6
Escherichia coli 0 30 10 0
Pseudomonas aeruginosa 0 17 10 6

reported mixed results, with some demon-
strating stronger effects against Gram-positive
bacteria like S. aureus depending on chitosan’s
structural properties. The absence of E. coli in-
hibition in JSP-S film suggests that the anti-
microbial effectiveness of these films may also
depend on the composition of the starch ex-
tracts, the medium, and the concentration of
active components (Ardila et al., 2017). These
findings highlight the variability of chitosan’s
antimicrobial activity and the critical role of
incorporated biopolymers in determining the
overall effectiveness of biodegradable films.
All the measurements were done in triplicate,
and the results are expressed as mean * stan-
dard deviation. Significant differences (p <
0.05) were observed between the control and
treated samples.

Phase identification

The phase of the biodegradable films was iden-
tified using XRD (X-ray diffraction) (Fig. 2a).
Both samples F1 and F2 (PA-L and JSP-S)
show a broad peak at 22 ° and 23 ° implying
the crystalline structure of starch integrated
into the chitosan matrix. These peaks are pri-
marily linked to the retrogradation of starch, a
phenomenon where gelatinized starch reorga-
nizes into a more ordered crystalline structure
over time. Supporting this observation, Hatna
et al., 2004 reported that incorporating PVA
into starch films altered their crystalline re-
gions, producing peaks between 20 ° and 25°,
which were attributed to interactions between
starch and PVA as well as retrogradation. Cel-
lulose-starch blends exhibited XRD peaks bet-
ween 18 ° and 22 °, indicating partial crystal-
linity arising from retrogradation and poly-
meric interactions (Baseer et al., 2022).
Highest peak at 22 ° and 23 ° corresponds to
the crystalline of starch in chitosan matrix
(Diaz-Cruz et al., 2022). Notably, the retro-
gradation of starch-based chitosan biopolymers
accelerates under high relative humidity (RH),

leading to a decline in mechanical performance
(Razali et al., 2019).

Functional group analysis

The FTIR analysis of the chitosan—starch bio-
degradable films (Figure 2bl & 2b2) confirm
successful blending and strong intermolecular
interactions between the components. A broad
band observed at ~3297 cm™! corresponds to
O-H stretching vibrations of hydroxyl groups
present in both chitosan and starch, indicating
extensive hydrogen bonding that contributes to
the stability and hydrophilic nature of the com-
posite. The peak at ~2920 cm™ is attributed to
C-H stretching vibrations of aliphatic chains,
confirming the organic backbone of the matrix.
The band observed around 1652-1654 cm™
corresponds to the amide I (C=0 stretching) of
chitosan, indicating structural integrity of the
polymer within the blend. A peak near 1739
cm!' suggests the presence of carbonyl groups,
which may arise from interactions between
starch and chitosan or residual acetyl groups.
The absorption bands at ~1411-1415 cm™ and
~1154 cm™ correspond to C—H bending and
glycosidic linkages (C-O-C), respectively,
confirming the presence and preservation of
polysaccharide structures. Additionally, the
strong band around ~1080 cm™ is associated
with C-O stretching vibrations of alcohol and
ether groups, reflecting characteristic starch
functionalities. The peaks observed near ~896—
900 cm™ and ~669—-670 cm™ are attributed to
vibrations of the polysaccharide backbone and
C-H bending, further confirming structural
stability. Overall, the FTIR spectra confirm the
successful formation of a chitosan—starch
composite with preserved functional groups
and strong hydrogen bonding interactions. The
presence of a carbonyl peak around 1739 cm™
suggests possible esterification or intermo-
lecular interactions between hydroxyl and ace-
tyl groups, contributing to improved structural
properties (Xu et al., 2024). These findings are
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consistent with previous reports by Del et al.
(2020), which also highlighted hydrogen bon-
ding and compatibility in chitosan—starch
films. Similar improvements in functional pro-
perties due to polysaccharide blending were
reported by Abdullah et al., 2023, while Wu et
al., 2021 further confirmed the stability and sy-
nergistic behaviour of such biopolymer com-
posites. The O-H and amide shifts seen in-
dicate strong intermolecular hydrogen bon-
ding, which plays a key role in contributing to
increased mechanical stability and decreased
solubility of the films.

