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Prolonging fruit shelf-life with a graphitic carbon
nitride (GCN) incorporating biopolymer composite:
layer-by-layer assembled coating
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This study presents a novel, biodegradable, and multifunctional layer-by-layer (LbL) coating composed of
sodium alginate (SA), chitosan (CAS), and graphitic carbon nitride (GCN) for efficient fruit preservation.
The integration of GCN into the SA/CAS matrix significantly enhanced UV shielding, antimicrobial activity,
and ethylene scavenging, while maintaining excellent biocompatibility and minimal leaching of GCN. The
LbL-coated fruits demonstrated extended shelf life of 15 days for grapes and 10 days for bananas,
outperforming uncoated controls. The coating has superior thermal stability, reduced swelling, low
moisture permeability, and strong adhesion on irregular fruit surfaces. Importantly, the synergistic action
of CAS and GCN delivered over 97% bacterial inhibition, while maintaining cell viability above 90%. These
findings establish SA/GCN/CAS/GCN coatings as a safe, scalable, and sustainable alternative to plastic-
based packaging. In essence, this is the first report of a GCN-based LbL edible coating that combines
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solution for modern food packaging challenges.

This study advances sustainable food packaging through a biodegradable, edible composite film made from chitosan, alginate, and graphitic carbon nitride (g-

C3N,). By extracting chitosan from waste shrimp shells and using non-toxic, water-based processing, the work upcycles marine waste into high-value materials.

The coating enhances UV blocking, antimicrobial activity, and water-vapor resistance, extending fruit shelf life by over 100% while replacing single-use plastics.
This innovation supports the UN Sustainable Development Goals: SDG 2 (Zero Hunger) by reducing food loss, SDG 3 (Good Health and Well-Being) through non-
toxic materials, SDG 12 (Responsible Consumption and Production) via waste valorization and SDG 13 (Climate Action) by reducing plastic pollution. It

represents a circular, eco-friendly path toward sustainable food preservation.

1. Introduction

The worldwide struggle to secure food supplies is exacerbated
by large post-harvest losses in easily perishable fruits and
vegetables, of which 45% are lost each year due to rapid spoilage
losses that are largely due to microbiological contamination,
moisture loss and ethylene-induced ripening, which compro-
mise the quality, safety and marketability of fresh produce.
With an increasing global population and an increasing
demand for food, there is an urgent need to increase the shelf
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life of perishable foodstuffs with safe, cost-effective, and envi-
ronmentally friendly packaging.'

Edible coatings/films are being increasingly used as an
alternative or auxiliary method for post-harvest preservation.
Unlike common plastic packaging, these edible coatings
provide the possibility of being biodegradable, biocompatible,
and safe for direct contact with food, which can solve both the
environmental and food safety issues.>* Among the candidates,
polysaccharide-based coatings, in particular, sodium alginate
(SA) and chitosan (CAS), are promising due to their film-
forming nature, low toxicity, and functional capability.>”

Natural anionic polysaccharide sodium alginate, derived
from brown seaweed, constitutes a water-soluble and flexible
hydrophilic film with excellent oxygen barrier performance and
has been used at food levels.*® Alginate is cross-linked with
multivalent ions such as Ca®>* and Zn>" endowing increased
mechanical stability. However, the antimicrobial activity of SA
based coatings alone is relatively low, and the air permeability is
poor, leading to unsatisfactory effects in inhibiting spoilage.'***
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These weaknesses can be overcome by adding SA with chitosan
(CAS) (a cationic polysaccharide), which possesses antimicro-
bial and broad-spectrum antioxidant characteristics.”*** The
reactive amine groups of CAS can easily be ionically crosslinked
with SA to produce well-defined polyelectrolyte complexes
(PECs), which greatly enhance the mechanical strength, gas
barrier properties, and antimicrobial activities of the resultant
composite films.***®

However, traditional mixing of SA and CHT generally results
in the non-uniformity of coatings, which makes the coatings
less effective on the irregular surfaces of fruit. LbL assembly
represents an attractive alternative as it enables precise depo-
sition of oppositely charged polyelectrolyte layers and the
formation of LbL coatings,"*** where their composition can be
fine-tuned to obtain uniform coatings with the desired prop-
erties.” In these types of film fabrication processes, multilay-
ered film structures are formed, which can be widely applied to
various substances and polymeric materials.>***

