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With the rising demand for environmentally friendly and sustainable food packaging solutions, there is
growing interest in developing advanced compostable polymers with improved functional attributes.
However, compostable polymers such as polylactic acid (PLA) exhibit certain drawbacks such as
brittleness, which limit their application in flexible packaging. A promising strategy to address these
limitations is blending PLA with polybutylene adipate terephthalate (PBAT), resulting in a compostable
blend with well-balanced properties. The present work aims to develop active packaging films using
PLA/PBAT blends, with the inclusion of different amounts (1-5 wt%) of the natural antimicrobial
compound g-poly-L-lysine (e-PL). The films were produced using twin-screw blown film extrusion and
evaluated for their mechanical, morphological, barrier and antimicrobial properties. The presence of e-PL
within the PLA/PBAT matrix was verified by Fourier-transform infrared spectroscopy (FTIR) analysis,
which revealed characteristic absorption peaks in the 1500-1600 cm™t range. Surface morphology
represents heterogeneous dispersion of e-PL in the PLA/PBAT matrix. Contact angle analysis revealed
a progressive increase in surface hydrophilicity with higher g-PL content, decreasing from 61.72° to
47.73°. X-ray diffraction (XRD) showed a reduction in crystallinity as the g-PL concentration increased,
while differential scanning calorimetry (DSC) provided insights into thermal transitions. Incorporation of
e-PL in the polymer blend led to a reduction in both oxygen and water vapor barrier properties. The
antimicrobial effectiveness of the films was assessed against Staphylococcus aureus, with the 5 wt% e-PL
film exhibiting antibacterial activity (30.6 mm zone of inhibition). Release kinetics analysis indicated that
e-PL release followed Fickian diffusion, with the Higuchi model offering the best fit for the data (R? =
0.98). When bananas were stored in PLA/PBAT blend films containing e-PL, their quality was better
maintained compared to both unpackaged bananas and those packed in control films. These findings
suggest that PLA/PBAT films incorporated with e-PL hold strong potential as more sustainable active
packaging materials offering enhanced food safety and extended shelf life.

This study addresses some of the challenges in replacing non-degradable conventional plastic based food packaging materials with more sustainable PLA based

materials. This approach fosters a circular materials economy and directly supports the UN Sustainable Development Goals on Responsible Consumption and
Production. This is achieved by advancing resource efficiency and driving the use of more sustainable materials for packaging and related applications.

1 Introduction

acting as a barrier against light, air, moisture, and contami-
nants. Effective packaging reduces food waste, prevents
spoilage, and supports compliance with food safety regulations

Packaging is essential in the food industry as it safeguards food
safety, extends shelf life and enhances consumer satisfaction. It
helps maintain the nutritional value and safety of food items by
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by inhibiting microbiological growth and chemical migration.
Sustainable packaging options, such as biopolymers, are gain-
ing increasing popularity due to growing environmental
concerns. These materials play a vital role in reducing plastic
waste and promoting a circular economy.* Several biopolymers,
including PLA, polyhydroxyalkanoates (PHAs), cellulose, starch,
other water soluble polymers, etc.,, can be used for food
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packaging.>* Of these, PLA is especially notable because it is
easy to process using standard plastic manufacturing tech-
niques and is compostable, making it a leading candidate for
sustainable food packaging materials. PLA is a thermoplastic
polyester produced by fermenting natural starches such as
cassava, sugarcane and corn. Although PLA exhibits good
tensile strength and transparency, its use in food packaging is
restricted due to its inherent brittleness and limited flexibility.®
Recent advances have shown that blending PLA with flexible,
compostable polymers such as PBAT and incorporating addi-
tives like chain extenders or plasticizers enhances both proc-
essability and end-use performance, broadening its
applicability in sustainable food packaging.®

The development of PLA-based compostable antimicrobial
packaging is a trending topic in the food packaging sector, as it
promotes environmental sustainability and enhances food
safety.” Antimicrobial packaging, a form of active packaging
technology, extends food shelf life by inhibiting bacterial
growth on the food surface through controlled release mecha-
nisms. Recent developments in antimicrobial active packaging
films focus on integrating natural and synthetic antimicrobial
agents into biopolymer matrices to enhance food safety and
extend shelf life. While synthetic antimicrobial agents such as
silver nanoparticles, quinolones, and sulfonamides have been
widely used, concerns over their toxicity and regulatory
restrictions have shifted attention toward natural alternatives.
On the other hand, some of the natural antimicrobial
substances such as plant extracts and essential oils (including
clove, cinnamon, peppermint, thymol, etc.) present challenges
such as low thermal stability, volatility, and sensory issues.>® In
this context, e-PL, a naturally occurring antibacterial poly-
peptide made by microbial fermentation, stands out as a suit-
able antimicrobial agent. It is widely used in food preservation,
biomedical and pharmaceutical applications.*®"* e-PL efficiently
inhibits the growth of molds, Gram-positive and Gram-negative
bacteria, yeast, and other microorganisms by disrupting cell
walls and inhibiting enzymatic activity."> The Food and Drug
Administration (FDA) and European Food Safety Authority
(EFSA) have recognized &-PL as a safe food preservative that
decomposes naturally, making it an appropriate antibacterial
agent for active and sustainable packaging.® Several studies
have explored the release kinetics of &-PL from biodegradable
polymeric film matrices such as alginate, chitosan, polyvinyl
alcohol and starch aiming to optimize its antimicrobial
performance for various applications.** For example, incorpo-
rating &-PL into fish gelatin-chitosan matrices with cinnam-
aldehyde as a cross-linker resulted in food packaging films with
antimicrobial activity.’® Antimicrobial e-PL incorporating
sodium alginate microspheres were reportedly used to prolong
the shelf life of fruit."® Tea polyphenols with &-PL core-shell
microcapsules were also developed for their application in the
preservation of food."”