Scanning Electron Microscope (SEM)

The SEM analysis of the biodegradable film
shows a smooth, reasonably uniform matrix
with slight surface imperfections (Figure 2C1
& 2C2). The image, which was taken at a wor-
king distance of 11.5 mm and a magnification
of 20,000x utilizing secondary electron detec-
tion at an accelerating voltage of 30.00 kV,
demonstrates the smooth integration of the
starch and chitosan components inside the film
structure. Strong connections between the chi-
tosan and starch polymer chains are suggested
by the dense and compact arrangement, which
results in the creation of a durable biode-
gradable film matrix. The possible mechanical
stability and barrier qualities of the film are
connected to this structural homogeneity. Ef-

(%]
o0

Intensity (a.u.)

fective cross-linking or blending of the com-
ponents is indicated by the absence of large
cracks or gaps in the matrix, which may im-
prove adhesion and resistance to environ-men-
tal influences (Nguyen et al., 2024). Addi-
tionally, the surface characteristics point to
continuous porosity, which could be important
for uses like biodegradable packaging, antimi-
crobial coatings, and controlled drug release
(Kraemer et al., 2025). These results are con-
sistent with previous research on polysac-
charide based biodegradable film, which
highlights the structures’ capacity to construct
cohesive, flexible structures with a variety of
uses.

Shelf-life study of fruits and vegetables
using the biodegradable films

The biodegradable films demonstrated excep-
tional effectiveness in preserving the quality of
lemon and lvy gourd over a 10-day storage
period, as shown in Fig. 3. Lemon, which is
highly susceptible to pressure damage and ra-
pid spoilage due to mould, and lvy gourd,
which typically has a short postharvest lifespan
of 2-3 days, exhibited a significant extension
in freshness with this biodegradable film. The
wrapped fruit retained their natural colour,
texture, and overall integrity without visible
signs of deterioration.

—r
—r2

20
20 (Degree)

30

40 50

ﬂ.}\bl

Figure 2. Structural and morphological characterization of the biodegradable film: XRD pattern (3a), FTIR
spectra (3bl, 3b2), and FE-SEM images (3C1, 3C2)



Monica Muniendra Babu et al., Eco-friendly antimicrobial biodegradable films synthesized from pineapple leaf and Japanese sweet potato
skin starch for food packaging applications, Food and Feed Research, 00 (0), 00-00, 0000

In contrast, control samples showed spoilage
by the third day, with lemon developing brow-
ning and rot, while Ivy gourd experienced ex-
tensive mould and yeast growth. Furthermore,
weight loss percentages were calculated for
both Ivy gourd and lemon with and without the

getable demonstrated significantly lower
weight loss percentages compared to their
counterparts. The rate of decay was substan-
tially higher in fruit that was not wrapped with
the film, as it exhibited a more rapid evapo-
ration of water, which is summarised in Table

wrapping (Fig. 4). The wrapped fruit and ve- 4,

- L~

Figure 3. Comparative analysis of lemon and ivy gourd preservation: Images of lemon (a) and ivy gourd (b) on
day 1: control samples (a, b), lemon and ivy gourd with PA-L starch-based film (al, bl), and lemon and ivy
gourd with JSP-S starch-based film (a2, b2)

Figure 4. Preservation effect of biodegradable films after 10 days of storage: Images of lemon (a) and ivy gourd
(b) after 10 days of storage at room temperature (25 + 2 °C): control samples (a, b), lemon and ivy gourd
wrapped with PA-L starch-based film (al, bl), and lemon and ivy gourd wrapped with JSP-S starch-based film

(@2, b2)
Table 4.
Effect of PA-L and JSP-S biodegradable film wrapping on weight loss during storage
. . . Final Weight loss
Fruit/vegetable Treatment Initial weight (g) weight () percentage (%)
Control (Fig a) 29.89 20.12 32.7
Lemon PA-L film (Fig al) 30.23 28.20 6.7
JSP-S film (Fig a2) 30.10 28.06 6.8
Control film (Fig b) 11.29 7.64 32.3
Ivy gourd PA-L film (Fig bl) 10.36 9.18 114

JSP-S film (Fig b2) 11.24 9.85 12.36
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Table 5.