Nonetheless, even LbL coatings fail to actively reduce
ethylene accumulation or UV-induced oxidative damage, which
contributes to the enhancement of ripening and microor-
ganism growth, respectively. The incorporation of functional
nanomaterials in a biopolymer framework has been presented
as a promising way forward. In recent times, graphene-like
carbon nitrides (GCNs) have been increasingly used as a next-
generation additive in food packaging. The metal-free, organic
semiconductor GCN has exhibited great photocatalytic activity,
chemical stability, and biocompatibility.”* The produced
hydroxyl reactive species radicals and superoxide anion (ROS)
by GCN under visible light possess strong “in vitro” antimicro-
bial activities against several typical food-borne pathogens such
as E. coli, Salmonella, and Listeria.*>*® Moreover, GCN can act as
a catalyst for the photodecomposition of ethylene gas, a natural
ripening agent, potentially leading to the inhibition of the
softening of fruits and the occurrence of senescence. A 2D
layered stacked structure also enhances mechanical reinforce-
ment and UV shielding, which is beneficial in extending the
shelf life of food.””*® Although these features are very prom-
ising, the application of GCN in the field of food coatings is, to
a large extent, unexplored. A versatile biodegradable LbL
coating using SA, CAS, and GCN was constructed by electro-
static self-assembly. GCN as an active nanofiller was embedded
between the negatively charged SA and the positively charged
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CAS layers. The application of this layered system is proposed to
take advantage of the synergistic effects of the three compo-
nents: the film-forming and gas barrier effects of SA, the anti-
bacterial properties of CAS, and ethylene absorbing and UV-
blocking capacities of GCN.>>** The present study successfully
developed a new biodegradable LbL coating composed of SA,
CAS, and GCN using a LbL method, which examines physico-
chemical, structural, antimicrobial, and preservation properties
of SA, CAS and GCN composite coatings fabricated based on
LbL self-assembly on fresh fruits. Morphological, composi-
tional, and textural characteristics were evaluated with SEM,
FTIR, TGA, XRD, TEM, and BET. Important functional proper-
ties, such as the swelling index (SI), water vapour permeability
(WVP), UV blocking, antimicrobial activity, and GCN release
behaviour, were studied. The coating efficacy was also
confirmed by shelf-life extension tests on fresh grapes and
bananas. To the best of our knowledge, this is the first study
using GCN in an LbL coating for food preservation. This study
proposes a new green strategy for post-harvest protection based
on biopolymers and a biocompatible photocatalyst and could
be adapted to be a sustainable alternative to synthetic preser-
vatives and non-degradable packaging.

2. Experiential section

2.1. Materials

Sodium alginate (M,, = 3.0 x 10° g mol ") was purchased from
Loba Chemie Pvt., Ltd. Sodium hydroxide (NaOH, 99%),
hydrochloric acid (HCl, 37%), and glacial acetic acid (CH;-
COOH, 100%) were procured from Merck, Germany. Urea
(CO(NH,),, 99%) and nitric acid (HNO3, 60%) were procured
from Merck, India. L929 mouse fibroblast cells were procured
from Centyle Biotech Private Limited, India. Distilled water (DI)
was used throughout the experiments. All chemicals used in the
experiment were of analytical grade.

2.2 Methods

2.2.1. Synthesis of GCN. Graphitic carbon nitride (GCN)
was synthesized by thermally decomposing anhydrous urea,
following a procedure similar to that outlined by Cui et al.*
Initially, 5 g of urea was placed in a 100 mL porcelain crucible
and dried in an oven at 90 °C for 12 hours under ambient
pressure. The crucible was then transferred to a muffle furnace,
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at 500°C for 4 hours

Fig. 1 Schematic diagram of the graphitic carbon nitride synthesis process.
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Fig. 2 Schematic diagram of the chitosan synthesis process.
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Fig. 3 Systematic representation of layer-by-layer assembly.

where the temperature was gradually increased from 25 °C to
500 °C at a heating rate of 10 °C per minute. Once the furnace
reached 500 °C, the sample was held at this temperature for 4
hours to allow for polymerization. After the reaction, the sample
was allowed to cool slowly to room temperature. To remove any
alkaline residues, the product was washed with a 0.1 mol L™*
nitric acid solution, followed by multiple rinses with deionized
water. Finally, the GCN product was dried at 95 °C for 3 hours to
obtain the desired powder (Fig. 1).