In this study, we first optimized the concentration of PBAT
required to blend with PLA to achieve reasonable elongation
properties in the resulting films. The optimum concentration of
e-PL necessary to impart effective antimicrobial properties to
PLA/PBAT blend films was determined. Additionally, the study
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systematically investigated the influence of e-PL on the physi-
cochemical, thermal and antimicrobial properties of the blend
films, with a particular focus on their potential applications in
food packaging. To evaluate the efficacy of these antimicrobial
films, bananas were packaged using the developed films and
their quality deterioration during ripening at room temperature
storage was monitored. This approach provides practical
insights into the performance of PLA/PBAT-based antimicrobial
packaging for extending the shelf life of fresh produce.

2 Materials and methods

2.1. Materials

PLA biopolymer, Ingeo® 2003D, characterized by a p-isomer
content of 4%, specific gravity 1.24, Mn of 114 300 g mol ', M,,
of 181 700 g mol ' and melt flow rate (MFR) of 6 g/10 min was
obtained from NatureWorks LLC (Minneapolis, MN, USA).
PBAT grade Ecoflex®, a compostable polyester, with specific
gravity 1.26 and MFR 3-5 g/10 min at 190 °C was purchased
from BASF (Ludwigshafen, Germany). 100% A-grade &-PL was
obtained from Bimal Pharma Pvt. Ltd., Mumbai.

2.2. Masterbatch development

A PLA/PBAT (70/30) blend masterbatch was prepared to achieve
complete mixing and uniform dispersion of additives within the
blend. Prior to compounding, PLA/PBAT (70/30) pellets were
dried in a hot air oven for 4 h at 75 °C (Memmert UFE-500,
Germany). Different concentrations of e-PL (1, 2, 3, 4 and
5 wt%) were physically mixed with the PLA/PBAT blend for
15 min using a ribbon blender. The resulting blend was then
extruded in a twin screw polymer extruder (Dr Collin ZK 25T,
Teach Line, Germany). The temperature profile for the four
sections of the barrel was set to 155 °C/160 °C/165 °C/170 °C,
which is required to adequately melt and process PLA and
PBAT. Since &-PL is thermally stable up to 300 °C with no
significant loss of its antimicrobial properties or material
integrity, it was directly added to the masterbatch during
extrusion. The extrudate was subsequently pelletized to produce
masterbatch granules, which were sealed and stored at room
temperature until further processing by blown film extrusion.

2.3. Fabrication of PLA/PBAT blend films

The blown film extrusion process was utilised to fabricate PLA/
PBAT blend films, employing a twin screw extruder connected
to a blown film unit (BL 400 E). Before extrusion, the prepared
master batches were pre-dried at 75 °C in a hot air oven for 4 h
to remove residual moisture. The screw speed was maintained
between 30 and 35 rpm, and the take up ratio was 2. The
temperature profile for the screw zone was set at 160 °C/165 °C/
170 °C/175 °C and for the die zone was set at 170 °C/170 °C/170 °©
C/170 °C/170 °C respectively. The resulting blown films had an
average thickness of 65 + 5 pm for each film sample.

2.4. Characterization

2.4.1. FTIR spectroscopy. FTIR spectra were measured
using an FTIR spectrophotometer (Thermo Scientific, Nicolet

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Summit X, UK) fitted with an attenuated total reflectance (ATR)
accessory. The analysis was conducted in ATR mode, utilizing
a diamond crystal for the study. The film sample was kept in
close contact with the crystal and scanning was performed
across the 4000-400 cm ™" range by maintaining a resolution of
4 cm™'. OMNIC Paradigm software was used to interpret the
spectra.

2.4.2. Scanning electron microscopy (SEM). The surface
morphology of the developed films was evaluated using a scan-
ning electron microscope (Zeiss, EVO-LS 10, Germany). Surface
and cross-sectional images were captured at a magnification of
500x and 1000x at an accelerated voltage of 20 kV. All samples
were sputter coated (Emitech SC7620) by a thin layer of gold
prior to imaging.

2.4.3. Contact angle measurement. The static contact angle
of water in air was measured using the sessile drop technique
with a contact angle meter (model: DMe-211 Plus, Kyowa
Contact Angle Meters, Japan).'® The film samples were trimmed
into 10 cm x 10 cm squares and firmly positioned on the
sampling stage. The sample stage was raised to delicately
deposit a droplet of distilled water (2 & 0.1 pL) onto each film
substrate. The static contact angle for all samples was measured
immediately after droplet deposition. Each measurement was
preceded by a 2000 ms waiting period to allow droplet deposi-
tion. The image was obtained using a CMOS sensor camera
having high-resolution with a built-in LED light source. Data
analysis and contact angle determination were performed using
FAMAS software. All measurements were carried out under
controlled conditions of 50 + 2% relative humidity (RH) and 23
+ 2 °C temperature. For every sample, at least 10 values were
taken from various spots and their mean value was recorded.

2.4.4. DSC analysis. A differential scanning calorimeter
(model: Discovery DSC 25, TA Instruments, USA) was used to
assess the samples' thermal characteristics, such as their
melting point (T,,), cold crystallization temperature (7.), and
glass transition temperature (T,), using the heat-cool-heat
procedure. The device was calibrated for heat flow and
temperature by following a procedure which was previously
reported.” Samples weighing between 5 and 10 mg were care-
fully placed in a Tzero aluminum pan, properly closed with
a Tzero lid, and analyzed. The films were first heated to 200 °C
from room temperature at 10 °C min~ ", cooled to —50 °C at the
same rate to arrest polymer molecular activity, and then
reheated to 200 °C at 10 °C min . The resulting thermogram,
plotting heat flow versus temperature, was analyzed to identify
first- and second-order phase transitions like Tr,, Ty, and T..

