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antimicrobial and structural
properties of PVA packaging films using neem leaf
powder: an example for extending the shelf life of
cowpeas

TamilAnand Solaikannan, a Sivaranjana Paramasivan,*a Rajini Nagarajanb

and Nadir Ayrilmis *c

This study focused on the fabrication and characterization of polyvinyl alcohol (PVA)/Azadirachta indica

(neem leaf) hybrid films for use in active food packaging. PVA/AiP hybrid films were prepared using

a solution casting technique with varying concentrations of AiP (0.1, 0.5, 1.0, 1.5, and 2.0 g) as a bio-filler.

The films were comprehensively characterized using FTIR, XRD, SEM, optical microscopy, TGA/DSC,

water absorption, oxygen permeability, mechanical strength, water vapor transmission rate, soil

degradability, and antimicrobial activity tests. TGA/DSC showed improved thermal stability of the hybrid

films (up to 330 °C) with increasing AiP content. Water absorption increased with AiP incorporation,

peaking at 0.5 g, (130% at 60 min) while oxygen permeability was highest for the 0.5 g AiP film

(∼8.0 mg L−1 at 72 hours). At 2 g AiP loading, the film showed noticeable brittleness, making it unsuitable

for conventional film applications. Hence, it was not compared with the lower concentration films, but

its barrier properties were evaluated separately. Tensile strength significantly improved at 2 g AiP loading

(18.82 MPa). Water vapor transmission rate progressively reduced with increasing AiP content. Soil

degradability was enhanced at 0.1 g AiP (74.5%) but decreased at higher loadings (55.4%). Antimicrobial

activity against E. coli increased with AiP concentration. Compared to pure PVA films (tensile strength

12–15 MPa, WVTR 6.0–7.2 g mm m−2 day−1 kPa−1) and commercial PET films (tensile strength 55–

75 MPa, WVTR 2.0–3.0 g mm m−2 day−1 kPa−1), the PVA/AiP hybrid films exhibited superior barrier

performance and antimicrobial activity while being biodegradable. The findings demonstrated the

potential of PVA/AiP hybrid films as sustainable and effective active food packaging materials. This

supports the achievement of sustainable development goal (SDG) 12, which focuses on responsible

consumption and production. Unlike pure PVA or conventional plastics, PVA/AiP hybrid films combined

superior performance with biodegradability and antimicrobial activity.
1 Introduction

The environmental problems caused by plastic packaging have
raised concerns worldwide. This has increased the demand for
sustainable and biodegradable materials for the food industry.
The move toward sustainable packaging is driven not only by
environmental concerns but also by changing consumer pref-
erences for eco-friendly products.1,2 People now prefer
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packaging, which reduces harm to the environment and
supports responsible use of resources. Developing and using
sustainable food packaging is essential to reduce the negative
effects of plastics and to support a more environmentally
friendly food system. Active packaging is becoming increasingly
popular as a way to reduce food waste and improve food quality.
It contains active ingredients that help extend shelf life and
keep food safer.3,4 This approach offers a smart solution to meet
consumer demand and sustainability goals in food packaging.
Unlike passive packaging, which primarily serves as a barrier
against external factors, active packaging interacts directly with
food products or the surrounding environment to inhibit
microbial growth, scavenge oxygen, absorb moisture, or release
antimicrobial agents.5 This proactive approach helps maintain
food freshness, prevent spoilage, and minimize the risk of
foodborne illnesses, ultimately extending the shelf life of
perishable goods and reducing the amount of food that ends up
© 2025 The Author(s). Published by the Royal Society of Chemistry
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in landlls. The use of biodegradable polymers and natural
additives is key to creating eco-friendly food packaging. These
materials help reduce the use of traditional plastics and envi-
ronmental pollution. They offer a sustainable solution that
supports both food safety and environmental protection.6 Poly-
vinyl alcohol (PVA) is a biocompatible and biodegradable
synthetic polymer that has been widely used in various packaging
applications owing to its excellent lm-forming properties, water
solubility, and nontoxic nature.7 PVA has some limitations, such
as being water-loving (hydrophilic), lacking natural antibacterial
properties, and weak mechanical and thermal strength. There-
fore, they oen need to be combined with other materials to
improve their performance. The addition of reinforcements and
active agents makes PVA more suitable for food packaging
applications.8

Azadirachta indica (neem) leaf extract is a well-known natural
product that possesses potent antimicrobial properties, making
it a suitable active ingredient for incorporation into food
packaging lms to inhibit microbial growth and extend the
shelf life of perishable goods.9,10 Neem leaves contain a complex
mixture of bioactive compounds, including azadirachtin, nim-
bin, and nimbidin,11 which exhibit broad-spectrum antimicro-
bial activities against bacteria, fungi, and viruses. Combining
PVA with Azadirachta indica leaf powder (AiP) can potentially
create a hybrid lm with enhanced mechanical properties and
antimicrobial activity, thereby offering a promising approach
for developing sustainable and effective active food packaging
solutions.12 The implementation of PVA/AiP hybrid lms can
support the achievement of SDG targets related to waste
reduction, sustainable consumption, and responsible produc-
tion in the food industry by providing a sustainable and effec-
tive alternative to conventional plastic packaging.13,14

Recent studies have explored the incorporation of various
plant-derived extracts into PVA matrices to develop bioactive
packaging lms with antimicrobial and antioxidant functions.
For instance, PVA lms containing green tea extract have shown
improved barrier properties, pH sensitivity, and strong antioxi-
dant activity.15 Similarly, the integration of basil leaf extract with
cellulose nanocrystals in PVA lms enhanced tensile strength and
imparted notable antimicrobial and antioxidant effects.16 Neem
extract has also been successfully incorporated into PVA–chitosan
nanobrous mats, demonstrating broad-spectrum antibacterial
activity and improved thermal stability.17 Other plant-derived
actives such as eugenol-rich essential oils,18 curcumin,19 and
black tea polyphenols20 have likewise been embedded into PVA-
based lms, contributing to active food packaging by retarding
spoilage and extending shelf life. While these studies highlight
the versatility of PVA as a carrier for bioactive compounds, most
reported systems rely on extracts, oils, or puried derivatives,
oen requiring additional processing steps.