2.2.2. Synthesis of chitosan (CAS). Over the past few
decades, numerous approaches have been developed for
extracting CAS from prawn shells.*”~** Initially, the prawn shells
were thoroughly washed, dried, and then ground into smaller
pieces. The crushed shells were subjected to deproteinization by
treatment with 0.80 M NaOH at 40 °C for 24 hours, effectively
removing the protein content. Following this, the alkali-
insoluble material was rinsed with deionized water until the
pH reached neutral. The protein-free shells were then demin-
eralized using 1N HCI for 12 hours, with continuous stirring at

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

ambient temperature. After demineralization, the shrimp shells
were processed into chitin. The resulting chitin was deacety-
lated by heating it with 12 M NaOH at 60 °C for 12 hours. Once
the deacetylation process was completed, the sample was
thoroughly washed until a neutral pH was achieved. Finally, the
obtained CAS fraction was dried (Fig. 2).

2.2.3. Preparation of SA/GCN/CAS/GCN LbL coating. To
prepare a thin layer-by-layer coating on the fruit's surface,
a uniform dispersed solution of SA/GCN and CAS/GCN was
initially prepared, as shown in Fig. 3. For the SA/GCN dispersed
solution preparation, 2 g SA was dissolved in 80 ml of DI water,
which was mixed with 20 ml of a dispersed (by sonication) GCN
solution (2 g L™"). This solution is referred to as “Solution A.”

For the CAS/GCN dispersed solution preparation, 0.5 g of
CAS was dissolved in an 80 ml 0.35 M acetic acid solution by
continuous stirring. Following complete dissolution, 20 mL of
a sonication-dispersed GCN solution (2 g L") was introduced to
adjust the pH to 6.1. This preparation is hereafter denoted as

Sustainable Food Technol.
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Solution B. All film-forming solutions were kept under ambient
conditions for 2 hours for complete degasification.

To prepare the intercalated fourth-layer food coating (LbL
coating), fruit samples were first immersed in Solution A for 20 s,
followed by removal of excess solution for 2 min. The samples were
then immersed in Solution B for 20 s to deposit a CAS/GCN film
over the SA/GCN film, after which the excess solution was again
removed for 2 min. Subsequently, the coated fruits were dried at
room temperature for 20 min under continuous airflow by sus-
pending them on a stand. This complete sequence was considered
as one coating layer. This process was continued four times (4
layers) to produce an intercalated triple-layered fruit coating layer
and obtain the SA/GCN/CAS/GCN layer by layer coating.

3. Characterization techniques

X-ray diffraction (XRD) analysis was performed using an Ultima
IV diffractometer (Rigaku, Japan) with Cu Ko radiation (A =
1.5406 A) to determine the crystal structure and phase compo-
sition of GCN. Scans were collected over a 26 range of 10-60° at
4° min~" with a step size of 0.04°. Fourier transform infrared
(FTIR) spectra were obtained using a Nicolet 6700 spectrometer
(Thermo Fisher, USA) in ATR mode within 500-4000 cm™*
(resolution = 4 cm ™) to identify functional groups and chem-
ical interactions. Thermogravimetric analysis (TGA) was con-
ducted on a PerkinElmer TGA 4000 (USA) from room
temperature to 800 °C at 10 °C min~" under nitrogen flow (20
mL min~') to assess thermal stability and composition.
Morphological features were examined using a ZEISS Sigma 300
SEM after gold sputtering, and elemental distribution was
determined by EDX spectroscopy. Specific surface area and
porosity were analyzed by the Brunauer-Emmett-Teller (BET)
method using a Nova 800 analyzer (Anton Paar, USA) after
degassing at 150 °C for 12 h. High-resolution TEM images were
recorded on a Tecnai™ G2 20 (FEI, USA) operating at 200 kV.
Samples were ultrasonically dispersed in ethanol and drop-cast
onto carbon-coated copper grids before observation.