2.4.5. XRD analysis. An X-ray diffractometer (model: D2
Phaser, Bruker AXS, Germany) was used to evaluate the
percentage crystallinity of the samples by analyzing their XRD
spectra.” The measurements were carried out by scanning the
samples over a diffraction angle (26) range of 6° to 70° using Cu
Ko (A = 1.5406 A) radiation. The instrument was operated at 10
mA and 30 kv.

2.4.6. Oxygen transmission rate (OTR). OTR analysis was
performed on the film samples using an oxygen transmission
rate analyzer (Mocon Ox-Tran 2/22L, US) in compliance with
ASTM D3985. Before testing, samples were conditioned in

© 2025 The Author(s). Published by the Royal Society of Chemistry
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a desiccator at 0% RH for 48 h. Using a template, each sample
was cut into an octagonal shape, and the test area was reduced
to 5 cm” by masking with foil. The purging gas was a nitrogen-
hydrogen combination (mixture of 98% N, and 2% H,), and the
carrier gas was 99.9% pure oxygen. The analysis was performed
at 23 £ 2 °C and 0% RH.

2.4.7. Water vapor transmission rate (WVTR). Film
samples underwent WVTR testing with a WVTR analyzer in
accordance with ASTM F1249 (model: Permatran-W 3/33,
Mocon, US). A template was used to cut each sample into
a hexagon, and the test area was reduced to 5 cm” by masking
with foil. The analysis was performed with 99.9% pure nitrogen
gas as the purging gas. Testing was conducted at 37.8 £+ 1 °C
and 100% RH, ensuring accurate assessment of the films'
barrier properties.

2.4.8. Mechanical properties. Using a universal testing
machine (UTM) fitted with a 1 kN load cell, key mechanical
parameters such as Young's modulus, tensile strength and
percentage elongation were evaluated (model: LRX Plus, Lloyd
Instruments, UK). Testing of all samples was performed in
accordance with ASTM D882. In every test, the gauge length and
cross-head speed were maintained at 100 mm and 50
mm min~ " respectively. Each sample was cut along the machine
direction. The results represent the average values obtained
from testing at least five samples for each condition.

2.4.9. Antimicrobial analysis. The film samples were eval-
uated for antibacterial activity against Gram-negative Escher-
ichia coli (ATCC 10536) and Gram-positive Staphylococcus aureus
(ATCC 700699) strains using the well diffusion method on
Mueller-Hinton agar (MHA) medium. Film extracts were
prepared by immersing film samples (1 cm x 1 cm) of equal
weight in 5 mL of sterile distilled water and incubating at 37 °C
for 24 h. The strains of bacteria were cultivated in nutrient
medium at 37 °C for 24 h prior to testing. For inoculation,
a sterilized cotton swab was immersed into the microbial
culture and spread across the agar plates in four directions,
rotating the plate 45° every time to ensure uniform coverage. A
12 mm diameter well was created in the agar, and 200 pL of the
film extract was carefully added to the well using a micropipette
(Nichipet EX II, Japan). The plates were then incubated at 37 °C
for 24 h. Antibacterial activity was assessed by evaluating the
zone of inhibition diameter around the sample well, and the
results were reported as the growth inhibition diameter in
millimeters.>*

2.4.10. Release kinetics of &-PL. The &-PL release studies
were carried out with a UV-visible spectrophotometer (model:
Lambda 365, PerkinElmer, US) at a characteristic wavelength of
203 nm.?* A calibration curve was constructed using standard &-
PL solutions. Film samples (5 x 5 cm?) were immersed in 50 mL
of distilled water. Samples (2 mL) were collected from the
release medium at predetermined intervals of 0, 5, 10, 15, 30,
45, 60, 120, 180, and 240 min and each sample was replaced
with 2 mL of fresh distilled water to preserve the total volume
and concentration. The collected samples were analyzed using
spectrophotometric methods. The data obtained were fitted to
various models of release kinetics, including first-order
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kinetics, the Higuchi model, zero-order kinetics, and the Kors-
meyer-Peppas model, to study the release behavior of &-PL.
2.4.11. Shelf life studies using packaged bananas. Fresh,
uniformly ripe bananas were procured locally in Mysore, India,
then cleaned and dried prior to packaging. The bananas were
divided into three groups: the first group served as a control and
remained unpackaged; the second group was packaged with
PLA/PBAT blend films; and the third group was packaged with
PLA/PBAT blend films containing e-PL. All samples were stored
at room temperature. The bananas were then evaluated for
weight loss percentage, pH, texture profile analysis (TPA), color
analysis, titratable acidity (TA) and total soluble solids (TSS).
2.4.12. TPA. A UTM equipped with a 20 N load cell was
employed to measure the hardness of banana samples (model:
LRX Plus Lloyd Instruments, UK). Sample penetration was

performed using a 3 mm diameter cylindrical stainless steel
1

probe. The test was conducted at a speed of 1 mm s -, with
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a penetration depth of 10 mm. The results were calculated from
the average value obtained by testing at least three replicates for
each sample.

2.4.13. Colour measurement. The color of the banana pulp
was evaluated using a HunterLab colorimeter (ColorFlex EZ,
USA). The color space coordinates for L* (lightness),
b* (yellowness/blueness) and a* (redness/greenness) were
determined. Prior to analysis, standard black and white plates
were used to calibrate the colorimeter.

2.4.14. Weight loss. A digital balance was used to record
the daily weight of the packed banana and weight loss
percentage was subsequently calculated.