Visual shelf-life assessment of lemon and ivy gourd wrapped with PA-L and JSP-S biodegradable films during

storage at room temperature (25 + 2 °C)

Control PA-L Film JSP-S Film

Storage days
Lemon lvy gourd Lemon lvy gourd Lemon lvy gourd

Day 1 +++++ +++++ ++++4+ +++++ +++++
Day 3 ++++ ++++ ++++ +H+++ ++++
Day 5 +++ ++ +++ ++++ +++
Day 7 ++ + +++ +++ ++
Day 10 + + +++ +++ ++

+++++ Excellent; ++++ Very Good; +++ Good; ++ Average; +Poor

This further confirms that this film iseffec-
tively limiting the rate of gaseous exchange,
and the hydrophilic nature of the film works as
a moisturiser and prevents the water content
from evaporating. The minimal weight loss
observed in the wrapped fruit highlights the
films’ ability to prevent moisture loss and
serves as an effective barrier against microbial
contamination. These results align with pre-
vious research demonstrating the efficacy of
biopolymer-based films, including chitosan,
starch, and alginate, in inhibiting microbial
growth and prolonging the shelf life of peri-
shable produce such as tomatoes, strawberries,
and cucumbers (Ungureanu et al., 2023). The
antimicrobial properties of the biodegradable
film, attributed to the capacity to disrupt mi-
crobial cell membranes, further contributed to
decay prevention (Aloui et al., 2016). Visual
Shelf-Life Assessment of lemon and ivy gourd
wrapped with PA-L and JSP-S biodegradable
films during storage at room temperature (25 +
2 °C) (Table 5). The ability of these biodegra-
dable films to maintain the freshness of lemon
and lvy gourd for up to 10 days underscores
their potential as an eco-friendly and sustain-
nable alternative to synthetic preservatives.

By reducing food spoilage and extending the
postharvest life of perishable fruits and vege-
tables, these biodegradable films offer a pro-
mising solution for minimising food waste and
promoting environmentally responsible agri-
cultural practices.

Barrier properties of biodegradable films

Film barrier performance like water vapour
per-meability, was interpreted theoretically
only using solubility and morphology of the
film. Generally, starch-based films have high
water vapour permeability owing to their hy-
drophilic characteristics. However, by adding
chitosan, it is possible to improve the film
barrier properties since it forms a denser po-

lymer structure through hydrogen bonding.
The dense film structure, as inferred from
SEM for morphology, is likely to have less
free volume for water vapour diffusion
(Homez-Jara et al., 2018). At 10% wlv, it is
possible that the film will have less solubility
and hence less water vapour transmission.
However, owing to its hydrophilic charac-
teristics, it is probable that some permeability
will still be achieved, especially in high hu-
midity conditions.

CONCLUSION

The present study demonstrates the successful
development of biodegradable starch-based
composite films from pineapple leaf (PA-L)
and Japanese sweet potato skin (JSP-S) agri-
cultural wastes reinforced with chitosan for
potential food-packaging applications. The de-
veloped films exhibited favourable mechanical
properties, thermal resistance, and anti-
microbial activity against selected foodborne
microorganisms. Among the formulations in-
vestigated, the optimised films showed en-
hanced tensile strength, reduced water solu-
bility, and improved structural integrity, in-
dicating the beneficial role of chitosan in
strengthening the polymer matrix. Further-
more, the films help to preserve the quality of
lemon and ivy gourd for up to 10 days under
ambient storage conditions, demonstrating
their potential to reduce microbial spoilage and
prolong the shelf life of fresh produce. The
utilization of agricultural waste derived starch
not only provides an eco-friendly and value-
added approach for biomass utilization but also
contributes to the development of sustainable
packaging materials. The synergistic combi-
nation of starch and chitosan offers improved
physicochemical and antimicrobial properties,
making these biodegradable films promising
candidates for food-packaging applications.
Further optimisation and validation under prac-