In contrast, the novelty of this work lies in the direct utili-
zation of neem leaf powder (AiP) without any chemical pro-
cessing or hazardous treatments as a functional ller in PVA
lms. This green approach shows that neem leaf powder can
effectively impart multifunctional benets, including antimi-
crobial activity, improved barrier performance, biodegradability
and balanced mechanical strength, even in its natural,
© 2025 The Author(s). Published by the Royal Society of Chemistry
unprocessed form. These benets are imparted to the hybrid
lms. Active food packaging materials require a combination of
key properties, including mechanical strength, barrier perfor-
mance (oxygen and moisture), thermal stability, biodegrad-
ability, and antimicrobial activity. The PVA/AiP hybrid lms
developed in this study provide a balanced combination of
these features, demonstrating their potential as effective and
sustainable packaging solutions. At the same time, it valorizes
neem leaf biomass, which is abundantly available as agricul-
tural waste in India, thereby contributing to circular economy
principles. This article highlights biodegradable materials as
a sustainable alternative to conventional plastics, helping
address environmental issues and support SDG 1221 (respon-
sible consumption and production) by reducing waste and
greenhouse gas emissions.

This study aimed to fabricate and characterize PVA/AiP hybrid
lms, comprehensively evaluating their physical, mechanical, and
antimicrobial properties to assess their suitability for active food
packaging applications, with a focus on optimizing lm compo-
sition and performance. The fabrication process involved
combining PVA with varying concentrations of AiP using a solu-
tion casting technique, followed by thorough characterization
using a range of analytical methods such as X-ray diffraction
(XRD), Scanning electron microscopy (SEM), Fourier-transform
infrared spectroscopy (FTIR), Thermogravimetric analysis (TGA),
and Differential Scanning Calorimetry (DSC). Physical properties
such as water absorption, oxygen permeability, water vapor
transmittance rate, and biodegradability were measured to assess
the integrity and barrier properties of the lm. Mechanical
properties such as the tensile strength, elongation at break, and
Young's modulus were evaluated to determine the ability of the
lm to withstand stress and maintain its structural integrity. The
developed PVA/AiP hybridlms not only outperform pure PVA but
also show competitive strength and barrier properties compared
to other reported bio-based lms, while offering biodegradability
and antimicrobial activity absent in commercial plastics such as
PE (polyethylene) and PP (polypropylene). This balanced perfor-
mance highlights their novelty and potential as sustainable
alternatives for active food packaging.
2 Materials and methods
2.1 Materials

Polyvinyl alcohol (PVA) with a molecular weight of 86.19 g
mol−1, was purchased from GS Scientic Chemicals, Madurai,
Tamil Nadu, India. Azadirachta indica leaves were sourced from
the KARE Campus in Krishnankoil, Tamil Nadu, India.
Dimethyl sulfoxide (DMSO) was obtained from GS Scientic
Chemicals (Madurai, Tamil Nadu, India). All the chemicals and
reagents used in this study were of analytical grade.
2.2 Methods

2.2.1 Fabrication of PVA/AiP hybrid lms. Fresh Azadir-
achta indica (neem) leaves were collected, thoroughly washed
with distilled water, and dried in a hot-air oven at 40 °C for 24 h.
The dried leaves were nely powdered using a grinder, and the
RSC Adv., 2025, 15, 42176–42191 | 42177
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Table 1 Thickness of the matrix PVA film and PVA/AiP hybrid films

Sample Thickness (mm)

PVA 0.204
PVA/AiP with 0.1 g of AiP 0.207
PVA/AiP with 0.5 g of AiP 0.218
PVA/AiP with 1 g of AiP 0.202
PVA/AiP with 1.5 g of AiP 0.211
PVA/AiP with 2 g of AiP 0.555
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resulting powder was sieved to obtain a uniform particle size.
The nal neem leaf powder fraction collected corresponded to
particles in the range of 250–600 mm which was used for lm
preparation. Separately, 1 g of polyvinyl alcohol (PVA) was di-
ssolved in 10mL of dimethyl sulfoxide (DMSO) to prepare a 10%
(w/v) PVA solution. The mixture was continuously stirred at 60 °
C for 1 h until a clear solution was obtained. To fabricate the
hybrid lms, the solution casting technique was employed
using PVA as the matrix and Azadirachta indica powder (AiP) as
the bio-ller. The AiP was rst dispersed in the solvent and
sonicated for a few minutes to ensure uniform dispersion, fol-
lowed by thorough stirring of the PVA solution. The lms were
dried under normal ambient conditions at room temperature
for 6 days, aer which they were gently peeled from the casting
surface. Hybrid lms were prepared using varying concentra-
tions of AiP (0.1 g, 0.5 g, 1.0 g, 1.5 g, and 2.0 g). The fabrication
process of the PVA/AiP hybrid lms is presented in Fig. 1.

Thickness of the PVA/AiP hybrid lms was measured using
a Make-Tesa Microhite 3D, and the average thickness was
measured. The thickness of the lms was added in Table 1.

All experiments were performed in triplicate to ensure
reproducibility of the results. The mean values were calculated,
and the standard deviation (SD) of the measurements was used
to represent variability in the data. These SD values were used to
construct error bars in the gures.
Fig. 1 The fabrication process of the PVA/AiP hybrid films.

42178 | RSC Adv., 2025, 15, 42176–42191
2.2.2 Fourier transform infrared spectroscopy (FTIR)
analysis. The FTIR was used to investigate the chemical inter-
actions between polyvinyl alcohol (PVA) and Azadirachta indica
powder (AiP) in the hybrid lms. Analysis was performed using
a Shimadzu IR Tracer-100 spectrometer. Spectra were recorded
in the range of 4000 cm−1 to 400 cm−1, with 45 scans performed
at a resolution of 0.2 cm−1 for each sample, ensuring accurate
identication of functional groups and potential interactions
between the polymer matrix and the bio-ller.

2.2.3 X-ray diffraction (XRD). The crystallinity of the PVA/
AiP hybrid lms was evaluated using XRD. Diffraction
patterns were recorded using a Bruker D8 Advance ECO (A25)
XRD system equipped with an SSD160 1D detector. The
instrument was operated with Cu Ka radiation (l = 1.541 Å) at
a voltage of 40 kV and current of 35 mA. Scans were conducted
© 2025 The Author(s). Published by the Royal Society of Chemistry
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over a 2q range of 10–80°, with a step size of 0.020° per scan.
This analysis provides insights into the crystalline structure and
phase distribution of the hybrid lms.