2.4.15. TSS. A handheld refractometer was used to deter-
mine the TSS (Atago India Instruments Pvt. Ltd., Mumbai) by
placing mashed banana pulp on the sample plate and the
readings were expressed in °brix.

(b)
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Fig. 1 (a) FTIR spectra of e-PL, PLA/PBAT blend control film and

PLA/PBAT blend films loaded with different weight percentages of

e-PL (1-5 wt%). (b) Enlarged view of the FTIR spectra in the 1550-1600 cm™' regions. (c) Enlarged view of the FTIR spectra in the

2800-3500 cm ™! regions.
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2.4.16. pH. An electronic pH meter (Horiba Scientific F-
74G) was used to determine the sample's pH. Buffer was used
to calibrate the pH meter at pH 4, 7, and 9. For pH measure-
ments, banana samples (10 g) were homogenized in distilled
water (50 mL).

2.4.17. TA. The TA was measured using acid-base titration.
10 g of blended banana pulp was combined with 50 mL of
distilled water and filtered, and then 10 mL of the clear liquid
was titrated with 0.1 N NaOH using an indicator (phenol-
phthalein). The endpoint was identified as a consistent pale
pink color.? Titratable acidity was calculated and expressed as
the percentage of malic acid, the major organic acid in banana.

2.4.18. Statistical analysis. Statistical analysis was carried
out using IBM SPSS version 20.0 (SPSS Inc., Chicago, IL). One-
way ANOVA was employed to evaluate differences among
groups, and Tukey's post hoc test was used to identify significant
pairwise comparisons at p = 0.05. The mean =+ standard devi-
ation (SD) represents the experimental outcomes.
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3 Results and discussion

3.1. FTIR spectroscopy

The FTIR spectra presented in Fig. 1(a) clearly demonstrate the
chemical structure of PLA/PBAT blend films containing 1-
5 wt% of &-PL. All films exhibited characteristic peaks corre-
sponding to both PLA and PBAT. A strong absorption peak
observed between 1752 and 1711 cm ' corresponds to the
stretching vibration characteristic of ester groups (C=O
stretching) in both polymers.>* The peak at around 1450 cm™*
corresponds to the C-H bending vibration of the methyl group
in PLA, and this peak is a specific marker for PLA within the
blend.>* The 1270 cm ™" peak is related to the aromatic ester (C-
O stretching) of PBAT.>* Additionally, the doublet peak observed
between 1380 and 1360 cm ™' is characteristic of the symmetric
and asymmetric bending modes of the methyl group,
commonly found in aliphatic polyesters such as PLA and

PBAT.?>® The triplet peaks at 1120, 1081, and 1043 cm ' are

ENT« 2000w
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Mag= 200X

Oute 28 2 20258
Tire 121917
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Fig. 2 SEM images of (a) PLA/PBAT blend control film and (b) PLA/PBAT blend + 4 wt% e-PL film. (c) Cross-sectional image of the PLA/PBAT
blend control film. (d) Cross-sectional image of the PLA/PBAT blend + 4 wt% e-PL film.
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attributable to the C-O and C-O-C stretching vibrations present
in both PLA and PBAT.*”*®

Notably, as the &-PL content increases from 1 wt% to 5 wt%,
a progressive increase in the intensity of the broad absorption
band is visible in the 3200-3500 cm ™" regions, which is attrib-
uted to the O-H and N-H stretching vibrations.>® This confirms
the successful incorporation of &-PL into the PLA/PBAT blend
films, as these functional groups are characteristics of e-PL. The
presence of -PL is further supported by a slight increase in peak
intensity in the 1500-1600 cm ' area, associated with N-H
bending vibrations of the amide groups.** Additionally no peak
shifts were observed in the spectra, confirming that e-PL was
physically incorporated within the blend without forming any
new covalent bonds. Overall, FTIR analysis suggests the pres-
ence of &-PL in the blend films through physical interactions
while maintaining the structural integrity of the PLA/PBAT
blend. When hydrophilic antimicrobial agents such as &-PL
are physically incorporated into polymer films like PLA/PBAT,
their migration to the film surface is significantly influenced
by moisture. Upon exposure to moisture or high humidity,
diffusion of the antimicrobial agent is facilitated, and it tends to
migrate toward the surface, where it can directly interact with

Tablel Contactangle of PLA/PBAT blend control films and PLA/PBAT
blend loaded films with different weight percentages of e-PL
(1-5 wt%)*

Sample name Contact angle (°)

PLA/PBAT blend control film 72.23 + 1.33¢
PLA/PBAT blend + 1 wt% &-PL 61.72 £ 2.25¢
PLA/PBAT blend + 2 wt% &-PL 55.06 =+ 1.85°
PLA/PBAT blend + 3 wt% &-PL 53.09 =+ 3.99°
PLA/PBAT blend + 4 wt% &-PL 50.35 =+ 3.54%P
PLA/PBAT blend + 5 wt% &-PL 47.43 4+ 0.28%

% Values in the same column with different lowercase letters (a-d) are
significantly different at p =< 0.05. All values are expressed as the
mean + SD (n = 10).

Fig. 3
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food-contact interfaces. This moisture-triggered migration
enhances the effectiveness of hydrophilic antimicrobial agents
because their activity depends on surface availability. Moisture
from the environment or food products stimulates the agent's
release, ensuring sustained antimicrobial activity precisely
when and where it is most needed.