Monica Muniendra Babu et al., Eco-friendly antimicrobial biodegradable films synthesized from pineapple leaf and Japanese sweet potato
skin starch for food packaging applications, Food and Feed Research, 00 (0), 00-00, 0000

tical packaging conditions will facilitate their
future application as sustainable alternatives to
conventional petroleum-based packaging mate-
rials.
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EKOLOSKI PRIHVATUIVI ANTIMIKROBNI BIORAZGRADIVI FILMOVI SINTETISANI OD
SKROBA IZ LISTA ANANASA | KORE JAPANSKOG SLATKOG KROMPIRA ZA PRIMENU U
PAKOVANJU HRANE

Monica Muniendra Babu, Selva Kumar Thanganadar Appapalam, Millicent Mabel”

Rajalaksmi inZenjerski koledZ, Departman za biotehnologiju, Tandalam, Cinaj, Indija

Sazetak: Biorazgradivi filmovi na bazi skroba proizvedeni iz poljoprivrednog otpada
predstavljaju odrzivu alternativu materijalima za pakovanje hrane dobijenim iz nafte. U ovoj
studiji, skrob ekstrahovan iz listova ananasa (Ananas comosus) i kore japanskog slatkog krompira
(Ipomoea batatas) kombinovan je sa hitozanom radi razvoja antimikrobnih biorazgradivih filmova
koris¢enjem tehnike gel-castinga. Pripremljeni filmovi su karakterisani u pogledu bubrenja,
rastvorljivosti, mehanickih, termalnih, strukturnih, morfoloskih, antimikrobnih karakteristika kao 1
svojstava oCuvanja hrane. Od razli¢itih formulacija, film PA-L sa 10% skroba i hitozana pokazao
je najbolje performanse, sa optimalnom zateznom ¢vrstocom od 19,8 = 1,2 MPa, istezanjem pri
kidanju od 25,3 + 1,5%, termalnom otporno$¢u od 95 + 2°C, stepenom bubrenja od 120 + 3% i
rastvorljivos$éu u vodi od 28,7 £+ 1,5%. Rendgenska difrakcija i FTIR spektroskopija potvrdile su
uspesno formiranje polukristalnog kompozita hitozan—skrob putem intermolekularnih interakcija,
dok je skenirajuca elektronska mikroskopija otkrila kompaktnu i homogenu morfologiju filma.
Film PA-L pokazao je vi$u antimikrobnu aktivnost, stvarajuc¢i zone inhibicije od 14, 10, 10 i 8 mm
protiv Bacillus subtilis, Escherichia coli, Pseudomonas aeruginosa i Staphylococcus aureus,
respektivno. Nasuprot tome, film JSP-S pokazao je zone inhibicije od 12, 0, 6 i 6 mm protiv istih
bakterijskih sojeva. U studijama produZenja roka trajanja, optimizovani PA-L film potvrdio je
produzeno skladistenje limuna i vrste povréa iz jugoistoéne Azije (Coccinia grandis) za 10 dana u
ambijentalnim uslovima, smanjuju¢i gubitak vlage i odlazuéi vidljivo kvarenje. Gubitak mase
smanjen je sa 32,7% na 6,7% kod limuna i sa 32,3% na 11,4% kod C. grandis kada su bili
upakovani u PA-L film. Ovi rezultati ukazuju da biorazgradivi filmovi na bazi skroba, dobijeni iz
poljoprivrednog otpada poput listova ananasa i kore japanskog slatkog krompira i ojacani
hitozanom, mogu sluziti kao odrziv materijal za pakovanje hrane sposoban da produzi rok trajanja
i ocuva kvalitet svezih prehrambenih proizvoda.

Kljuéne reci: skrob-hitozan kompozitni film; rok trajanja; konzerviranje hrane; limun; Coccinia
grandis; poljoprivredni otpad

Received: 05 May 2026/ Received in revised form: 15 July 2026/ Accepted: 15 July 2026
Available online: October 2026

@ @ This open-access article is licensed under the Creative Commons Attribution 4.0 International License.
By To view a copy of this license, visit https://creativecommons.org/licenses/by/4.0/ or send a letter to
Creative Commons, PO Box 1866, Mountain View, CA 94042, USA.

© The Author(s) 0000



https://creativecommons.org/licenses/by/4.0/