2.2.4 Morphological analysis. The surface morphologies of
the PVA/AiP hybrid lms were examined using Scanning elec-
tron microscopy (SEM) (Carl Zeiss EVO 18). The analysis was
performed at an accelerating voltage of 20 kV to acquire
secondary electron (topographic) images. Prior to imaging, the
lm samples were sputter-coated with a thin (∼20 nm) layer of
gold–palladium (Au–Pd) using a high-resolution sputter coater
to enhance conductivity and image clarity. The SEM images
provided detailed insights into the dispersion of AiP within the
PVA matrix and the overall surface texture of the hybrid lms.

The dispersion of Azadirachta indica powder (AiP) within the
PVA matrix of the hybrid lms was analyzed using an optical
microscope (Motic MLC-150c, Moticam 2500). The system is
equipped with a 1/3-inch sensor and offers a resolution of 2592
× 1944 pixels, with a pixel pitch of 2.2 mm × 2.2 mm. The
microscope features a USB 2.0 interface for data transfer and is
powered via USB. This analysis allowed for visual assessment of
the ller distribution and uniformity within the hybrid lms.

2.2.5 Thermogravimetric and differential scanning calo-
rimetry (TGA/DSC) analysis. The thermal stability and transi-
tions of the PVA/AiP hybrid lms were investigated using
Thermogravimetric Analysis (TGA) and Differential Scanning
Calorimetry (DSC) performed on a PerkinElmer STA 8000
system. TGA was conducted under nitrogen atmosphere at
a ow rate of 20 mL min−1 using approximately 5 mg of the
sample. The temperature was ramped from 20 to 700 °C at
a heating rate of 10 °C min−1, and the thermal degradation
behavior was assessed based on the weight loss and residual
mass at 700 °C. DSC analysis was performed under a nitrogen
ow of 50 mL min−1 using approximately 5 mg of the sample
sealed in an aluminum pan, with an empty pan as a reference.
The temperature range for DSC was set from−50 °C to 300 °C at
a heating rate of 10 °C min−1. Thermograms were analyzed to
determine the glass transition temperature (Tg), melting
temperature (Tm), and associated enthalpy changes (DH),
providing insights into the thermal transitions of the hybrid
lms.

2.2.6 Water absorption test. The water absorption behavior
of the PVA/AiP hybrid lms was evaluated by measuring the
amount of water absorbed over a xed period. Uniformly sized
lm samples (1 × 1 cm2) were prepared, and their initial dry
weights (md) were recorded.22 Subsequently, the lms were
immersed in distilled water for 2 h. Aer immersion, the lms
were gently blotted with tissue paper to remove surface mois-
ture and reweighed to obtain the wet weight (mw).23 The
percentage of absorbed water was calculated using the eqn (1):

Water absorption ð%Þ ¼
�
mw �md

md

�
� 100 (1)

The swelling behavior of hybrid lms is inuenced by several
factors, including the crosslinking density, lm morphology,
composition, and the presence of llers such as AiP. These
parameters collectively affect the performance of the lm and
© 2025 The Author(s). Published by the Royal Society of Chemistry
its ability to absorb and retain moisture, which is critical for
various packaging and biomedical applications.24

2.2.7 Oxygen permeability test. Oxygen permeability of the
PVA/AiP hybrid lms was assessed using a ask-based method.
Each lm specimen was carefully sealed over the opening of
a 250 mL ask containing 200 mL of deionized water. Prior to
sealing, the initial dissolved oxygen (DO) level of the water was
measured using a calibrated DO meter (Lutron). Only samples
with comparable initial DO values (within ±0.2 mg L−1) were
used to ensure standardization across tests.25

The sealed asks were then exposed to ambient air under
constant agitation for 24 h to simulate permeation conditions. A
tightly sealed ask (zero oxygen ingress) was used as the nega-
tive control, and an unsealed ask was used as the positive
control. Aer the test period, nal DO values were recorded. The
difference between the initial and nal DO levels was used to
estimate oxygen permeability, providing a comparative measure
of the barrier performance of the lms. The change in DO levels
before and aer the test period indicates the oxygen perme-
ability of the lms, providing insight into their potential as
barrier materials in packaging applications.26,27

2.2.8 Mechanical properties. The mechanical strength of
the PVA/Azadirachta indica powder (AiP) hybrid lms was
measured using a tensile testing machine (WDW-10E, TE
China, Microlab Testing Private Limited, Ambattur Industrial
Estate, Chennai). The lms, with dimensions of 150 mm length
and 15 mm breadth, were tested under a load using a 1-ton
capacity machine. Five samples from each category were tested,
and the average tensile strength was reported. This analysis
provided valuable information about the tensile properties,
including the elongation at break and ultimate tensile strength,
which are critical for evaluating the suitability of lms for
various applications in packaging.

2.2.9 Water vapour transmission rate. WVTR was deter-
mined using a gravimetric method under controlled conditions,
the rate at which water vapor permeates a PVA/AiP hybrid lms
is measured by its water vapour transmission rate (WVTR).
10 mL of deionized water was placed in bottles with mouth
diameters of 2 cm (A) in order to test the WVTR. Teon tape was
used to rmly seal the mouths of the bottles aer the polymer
lms were placed over them to guarantee an airtight closure.
Aer determining the initial weight (wi) of each bottle, the
bottles were placed in an oven at 40 °C for 24 h (t). The bottles
were removed from the oven and weighed again aer the
incubation period (wt). The eqn (2) was used to obtain the water
vapor transfer rate (WVTR).28

WVTR ¼ wi � wt

A� t
(2)

A lower water vapor transmission rate (WVTR) denotes
improved barrier qualities, indicating that the lm is more
successful in stopping water vapor from spreading. This feature
is particularly advantageous in applications such as food
packaging, where moisture protection is essential.29

2.2.10 Soil degradability. Aer weighing, the PVA and PVA/
AiP lms (2 × 2 cm) were buried in compost soil 5 cm below the
RSC Adv., 2025, 15, 42176–42191 | 42179
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surface. The samples were cultured at room temperature for six
weeks. Every day, approximately 2 mL of water was supplied to
the samples to maintain moisture levels and encourage
microbial activity. The nal weights of the lm samples were
noted aer a six-week incubation period. While the PVA lms
served as sources of carbon for microorganisms, the addition of
water promoted microbial activity in the compost. This eqn (3)
was used to determine the weight loss of the samples, which is
an indication of biodegradation.