3.2. Surface morphology

The surface morphology of PLA/PBAT blend films, both with
and without e-PL incorporation, was evaluated using SEM. Fig. 2
shows surface and cross-sectional SEM images of the control
PLA/PBAT blend and the film containing 4 wt% &-PL at 500 x
and 1000x magnification. The control PLA/PBAT blend film
exhibits a relatively smooth surface with limited phase separa-
tion and no visible pores or cracks, indicating good film integ-
rity. The cross-sectional image (Fig. 2(c)) of the control film
reveals a compact and less heterogeneous internal structure,
with no noticeable voids or phase boundaries, suggesting good
dispersion of PBAT within the PLA matrix despite their inherent
incompatibility.**

The film containing 4 wt% &-PL shows a rougher surface
morphology with small aggregated domains, indicating
heterogeneous dispersion of &-PL in the PLA/PBAT matrix. The
increased surface roughness is consistent with the observed
decrease in the water contact angle described in Section 3.3,
reflecting enhanced film hydrophilicity. The cross-sectional
morphology of the &-PL loaded film is also rougher and more
heterogeneous, with dispersed microdomains that may signify
localized phase separation or &-PL agglomerates. This suggests
that &-PL preferentially localizes at the PLA/PBAT interface or
forms distinct inclusions within the matrix. Such structural
changes could affect the film's mechanical and barrier proper-
ties. Overall, SEM analysis confirms that incorporation of &-PL
alters the surface and internal morphology of PLA/PBAT blend
films. While e-PL improves functionalities such as wettability
and potentially enhances antibacterial activity by increasing
surface availability, it also introduces minor morphological

Image of droplets formed on the surface of (a) PLA/PBAT blend control film, (b) PLA/PBAT blend + 1 wt% ¢-PL film, (c) PLA/PBAT blend +

2 wt% e-PL film, (d) PLA/PBAT blend + 3 wt% e-PL film, (e) PLA/PBAT blend + 4 wt% e-PL film, and (f) PLA/PBAT blend + 5 wt% &-PL film.
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irregularities due to its limited compatibility and dispersion
within the polymer blend.

3.3. Contact angle measurement

The primary function of contact angle measurement is to eval-
uate a solid surface's wettability by a liquid, providing essential
information regarding its hydrophilicity or hydrophobicity.
Surfaces with contact angles below 90° are considered hydro-
philic, as they promote liquid spreading and exhibit high
wettability. Conversely, contact angles above 90° denote
hydrophobic surfaces, where liquids tend to bead up due to low
wettability. In this study, the contact angle data for PLA/PBAT
blend control films and those loaded with different weight
percentages of &-PL (1-5 wt%) are presented in Table 1, with
corresponding droplet images shown in Fig. 3. The control PLA/
PBAT blend film exhibited a contact angle of 72.23°, indicating
a moderately hydrophobic surface.*” As the &-PL concentration
varied from 1 to 5 wt%, a consistent decrease in the contact
angle was observed, ultimately resulting in a value of 47.43°.
This steady reduction in the contact angle reflects a progressive
increase in surface hydrophilicity. The cationic, hydrophilic
polypeptide &-PL contains abundant amino groups that readily
form hydrogen bonds with H,O molecules, thereby improving
wettability and lowering the contact angle when incorporated
into the polymer matrix. Similar improvements in hydrophi-
licity have been reported in studies where e-PL was grafted onto
membranes.*® Overall, these findings demonstrate that the
addition of &-PL significantly improves the hydrophilicity of the
blend films.

3.4. DSC analysis

DSC was employed to investigate the effect of e-PL on the
thermal characteristics of PLA/PBAT blend films, specifically
their Ty, Ty and T.. The incorporation of &PL led to the

PLA/PBAT blend + 5wt% ¢-PL

PLA/PBAT blend + 4wt% &-PL

—_— P— .

s

PLA/PBAT blend + 3wt% &-PL

PLA/PBAT blend + 2wt% ¢-PL

Heat Flow (wt/g)

PLA/PBAT blend + 1wt% &-PL

PLA/PBAT blend (Control Film)

T T
50 100 150

Temperature ('C)

200

Fig. 4 DSC thermogram of the PLA/PBAT blend control film and
PLA/PBAT blend films loaded with different weight percentages of
e-PL (1-5 wt%).
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© 6000 index
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1wt% e-PL film 36.65
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10 20 30 40 50 60
Diffraction angle (26)

Fig. 5 XRD graph of the PLA/PBAT blend control film and PLA/PBAT
blend loaded films with different weight percentages of e-PL (1-5 wt%).

reduction of the T, of PLA from 47.88 °C to 44.33 °C (Fig. 4). This
reduction is attributed to interactions between e-PL and PLA via
hydrogen bonding or ionic interactions, which disrupt the
regular arrangement of PLA chains and enhanced chain
mobility, effectively acting as a secondary plasticizer.** The T,
continued to decrease with increasing &-PL content, reaching
a minimum at 4 wt% (43.21 °C), but then slightly increased at
5 wt% (44.21 °C). This shows that the plasticizing effect of e-PL
might have diminished beyond a certain concentration. Cold
crystallization, a phenomenon where polymer crystallization
occurs during heating rather than cooling, was observed at
103.89 °C, suggesting that PLA was not fully crystallized—
possibly due to rapid cooling.*

The DSC thermograms revealed a split melting peak: a lower
melting peak (T,1) between 140 and 145 °C (corresponding to
less perfect crystals formed during cold crystallization) and
a higher melting peak (7,2) between 145 and 150 °C (resulting
from well-arranged crystals formed subsequently).*® With
increasing &-PL content, cold crystallization initially decreased,
indicating enhanced chain mobility and flexibility that allowed
for crystal rearrangement at lower temperatures. However, this
trend reversed at &-PL concentrations above 4 wt%, as cold
crystallization increased with further e-PL addition. These
results provide valuable insights into the thermal behavior and
structural dynamics of these polymer blends.

3.5. XRD analysis

XRD was employed to investigate the effect of &-PL on the
crystallinity of PLA/PBAT blend films. Fig. 5 presents the XRD
patterns of the PLA/PBAT blend film and those with &-PL
incorporated at 1-5 wt%. The PLA/PBAT blend film exhibits
a distinct diffraction peak at 2 = 17.45°, corresponding to the
(200)/(110) reflections of the a-form of PLA, confirming its semi-
crystalline nature.®” An increase in &-PL content from 1 to 5 wt%
results in broadening of the XRD peak, reflecting a progressive

Sustainable Food Technol., 2025, 3, 1901-1915 | 1907
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Table 2 Thickness and OTR values of PLA/PBAT blend control films
and PLA/PBAT blend loaded films with different weight percentages of
e-PL (1-5 wt%)*

Sample Thickness (um) OTR (cm® m 2 d ")
PLA/PBAT blend control film  65.84 & 1.46% 317.00 £ 4.35%
PLA/PBAT blend + 1 wt% &-PL  65.46 + 1.45" 368.47 + 1.88°
PLA/PBAT blend + 2 wt% &-PL  67.69 4 2.42° 374.24 + 3.90
PLA/PBAT blend + 3 wt% &-PL  65.41 &+ 1.49 * 384.21 + 4.31%¢
PLA/PBAT blend + 4 wt% &-PL  67.20 & 1.62° 394.56 + 4.45%
PLA/PBAT blend + 5 wt% &-PL  68.05 & 1.60" 404.86 + 4.51°

% Values in the same column with different lowercase letters (a-e) are
significantly different at p = 0.05. All values are expressed as the
mean + SD (n = 3).

reduction in crystallinity and a shift toward an amorphous
phase. At 5 wt% &-PL, the blend film displays an amorphous
halo, signifying a predominantly amorphous state. This may be
attributed to the amorphous and hydrophilic nature of &-PL,
which likely interacts with PLA through hydrogen bonding or
ionic interactions, thereby increasing chain mobility and di-
srupting the regular arrangement of PLA chains, ultimately
reducing crystallinity.*® These results indicate that &-PL is not
merely physically mixed within the polymer matrix, but rather
forms a more complex association with the blend, suggesting
interactions at the molecular level.

3.6. Assessment of barrier performance

The oxygen and moisture barrier characteristics of the films
were assessed, and the results are presented in Tables 2 and 3

Table 3 Thickness and WVTR values of PLA/PBAT blend control films
and PLA/PBAT blend loaded films with different weight percentages of
g-PL (1-5 wt%)”

Sample Thickness (um) WVTR (g m > d™")
PLA/PBAT blend control film 65.18 + 1.00? 417.00 + 4.36"
PLA/PBAT blend + 1 wt% &-PL 67.69 + 1.62° 468.80 + 1.35°
PLA/PBAT blend + 2 wt% &-PL.  66.87 & 1.08% 477.58 + 2.50°
PLA/PBAT blend + 3 wt% &-PL 68.39 &+ 1.97° 483.54 + 4.37¢
PLA/PBAT blend + 4 wt% &-PL 66.08 £ 1.80% 500.90 + 3.64¢
PLA/PBAT blend + 5 wt% &-PL 66.13 £+ 1.01° 515.53 4+ 4.50 ¢

“ Values in the same column with different lowercase letters (a-e) are
significantly different at p = 0.05. All values are expressed as the
mean + SD (n = 3).
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respectively. The addition of &-PL into the PLA/PBAT matrix
increases the OTR values, due to the hydrophilic nature of &-PL,
which introduces more polar sites into the originally dense
polymer matrix. The incorporation of e-PL disrupts the regular
packing of molecular chains within the PLA/PBAT matrix,
resulting in a more loosely packed structure with increased
chain mobility and excess free volume compared to the original
films. This disruption reduces crystallinity, as confirmed by
XRD analysis. The increased chain mobility and excess free
volume, resulting from this de-densification effect,* facilitate
greater oxygen permeability. Similarly, WVTR progressively
increases with &-PL content (1 to 5 wt%). This trend is attributed
to the polar amino groups in &-PL, which increases moisture
permeability by introducing hydrophilic sites within the film.*
These modifications improve gas and moisture exchange and
increase both the OTR and WVTR. This enhanced permeability
supports improved respiration dynamics, moisture balance and
adequate gas exchange for packaged fruits and vegetables,
thereby extending their shelf life.

3.7. Mechanical properties

Incorporating hydrophilic additives such as e-PL into PLA/PBAT
blend films results in notable changes to the mechanical
properties, as evaluated across different weight percentages (1-
5 wt%) of e-PL. These results, detailed in Table 4 and illustrated
in the stress-strain graph (Fig. 6), highlight the impact of &-PL
content on several mechanical properties. The PLA/PBAT film
without &-PL possesses a tensile strength of 31.22 MPa. The
addition of &-PL resulted in a steady decline in tensile strength
to 26.14 MPa, primarily due to its plasticizing effect that
enhances the polymer chain mobility and reduces the overall
rigidity. This trend is mirrored in the Young's modulus, which
dropped from 2019.86 MPa to 1559.9 MPa as the &-PL concen-
tration increased from 1 to 5 wt%, indicating increased film
flexibility and decreased stiffness. Elongation at break for the
control film was 33.94%, but this value increased gradually with
&-PL content up to 4 wt%, reaching between 44.82% and
65.47%, consistent with a plasticizing effect at moderate
concentrations.** However, at 5 wt% &-PL, elongation dropped
to 55.47%, suggesting the formation of weak regions within the
matrix at higher additive levels. These findings highlight the
optimal performance observed at intermediate concentrations.
These results are relevant for designing biodegradable active