Weight loss ð%Þ ¼ ðwi � wdÞ
wi

� 100 (3)

where Wi is the initial weight of the PVA and PVA/AiP lms and
Wd is the dried weight of the PVA and PVA/AiP lms.

2.2.11 Test for antibacterial activity (disk diffusion
method). The disk diffusionmethod was employed to assess the
antibacterial activity of the PVA and PVA/AiP hybrid lms with
varying concentrations. The antibacterial activity of the
prepared lms was evaluated against Escherichia coli (ATCC
25922), a representative Gram-negative bacterium. The bacterial
culture was standardized to 0.5 McFarland standard (z1 × 108

CFU mL−1) prior to use. The agar well diffusion method was
employed, in which lm samples were placed on Mueller–
Hinton agar plates inoculated with the standardized bacterial
suspension. The plates were incubated at 37 °C for 24 h under
aerobic conditions. Aer incubation, the inhibition zones
around the lms were measured. Mueller–Hinton agar plates
were prepared by inoculating them with bacterial suspensions,
placing PVA and PVA/AiP hybrid lms (4 cm2) on the agar
surface, incubating the plates, and measuring the area of
inhibition. Positive and negative controls were included to
validate the results, and all procedures were conducted asepti-
cally. The susceptibility or resistance of the tested bacteria was
Fig. 2 FTIR spectra of matrix PVA (a) and PVA/AiP hybrid films (b).

42180 | RSC Adv., 2025, 15, 42176–42191
determined by comparing the area of inhibition to standard
interpretive charts, allowing for the evaluation of the antibac-
terial properties of the PVA and PVA/AiP hybrid lms with
varying concentrations.

2.2.12 Application of lms for food packaging. The
produced PVA/AiP lms were tested as active packaging for
fresh cowpeas in order to assess their practical usability. To
ensure full surface coverage, the lms were wrapped around 5 g
of freshly taken cowpeas. Cowpeas that had not been wrapped
served as the control. Every sample was kept in standard labo-
ratory settings, which included 28 ± 2 °C and 60–70% relative
humidity. Periodically, the cowpeas were checked for microbi-
ological spoiling, texture and visual appearance (color changes,
fungal growth, and shrinking). The shelf life of the wrapped
samples and the unwrapped controls were compared when the
storage duration was extended until obvious indications of
spoiling were seen.

3 Results and discussion
3.1 FTIR spectral analysis

To explore the type of interaction between the PVA matrix and
AiP ller, the FTIR spectrum of the PVA matrix (Fig. 2a), and
PVA/AiP hybrid lms (Fig. 2b) at different concentrations is
shown in (Fig. 2b). The FTIR spectrum of the PVA matrix
revealed a broad peak at 3276 cm−1, indicating –OH stretching
due to hydrogen bonding, 2905 cm−1 corresponding to –CH2

stretching, the peak at 1712 cm−1 suggesting the existence of
a carbonyl group, 1613 cm−1 for H–O–H bending (water
absorption), highlighting PVA's hydrophilic nature of PVA,
1432 cm−1 for C–H bending, and 1292 cm−1 for –CH (wagging).
The PVA backbone was marked by a C–O stretching peak for
alcohol at 1054 cm−1 and a C–C stretching peak at 824 cm−1. In
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 X-ray diffractogram of matrix PVA (a) and PVA/AiP hybrid films (b).

Table 2 Calculated values of crystallinity index for matrix PVA film and
PVA/AiP hybrid films

Sample Crystallinity index

Matrix PVA 22.13%
0.1 AiP 19.19%
0.5 AiP 14.89%
1.0 AiP 11.30%
1.5 AiP 9.46%
2.0 AiP 7.05%
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the FTIR spectra of PVA/AiP hybrid lms, the increase in the
intensity of the peaks in the range of 1650–1700 cm−1 with the
increase in the concentration of the AiP ller is attributed to the
existence of additional carbonyl groups from avonoids and
terpenoids present in the AiP ller. Simultaneously, the inten-
sities of the 1200–1400 cm−1 and 2900–3000 cm−1 peaks for –
CH (bending and wagging) and –CH2 stretching decreased
when the ller was added, inhibiting the vibrational nature. The
higher surface area of AiP causes physical shielding and can
alter the polymer chain arrangement, thereby reducing the peak
intensity.30,31 This observation conrms that interactions with
AiP can lead to a specic arrangement in PVA/AiP lms. Every
spectrum of the PVA/AiP hybrid lm samples with varying
concentrations exhibited remarkably similar peak patterns,
with no noticeable differences compared to the pure PVA lm,
suggesting no chemical interaction between the PVA matrix and
ller AiP in the hybrid lms. The type of interaction is physical,
such as van der Waals, hydrogen bonding, and mechanical
interlocking, which results in the enhancement of the thermal
and mechanical properties of the PVA/AiP hybrid lms.
© 2025 The Author(s). Published by the Royal Society of Chemistry
3.2 XRD analysis

X-ray diffractograms of the PVA matrix and hybrid lms with
varying concentrations of AiP are shown in (Fig. 3). The X-ray
diffractogram of the PVA matrix shows a sharp peak at 2q =

19.6° (101),32,33 indicating the crystalline nature and existence of
hydrogen bonding (physical interaction) between the PVA
chains and hydroxyl groups of the ller AiP. The wider peak at
2q = 29° indicates the existence of an amorphous portion in the
PVA matrix, conrming its semicrystalline nature. The increase
in the loading of AiP ller to the PVA matrix, resulted in the
agglomeration of the ller (same was observed in SEM images)
resulting in the decrease in the intensity of the crystalline peak
of the PVA matrix 2q = 19.6°.

The agglomeration of the AiP ller at higher concentrations
led to poor orientation and shadowing of the peaks of the PVA
matrix. The solution-casting method of fabrication of the PVA/
AiP hybrid lms suppressed the crystallinity due to the inter-
calation effect. The crystallinity of the PVA matrix and PVA/AiP
hybrid lms was calculated using eqn (4) and is presented in
Table 2.