Table 4 Mechanical properties of PLA/PBAT blend control films and PLA/PBAT blend loaded films with different weight percentages of

e-PL (1-5 wt%)*

Sample Tensile strength (MPa)

Young's modulus (MPa) % Elongation

PLA/PBAT blend control film 31.22 + 3.63¢

PLA/PBAT blend + 1 wt% &-PL
PLA/PBAT blend + 2 wt% &-PL
PLA/PBAT blend + 3 wt% &-PL
PLA/PBAT blend + 4 wt% &-PL
PLA/PBAT blend + 5 wt% &-PL

30.19 + 0.81%°
28.77 + 0.74%%¢
27.92 + 1.03%°
27.10 + 1.04%°
26.14 + 1.012

2019.86 + 50.07¢ 33.94 + 0.57°
1939.92 + 43.35¢ 44.82 + 2.71°
1802.78 =+ 44.11° 46.01 + 1.98°
1729.1 + 59.65"° 50.87 + 1.50°
1654.01 + 37.87° 65.47 + 2.54°
1559.9 + 42.59° 55.47 + 3.55¢

“ Values in the same column with different lowercase letters (a-e) are significantly different at p =< 0.05. All values are expressed as the mean =+ SD (n = 5).
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Fig. 6 Stress—strain curve of the PLA/PBAT blend control film and
PLA/PBAT blend films loaded with different weight percentages of
e-PL (1-5 wt%).

packaging, especially when balancing mechanical integrity with
the need for flexibility and elongation properties for food
applications.

3.8. Antimicrobial property evaluation

e-PL shows effective antibacterial activity against a wide range of
Gram-negative and Gram-positive bacterial strains. Initially,
cationic &-PL interacts electrostatically with the negatively
charged phospholipids of the bacterial membrane, resulting in
membrane disruption. This process is commonly described as
a “carpet-like” mechanism, where &-PL molecules cover and
disrupt the membrane surface. In Gram-negative bacteria, &-PL
destabilizes the lipopolysaccharide layer, while in Gram-

E.coli S.aureus

1wt%e-PL  2wt%e-PL

2wt% -PL

<
4':':

3wt% e-PL

@ ~

3wt% e-PL
[ &
Awt% €-PL

Swt% €-PL

o (®

.

5wt% e-PL
Awt% &-PL

(a)

Fig. 7
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positive bacteria, it targets the peptidoglycan layer. These
interactions induce negative membrane curvature, resulting in
the formation of micelles and pores that compromise
membrane integrity and increase permeability, ultimately
causing bacterial lysis and cell death.*” The well diffusion assay
quantified antibacterial activity of PLA/PBAT blend films con-
taining various concentrations of e-PL against E. coli and S.
aureus. The inhibition zone measurements obtained through
this method quantitatively reflect the antimicrobial effective-
ness corresponding to different e-PL concentrations. The results
(Fig. 7) demonstrate a clear concentration-dependent increase
in antimicrobial efficacy with higher &-PL content. Specifically,
at 1 wt% &-PL, the zones of inhibition measured 20.6 mm for E.
coli and 25.3 mm for S. aureus. These zones expanded to
27.3 mm and 30.6 mm, respectively, at 5 wt% &-PL, indicating
a progressive enhancement of antibacterial activity as &-PL
concentration increases. The greater inhibitory effect observed
against S. aureus compared to E. coli suggests that &-PL is more
effective against Gram-positive bacteria. This variation is due to
distinct structural features of the bacterial cell walls: Gram-
positive organisms such as S. aureus have a thick peptido-
glycan layer but lack an outer membrane, making them more
vulnerable to antimicrobial agents. In contrast, Gram-negative
bacteria like E. coli have a thinner peptidoglycan layer but are
protected by an additional outer membrane, which hinders the
penetration of antimicrobial compounds.” These findings
confirm the potential of natural antimicrobial additives like &-
PL in active packaging systems, promoting enhanced food
safety and environmental sustainability.

3.9. Release kinetics of the antimicrobial agent

The release kinetics of &-PL from PLA/PBAT blend films, loaded
with 1-5 wt% e-PL, were analyzed by fitting experimental data to
several established models such as the Higuchi, Korsmeyer-
Peppas, first-order and zero-order models. The experimental

35

‘:} Zone of inhibition (E.coli)
[C=12one of inhibition (S.aureus)

++

w
o
1

_f_

N
(]
1

1]

i

]

-
o
1

Zone of inhibition (mm)
=
1

(4]
1

1wt% e-PL  2wt% e-PL  3wt% &-PL 4wt% e-PL 5wt% &-PL

(b)

(a) Antimicrobial activity of PLA/PBAT blend films loaded with different weight percentages of e-PL (1-5 wt%) using film extract (200 pl)

evaluated by the well diffusion assay and incubated at 37 °C for 24 h. (b) Zone of inhibition bar graph of PLA/PBAT with e-PL (1-5 wt%) film extract

against E. coli and S. aureus.
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Fig. 8 &-PL release curve of PLA/PBAT blend films loaded with
different weight percentages of g-PL (1-5 wt%).

data moderately fit the zero-order model, indicating a roughly
constant release rate independent of concentration, which
suggests that the system does not facilitate uniform release. The
first-order model, which assumes release proportional to the
remaining &-PL concentration, did not fit well, as &-PL is phys-
ically entrapped in the polymer matrix and no significant
concentration-dependent decay was observed. The Korsmeyer-
Peppas model, typically used to describe initial drug release
from polymeric matrices (up to 60% release, Mt/M o < 0.6),"

View Article Online

Paper

was deemed invalid in this case because the release exceeded
this threshold (Mt/M e > 0.6). Among the evaluated models, the
Higuchi model provided the best fit, with high R* values ranging
from 0.96 to 0.98. This model describes release as a diffusion-
controlled process, which is characteristic of systems where
the active agent is dispersed in an insoluble polymer matrix and
diffuses out into the surrounding medium.* A plot of cumula-
tive &-PL release versus the square root of time was generated,
and its linearity (Fig. 8) indicated that Fickian diffusion through
the polymer matrix is the dominant release mechanism. This
diffusion-driven release is especially beneficial for active food
packaging, as it enables sustained antibacterial activity
throughout the storage period.