Crystallinity index ¼ area of the crystalline peak

area of all the peaks
� 100 (4)

The crystallinity index of the matrix PVA lm, which was
semi-crystalline in nature, was 22.13%, and the loading of the
AiP ller decreased the crystallinity of the PVA/AiP hybrid lms.
3.3 Morphological analysis

Optical microscopy and scanning electron microscopy (SEM)
were used to investigate the surface morphology and dispersion
RSC Adv., 2025, 15, 42176–42191 | 42181
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Fig. 4 SEM images (a) and optical microscopy images (b) of PVA/AiP hybrid films.

Fig. 5 Primary and derivative thermogram of matrix PVA (a) AiP filler (b) and PVA/AiP hybrid films (c).

42182 | RSC Adv., 2025, 15, 42176–42191 © 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 DSC thermogram of matrix PVA (a) AiP filler (b) and PVA/AiP hybrid films (c).
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of the AiP ller in the PVA matrix at various ller concentra-
tions.1 Both the optical and SEM images indicated a compara-
tively smooth and uniform surface at low concentrations, with
good dispersion and little agglomeration at higher concentra-
tions (Fig. 4). The AiP ller particles became more noticeable at
1.0 g, although the dispersion remained uniform. Particularly in
SEM images, noticeable clusters and particle agglomerates were
seen when the ller concentration raised to 1.0 g and 1.5 g,
suggesting a partial loss of homogeneity. The SEM images
showed massive, irregular aggregates and voids at the ller–
matrix interface, indicating that the ller was substantially
concentrated (2.0 g) and that the surface roughness increased
drastically. Overall, the investigation showed that high ller
concentrations caused agglomeration and decreased the
opacity and transparency, which also affected the mechanical
and barrier properties of the lm.
Table 3 Glass transition temperature (Tg) and melting temperature
(Tm), of matrix PVA, filler AiP and PVA/AiP hybrid films

S. no. Sample Tg (°C) Tm (°C)

1 PVA 90 124
2 AiP 310 335
3 PVA/AiP with 0.1 g of AiP 200 235
4 PVA/AiP with 0.5 g of AiP 210 238
5 PVA/AiP with 1 g of AiP 212 240
6 PVA/AiP with 1.5 g of AiP 220 243
7 PVA/AiP with 2 g of AiP 231 332
3.4 Thermogravimetric and differential scanning
calorimetry (TGA/DSC) analysis

TGA and DSC were used to analyze the thermal stability of PVA,
AiP powder, and PVA/AiP hybrid lms, as shown in Fig. 5 and 6.
Several phases are involved in the breakdown of the matrix PVA
lm, as it is hydrophilic in nature. The surface moisture evap-
orates at 80 °C (z4% loss), and the bonded water molecules
degrade when they come into contact with a hydroxyl group at
115 °C (z6% loss). Degradation of the polymer chain backbone
at 280 °C (∼42% loss) resulted in enormous weight loss. The last
loss of char residue occurred at 600 °C (∼95% loss). Moisture is
© 2025 The Author(s). Published by the Royal Society of Chemistry
lost during the thermal degradation of AiP at 55 °C (∼10% loss),
and organic contents (cellulose, terpenoids, avonoids, etc.) are
lost throughout the majority of the deterioration at 320 °C
(∼37% loss). Char residue is lost at 450 °C (z91% loss),
whereas the remaining residue is converted to ash at 600 °C
(z95% loss).34

In the case of PVA/AiP hybrid lms, the mass loss for mois-
ture occurs at 55 °C for all concentrations, indicating the
presence of ller on the PVA/AiP hybrid lms. The loading of
ller AiP increased the thermal stability of the lm. Notably the
PVA/AiP hybrid lm (with 1 g of PVA and 2.0 g of AiP) undergoes
rst mass loss at 130 °C, owing to decomposition of its organic
contents leaving behind a substantial residue. Additionally, the
PVA backbone broke at 335 °C with minimal mass loss, as the
quantity of the ller AiP was greater than that of the matrix PVA.
The mass of the residue increases as the mass of the ller
increases. No additional mass loss region was observed, other
RSC Adv., 2025, 15, 42176–42191 | 42183
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Fig. 7 Results of water absorption of matrix PVA film and PVA/AiP
hybrid films.
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than the matrix and ller, in the hybrid PVA/AiP lms, con-
rming the existence of only physical interaction between the
matrix and the ller AiP, which is in line with the FTIR and XRD
analyses.35

The thermal behavior of the matrix PVA, ller AiP, and PVA/
AiP hybrid lms was evaluated using Differential Scanning
Calorimetry (DSC), as shown in Fig. 6. The corresponding glass
transition temperature (Tg) and melting temperature (Tm) are
listed in Table 3. The DSC thermogram of the PVA matrix
exhibited a clear glass transition at approximately 90 °C and
a melting temperature of approximately 124 °C, which are
typical for semi-crystalline PVA. In contrast, the ller AiP
showed signicantly higher Tg and Tm at 310 °C and 335 °C,
respectively, indicating its high thermal stability and rigid
molecular structure. Upon the incorporation of the ller AiP
into the PVA matrix, a marked enhancement in the thermal
transitions was observed. The Tg of the hybrid lms increased
progressively from 200 °C (for 0.1 g AiP) to 231 °C (for 2 g AiP),
while the Tm increased from 235 °C to 332 °C over the same
range. This upward shi in both Tg and Tm can be attributed to
strong intermolecular interactions and the effective interfacial
compatibility between the PVA matrix and the ller AiP. The
restricted mobility of the PVA chains owing to the presence of
AiP particles likely contributed to the observed increase in the
glass transition temperature. Furthermore, the increase in Tm
suggests that AiP may act as a nucleating agent, enhancing
thermal ordering within the PVA matrix. At higher AiP loadings,
the thermal prole of the hybrid lms began to resemble that of
the ller AiP, suggesting a dominant inuence of the ller
phase. These results demonstrate that the addition of AiP
signicantly improved the thermal stability of PVA, making the
hybrid lms more suitable for applications involving elevated
temperatures.
3.5 Results of water absorption of matrix PVA lm and PVA/
AiP hybrid lms