3.10.
films

Shelf life studies of bananas packed in antimicrobial

The quality parameters of bananas packed in PLA/PBAT blend
films incorporated with e-PL were compared with those of
bananas packed in control films and unpacked banana
samples. Fig. 9 demonstrates the gradual quality changes
during 7 days of storage, with bananas in &-PL films exhibiting
superior shelf life compared to both bananas packed in control
films and unpacked fruit. This is supported by Fig. 10(a), which
illustrates that unpacked bananas experienced the highest
weight loss (33.7%), while those in control and e-PL films
showed significantly lower weight loss (11.5% and 9.0%,
respectively). These findings align with earlier research
involving PLA/PBAT/TPS films with salicylic acid and MCM-41,
which similarly reduced weight loss and extended banana
shelf life.*®

Day 0 Day 1 Day 2 Day 3

) P
P P

Unpacked banana

Banana packed in PLA/PBAT blend loaded with £-PL film

Day 4

Day 5

Day 6

Fig. 9
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Images showing the quality deterioration of bananas during 7 days of storage.
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Fig. 10 Changes in the physicochemical characteristics of bananas (percentage weight loss, pH, titratable acidity, TSS, and hardness) during 7
days of storage at room temperature under three packaging conditions: unpacked, packed in PLA//PABT blend control films and PLA/PBAT blend
films loaded with 4 wt% e-PL. Values in the same column with different lowercase letters (a—c) are significantly different at p =< 0.05. All values are
expressed as the mean + SD (n = 3).

Hardness, a key indicator of banana texture, steadily
decreased in unpacked bananas (from 1.67 N to 0.53 N),
whereas bananas in &-PL films retained higher hardness for

a longer duration (from 1.67 N to 0.78 N). Control film-packaged
bananas showed intermediate hardness loss. This indicates
that &-PL not only inhibits microbial growth but also helps
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maintain fruit texture by slowing ripening and softening. These
results are consistent with previous studies on active and
passive modified atmosphere packaging, where active pack-
aging strategies effectively delayed textural changes and
preserved banana quality.*”

Table 5 demonstrates changes in banana color parameters (L*,
a*, and b*) during storage. L* (lightness) decreases for all
samples due to browning, but bananas in &-PL films show
a slower decline (L*: 72.5 to 60.17) compared to unpacked fruit
(L*: 72.9 to 57.47), indicating better visual quality preservation. All
samples shift toward redder (a*) and yellower (b*) hues with
storage, reflecting ripening and enzymatic browning. However, ¢-
PL films delay these color changes compared to unpacked and
control-packaged bananas, suggesting superior protection
against visual degradation. Physicochemical analysis confirms
this trend.*® The pH of bananas increases with storage, while TA
decreases, indicating reduced acid content. TSS also increase,
with unpacked bananas showing the highest TSS (19.4° brix),
followed by control (17.6° brix) and e-PL films (15.8° brix),
demonstrating delayed ripening in the latter. Thus PLA/PBAT
films loaded with &-PL significantly slow down color changes,
ripening, and quality deterioration in bananas. The observed
improvements in banana quality were statistically analyzed using
IBM SPSS version 20.0 (SPSS Inc., Chicago, IL). One-way ANOVA
was performed to evaluate differences among groups, followed by
Tukey's post hoc test to identify significant pairwise comparisons
at p = 0.05. The findings were consistent with previous studies on
banana ripening under various packaging conditions.*

4 Conclusions

Blown film extrusion was used to fabricate PLA/PBAT blend
films containing varying concentrations of &-PL, and the pres-
ence of &-PL in the films was confirmed by FTIR analysis.
Comprehensive studies revealed that increasing &-PL content
enhances film hydrophilicity (confirmed by contact angle
measurements) and decreases crystallinity (via XRD and DSC),
and barrier properties were affected due to the hydrophilic
nature of &-PL. SEM analysis verified that loading &-PL in the
PLA/PBAT blend film increased its surface roughness while also
improving surface wettability. Mechanical testing showed that
elongation at break increases up to 4 wt% &-PL, after which it
declines, indicating optimal mechanical performance at this
concentration. Antimicrobial evaluations demonstrated potent
activity, with 5 wt% &-PL films exhibiting significant inhibition
zones against Staphylococcus aureus and Escherichia coli, high-
lighting e-PL's broad-spectrum efficacy. Release kinetics
studies, analyzed using the Higuchi model, revealed that &-PL
release follows Fickian diffusion, ensuring a regulated and
sustained release from the polymer matrix. This controlled
release is advantageous for maintaining antimicrobial activity
throughout the storage period. Bananas packaged in e-PL-
loaded films showed superior resistance to quality deteriora-
tion—including reduced browning, slower ripening, and better
retention of firmness—compared to those in control films and
unpacked samples. Overall, PLA/PBAT films loaded with &-PL
represent a promising, sustainable solution for active food

© 2025 The Author(s). Published by the Royal Society of Chemistry
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packaging, effectively extending shelf life, ensuring food safety,
and reducing reliance on petrochemical based plastic films.
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