The water absorption performance of the matrix PVA lm and
PVA/AiP hybrid lms was investigated over a duration of 15–
42184 | RSC Adv., 2025, 15, 42176–42191
60 min, and the results are illustrated in Fig. 7. The pure PVA
lm exhibited the lowest water absorption values across all the
time intervals, with a gradual increase from approximately 25%
at 15 min to approximately 38% at 60 min. This behaviour is
characteristic of the semi-crystalline nature of PVA, which limits
water uptake owing to its dense polymeric structure. The
incorporation of the ller AiP into the PVA matrix signicantly
enhanced the water absorption capacity of the resulting hybrid
lms.36

Notably, the lm containing 0.5 g of AiP demonstrated the
highest water absorption at all time points, reaching a peak of
around 130% aer 60 minutes. This marked increase can be
attributed to the hydrophilic nature of the AiP ller, which
promotes water penetration and retention within the polymer
network. Films with other AiP loadings (0.1, 1.0, 1.5, and 2.0 g)
exhibited intermediate absorption behaviour. The lm with
1.0 g of AiP achieved around 80% absorption at 60 minutes,
while higher loadings (1.5 g AiP) showed a slight reduction in
absorption efficiency compared to the 0.5 g and 1.0 g formula-
tions. At an AiP loading of 2.0 g, the lm exhibited very low
absorption, which can be attributed to its pronounced brittle-
ness, as discussed in Section 3.7. This behaviour is not typical of
lms with lower AiP concentrations and highlights that exces-
sive AiP content compromises the structural integrity of the
lm, thereby affecting its barrier performance. This decline may
be attributed to ller agglomeration at higher concentrations,
which can reduce the effective surface area for water interac-
tions and potentially hinder the diffusion of water molecules
through the lm matrix. Overall, the results indicate that the
addition of neem leaf powder enhances the hydrophilicity in
low concentration and hydrophobicity in higher concentration
of the PVA lms, with AiP (0.5 g) being the optimal concentra-
tion for maximumwater absorption. Beyond this concentration,
the saturation effect and possible phase separation or ller
clustering may reduce the water uptake. For food packaging
applications low absorption is more suitable, so 1.5 g has
optimal concentration for carried the application process.
3.6 Results of oxygen permeability of matrix PVA lm and
PVA/AiP hybrid lms

The oxygen permeabilities of the PVA and PVA/AiP hybrid lms
were evaluated by measuring the dissolved oxygen (DO)
concentration in mg L−1 over a period of 72 h, as shown in
Fig. 8. In general, an increase in the DO concentration over time
indicates higher oxygen permeability through the lm matrix.
The pure PVA lm exhibited moderate DO levels, starting at
∼5.5 mg L−1 aer 24 h and gradually increasing to ∼7.0 mg L−1

aer 72 h. This is consistent with the semi-permeable nature of
PVA, which allows the limited diffusion of oxygen owing to its
compact polymeric structure.2

The incorporation of the ller AiP into the PVA matrix
signicantly inuenced oxygen permeability. The hybrid lms
containing 0.5 g of AiP showed the highest DO values among the
PVA/AiP loaded hybrid lms, reaching∼8.0 mg L−1 at 72 h. This
suggests an increase in lm porosity and permeability due to
the dispersion of the ller AiP, which may disrupt the polymer
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Results of oxygen permeability test for matrix PVA film and PVA/AiP hybrid films.

Fig. 9 Tensile strength (a) and elongation at break (b) for matrix PVA film and PVA/AiP hybrid films.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
N

ov
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 2

/2
8/

20
26

 4
:3

6:
04

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
matrix and create microchannels for oxygen diffusion. A similar
trend was observed for (1.0 g) and AiP lms (1.5 g), although the
increase in DO was slightly less pronounced compared to the
0.5 g formulation, whichmay be due to the agglomeration of the
ller at higher concentrations. The lm with the highest AiP
concentration (2.0 g) showed a slight decline in DO levels, likely
due to its pronounced brittleness (Sections 3.5 and 3.7), which
reduced oxygen permeability. This behavior is atypical and not
directly comparable with lms of lower AiP concentrations,
© 2025 The Author(s). Published by the Royal Society of Chemistry
highlighting the adverse impact of excessive loading on barrier
and mechanical properties. The positive control (presumably
a highly permeable standard) showed the highest DO levels,
exceeding 10mg L−1 at 72 h, whereas the negative control (likely
a highly impermeable material) maintained lower DO levels
throughout the testing period. These controls validated the
sensitivity of the test method and conrmed the moderate-to-
high permeability characteristics of the hybrid lms relative
to the standard references. Overall, the data indicate that the
RSC Adv., 2025, 15, 42176–42191 | 42185
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Table 4 Tensile strength and elongation at break of matrix PVA, filler
AiP and PVA/AiP hybrid films

S. no. Sample
Tensile strength
(MPa)

Elongation
break (%)

1 PVA 0.18 106.96
2 PVA/AiP with 0.1 g of AiP 0.040 22.66
3 PVA/AiP with 0.5 g of AiP 0.046 22.40
4 PVA/AiP with 1 g of AiP 0.208 10.84
5 PVA/AiP with 1.5 g of AiP 0.692 3.78
6 PVA/AiP with 2 g of AiP 18.82 20.54
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incorporation of neem leaf powder enhances the oxygen
permeability of the PVA lms, with an optimal effect observed at
0.5 g Ai loading. In 1.5 g and 2 g AiP content shows less oxygen
permeability, this could be advantageous for specic applica-
tions such as dry food packaging, where controlled oxygen
transfer is desirable.

Overall, the data indicate that the incorporation of neem leaf
powder enhances the oxygen permeability of the PVA lms, with
an optimal effect observed at 0.5 g AiP loading. While increased
oxygen permeability may be undesirable in conventional barrier
packaging, it can be advantageous in specic active packaging
applications. For instance, respiring fresh produce such as
fruits and vegetables require controlled oxygen transfer to
maintain aerobic respiration and prevent anaerobic spoilage.37

Additionally, oxygen-permeable lms can enhance the perfor-
mance of embedded oxygen scavengers or antimicrobial
agents—such as those derived from neem—by facilitating
interaction with ambient oxygen.38 In certain systems, moderate
Fig. 10 Water vapour transmission rate for matrix PVA film and PVA/AiP

42186 | RSC Adv., 2025, 15, 42176–42191
oxygen ingress can also help modulate microbial activity and
enzymatic processes, contributing to shelf-life extension and
product stability.39 These ndings suggest that the 0.5 g AiP
formulation may be particularly suitable for active packaging
designs that benet from controlled oxygen exchange.
3.7 Mechanical strength

The mechanical strengths of the matrix PVA lm and PVA/AiP
hybrid lms were analyzed and are presented in Fig. 9 and
Table 3. The PVA matrix exhibited a modest tensile strength
approximately 0.23 MPa, which was typical of its so and ex-
ible polymeric structure. There was a progressive increase in the
tensile strength with the gradual addition of AiP (from 0.1 to 1.5
g), with a signicant increase observed at higher loadings.40 The
most notable enhancement occurred at 2 g of AiP, where the
tensile strength reached 18.82 MPa representing an approxi-
mately 82-fold improvement compared to pure PVA (Table 4).
This signicant reinforcement effect was attributed to the
dominance of the rigid ller phase in the hybrid structure. At
this high loading (PVA : AiP = 1 : 2), the AiP particles were well-
dispersed and tightly packed within the polymer matrix, form-
ing a stiff network that efficiently transferred the applied stress.
Moreover, strong ller–matrix interactions likely contributed to
the improved mechanical integrity, converting it from a exible
lm into a structurally rigid material.

In contrast, the elongation at break sharply decreased with
increasing AiP content. While the PVA matrix PVA showed
excellent ductility, with elongation exceeding 120%, all PVA/AiP
hybrid lms exhibited signicantly reduced stretchability. At 2 g
of AiP, the elongation decreased to near-zero, indicating
hybrid films.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Soil biodegradability data for matrix PVA film and PVA/AiP
hybrid films.

Table 5 Weight loss (%) of matrix PVA and PVA/AiP hybrid films after 3
and 6 weeks of soil degradation

S. no. Sample
Aer three weeks
weight loss (%)

Aer six weeks
weight loss (%)

1 PVA 22.2% 72%
2 PVA/AiP with 0.1 g of AiP 27.9% 74.5%
3 PVA/AiP with 0.5 g of AiP 16.8% 64.6%
4 PVA/AiP with 1 g of AiP 15.5% 59.3%
5 PVA/AiP with 1.5 g of AiP 15.2% 57.4%
6 PVA/AiP with 2 g of AiP 15.1% 55.4%
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extreme brittleness.24 This reduction results from the restriction
of the polymer chainmobility due to the high volume fraction of
the rigid ller. At such a high ller content, the polymer matrix
is constrained and can no longer accommodate deformation
under stress, leading to brittle fracture.

3.8 Results of water vapour transmission rate (WVTR)

The water vapour transmission rate (WVTR) of matrix PVA and
PVA/AiP hybrid lms with increasing ller content (0.1 g to 2.0 g
of AiP for 1 g of PVA) is illustrated in Fig. 10. The PVA matrix
exhibited a high WVTR (∼8.8 g m−2 day−1), indicative of its
hydrophilic nature and relatively open polymeric structure,
which facilitated the diffusion of water molecules through the
lm matrix. Upon incorporation of AiP, a consistent and
progressive reduction in the WVTR was observed with
increasing ller loading. At 0.1 g and 0.5 g of AiP, the WVTR
values dropped moderately, reecting the partial obstruction of
water molecule pathways by the dispersed ller particles. As the
ller content increased further to 1.0 g and 1.5 g, a more
pronounced decline in WVTR was noted, suggesting improved
barrier properties due to enhanced tortuosity and reduced free
volume within the polymer matrix.

The most signicant reduction occurred with 2.0 g of AiP,
where the WVTR reached a minimum value of approximately
2.8 g m−2 day−1. This dramatic drop (∼68% reduction
compared to pure PVA) can be attributed to the dense ller
network and strong matrix–ller interactions, which hindered
the diffusion of water vapor through the lm. The presence of
high amounts of inorganic AiP likely contributed to a more
compact microstructure, thereby effectively acting as a moisture
barrier. The decreasing trend in WVTR with increasing AiP
content conrms that ller incorporation signicantly
enhances the water vapor barrier performance of the PVA lms.
The 2.0 g AiP lm exhibited a lower WVTR value, which can be
attributed to its increased and non-uniform thickness
compared to the lower concentration lms (Table 1). This
variation in thickness, combined with the lm's brittleness,
inuenced its moisture barrier performance, highlighting the
importance of controlling both lm uniformity and composi-
tion for optimal WVTR behavior. These results suggest that
PVA/AiP composites, particularly at higher ller loadings (e.g.,
1.5 g of AiP), are well-suited for applications in moisture-
sensitive packaging and environmentally responsive coatings,
where reduced water permeability is critical.

3.9 Soil degradability

The soil degradation behavior of the PVA/AiP hybrid lms
demonstrated a non-linear pattern in correlation with the
concentration of the AiP ller (Fig. 11). In comparison to the
PVA lms, the lm containing (0.1 g) showed a faster rate of
degradation. This suggests that a small amount of AiP can
improve biodegradability by improving the lm porosity and
decreasing crystallinity, which facilitates simpler microbial
penetration. At increasing neem concentrations (0.5 g, 1 g, 1.5,
and 2 g of AiP), the rate of breakdown dramatically decreased.
The hydrophobic properties of neem and antibacterial
© 2025 The Author(s). Published by the Royal Society of Chemistry
chemicals are thought to be responsible for this decrease, as
they probably prevent microbial activity and lower water
absorption. Additionally, too much neem may make the lm
denser and stiffer, preventing microbiological decomposition.
As a result, whereas greater loadings restrict biodegradability,
low concentrations of AiP (0.1 g of AiP) encourage decomposi-
tion, making ller content optimization essential for environ-
mentally friendly packaging applications.

The weight loss (%) of matrix PVA and PVA/AiP hybrid lms
aer 3 and 6 weeks of soil degradation is given in Table 4. Aer
six weeks of soil degredation, the highest weight loss was
measured for the specimens PVA/AiP with 0.1 g of AiP while the
lowest weight loss was found in the specimens PVA/AiP with 2 g
of AiP. The soil degredation of the specimens decreased with
the increase of the AiP (Table 5).
3.10 Results of antimicrobial analysis

The matrix PVA lm shows no inherent antibacterial activity,
but adding AiP enhances their efficacy in a concentration-
dependent manner (Fig. 12). Low concentrations (0.1 g AiP)
have minimal effect, while higher concentrations (1.5 g AiP)
show stronger inhibition against E. coli. The study emphasizes
RSC Adv., 2025, 15, 42176–42191 | 42187
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Fig. 12 Antimicrobial activity of PVA film (a), PVA/AiP with 0.1 g of AiP
(b), PVA/AiP with 1.5 g of AiP (c) against E. coli.

Table 6 Area of inhibition zone for PVA and PVA/AiP film for E.coli

S. no. Samples
Area of inhibition
for E.coli (cm2)

1 PVA —
2 PVA/AiP with 0.1 g of AiP 0.03
3 PVA/AiP with 1.5 g of AiP 7.06
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the importance of balancing antimicrobial effectiveness with
lm structure and permeability. The disk diffusion method
used provides reliable results, demonstrating the enhanced
Fig. 13 Packaging application of PVA and PVA/AiP hybrid films to cowp

42188 | RSC Adv., 2025, 15, 42176–42191
antibacterial performance of PVA/AiP hybrid lms. These nd-
ings have implications for developing antimicrobial packaging
materials, with potential applications in food packaging and
medical supplies. The research suggests future directions,
including optimizing AiP concentration, investigating long-
term stability, and evaluating effectiveness against various
microorganisms (Fig. 13).

The area of inhibition zone for PVA and PVA/AiP lm for E.
coli is given in Table 6. The area of the inhibition zone sharply
increased from 0.03 to 7.06 cm2 when the amount of the AiP
increased from 0.1 to 1.5 g of AiP.

4 PVA/AiP hybrid films as an active
packaging material for cowpeas

This study demonstrates the potential of PVA/AiP hybrid lms
for dry food packaging applications, particularly in extending
the shelf life of cowpeas under ambient conditions. Approxi-
mately 5 g of dry cowpeas were wrapped using matrix PVA lm
and PVA/AiP hybrid lm, each measuring 8 × 8 cm. An equal
quantity of cowpeas was le exposed to open air as a negative
eas.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 7 Summary of optimal AiP loadings for key functional properties

Property Optimal AiP loading Observed effect

Water absorption 0.5 g Highest uptake (∼130% at 60 min); enhanced hydrophilicity due to ller dispersion
Oxygen permeability 0.5 g Increased permeability; ller promotes porosity and water interaction
Tensile strength 2.0 g Maximum mechanical strength; dense ller phase reinforces matrix
Water vapor transmission
rate (WVTR)

2.0 g Lowest WVTR; reduced moisture permeability due to compact structure

Soil degradability 0.1 g Fastest degradation; minimal ller allows rapid breakdown
Antimicrobial activity 1.5 g Strongest inhibition zone; sufficient bioactive content with good dispersion

Table 8 Comparison of PVA/AiP films with bio-based and commercial packaging materials

Film type/material
Tensile
strength (MPa)

Elongation at
break (%)

WVTR
(g mm m−2 day−1 kPa−1) Additional features

Starch/PVA blend 14.5 � 0.6 22.0 � 1.5 5.8 Biodegradable, moderate barrier
Active PLA-based lms
(chitosan/essential oils)

20–25 10–15 2.5–3.0 Antimicrobial, biodegradable

Turmeric extract in PVA 15.2 � 0.8 18.5 � 1.2 4.5–5.0 Moderate antimicrobial vs. E. coli
Neem extract in PVA 17.0 � 0.9 19.2 � 1.0 3.8–4.2 Strong antimicrobial vs.

Gram-positive & Gram-negative
Commercial LDPE
(food packaging)

8–12 100–500 12–20 Excellent exibility, poor moisture barrier

Commercial PET
(food packaging)

55–75 80–120 2.0–3.0 Strong, durable, widely used, non biodegradable

Present work PVA/AiP 18.82 � 0.9 20.54 � 1.1 2.8 Balanced mechanical, WV barrier & antimicrobial,
biodegradable
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control. Over a 90 days observation period, the cowpeas stored
in open air showed fungal growth, discoloration, and physical
deterioration within 20 days. Those wrapped in matrix PVA lm
exhibited moderate protection, extending shelf life to around 60
days. In contrast, cowpeas packaged in the PVA/AiP hybrid lm
remained fresh, free from discoloration, unpleasant odors, and
fungal spots for up to 90 days. This preservation is attributed to
the antimicrobial and antifungal properties of Azadirachta ind-
ica powder (AiP), which inhibited microbial growth.35 A
summary of optimal AiP loadings for each evaluated property is
presented in Table 7, to highlight the trade-offs and guide
formulation decisions.

The 1.5 g AiP formulation was selected for packaging trials
based on its balanced performance across key functional
parameters. While other concentrations may have excelled in
isolated properties such as water absorption or oxygen perme-
ability, the 1.5 g loading provided optimal barrier integrity,
thermal stability, mechanical strength, and antimicrobial effi-
cacy—making it the most suitable candidate for real-world
application.

Furthermore, neem leaf powder is an agro-waste material
that is abundant, renewable, and low-cost. Its incorporation
partially replaces synthetic polymer content, which may
contribute to reduced material costs and improved sustain-
ability. A comparison of developed PVA/AiP hybrid lms with
other commercially available polymers were presented in Table
8. In summary, PVA/AiP hybrid lms offer a promising
© 2025 The Author(s). Published by the Royal Society of Chemistry
multifunctional platform for active food packaging, combining
structural integrity with microbial resistance.

5 Conclusions

The PVA/AiP hybrid lms were successfully fabricated through
a solution-casting method, incorporating different amounts of
AiP as a bio-ller. Extensive analysis was conducted using
a range of analytical techniques. The ndings indicated
a physical interaction between PVA and AiP, with effective ller
dispersion at lower concentrations and clumping at higher
levels. As the AiP content increased, the hybrid lms demon-
strated enhanced thermal stability, water absorption, oxygen
permeability, tensile strength, and antimicrobial properties.
However, the lms' elongation at break decreased, and soil
degradability improved only at low AiP concentrations. The
PVA/AiP hybrid lms were effective at extending the shelf life of
dry cowpeas by approximately 90 days when used as active
packaging. The results highlight the potential of PVA/AiP hybrid
lms as sustainable, efficient, active food packaging materials
that align with SDG 12 by promoting responsible consumption
and production. The fabricated PVA/AiP hybrid lms are
biodegradable and cost-effective to produce.

Ethics approval

No human and/or animal studies were used in this article, and
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ethics.
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