3.1 UV and (high energy blue light) HEBL shielding
effectiveness

The UV and HEBL shielding effectiveness of the samples was
examined by measuring the optical transmittance in the 200-
500 nm wavelength range using UV-vis (Shimadzu UV-2600)
spectrophotometers with an integrating sphere. All experi-
ments were performed at room temperature under ambient
conditions. Thin films were prepared on quartz substrates. The
transmittance was measured at UVA (315-400 nm) and UVB
(280-315 nm) for UV absorbent analysis. The percentage of UV
blocking was determined according to the following formula:

- T”V) x 100 (1)

ref

UV blocking efficiency (%) = (1

where Tyy is the transmittance of the sample in the UV range
and Tyr is the transmittance of the bare quartz substrate.
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3.2 Leaching analysis of nanofillers

The U.S. Environmental Protection Agency (EPA 111) (Toxicity
Characteristic Leaching Procedure) TCLP was employed to
discover how nanofillers were released from the coating speci-
mens. The leaching medium was composed of phosphate-
buffered saline (PBS) at 5 °C, where the samples were incu-
bated and stirred at 300 rpm for 300 minutes. At specific time
points (15, 30, 60, 120, 180, 240, and 300 minutes), small
samples of the leaching solution were taken and analyzed with
UV-vis spectroscopy to measure how many nanoparticles had
been released. The concentration of released nanofillers at the
above time intervals (C,, mg L") was quantified, and the
cumulative release (R) was calculated according to the
following equation:
_ar

R == (2)

Here, C, is the concentration of nanofillers in the leaching
solution at time ¢, Vis the volume of the solution in liters, and M
is the original mass of nanofillers in the sample. The total
percentage of nanofillers released (%L) was then calculated
using these values:

% L= (2;") x 100 (3)

3.3 Swelling index (SI) measurement

The swelling behavior of the samples was tested by placing
them in phosphate-buffered saline (PBS) at 30 °C for 2 hours.
Dry samples were weighed first (W) and then immersed in PBS.
At specific time intervals, the samples were taken out, gently
blotted with filter paper to remove surface water, and weighed
again (W;). The swelling index (%SI) was calculated from the
weight increase, which shows how much water the samples
absorbed:

W, — W
% Sl = ———°<

d
% 100 (4)

3.4 Moisture content determination

The moisture content (%MC) of the samples was measured
using a gravimetric method. Each sample was first weighed (W;)
and then dried in an oven at 110 °C until its weight stopped
changing (Wy). The moisture content was calculated using the
weight difference, which shows how much water was present in
the sample:

W, — W,
O/U MC:Tf

i

x 100 )

3.5 Water solubility (WS) test

The water solubility of the samples was measured using a gravi-
metric method. Dry specimens (0.2 g) were weighed and then
soaked in 50 mL of distilled water in sealed glass containers at
room temperature (25 + 1 °C) for 24 hours without stirring. After
soaking, the undissolved material was collected by filtration,
gently rinsed with distilled water to remove any surface residues,
and dried at 60 °C until the weight became constant (Wy). The

© 2026 The Author(s). Published by the Royal Society of Chemistry
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water solubility was then calculated using the following equation,
which shows how much of the sample dissolved in water.

Wi—- W

i

WS = % 100 (6)

3.6 Water contact angle (WCA)

The wettability of the sample surfaces was tested by measuring
the static water contact angle (WCA) using a contact angle goni-
ometer (Kriiss DSA30, Germany). A 3 uL droplet of deionized
water was carefully placed on the surface using an automated
system (sessile drop method). All measurements were done at
room temperature (22 £+ 1 °C). Photos of the water droplet were
taken immediately, and the contact angle was calculated using
the goniometer built-in image analysis software (ADVANCE,
Kriiss), which shows how easily water spreads on the surface.

3.7 Antimicrobial assay

Microbial growth and reproduction are the main causes of food
spoilage and quality loss. Therefore, testing the antimicrobial
properties is an important part of evaluating food packaging
materials. In this study, the antimicrobial activity of three film
compositions SA, SA/GCN, and SA/GCN/CAS/GCN was tested
against Gram-negative Escherichia coli (E. coli) and Gram-positive
Staphylococcus aureus (S. aureus). Bacterial suspensions were first
grown in the Luria Broth (LB) nutrient medium overnight until
they reached an optical density of 0.08-0.10 at 600 nm, verified
with a UV-vis spectrophotometer. The suspension was then
serially diluted five times, with each tube containing 9 mL of
distilled water, resulting in a cell concentration of 2.7 x 10® CFU
per mL. Antimicrobial activity was tested using both the colony-
forming unit (CFU) method and the disk diffusion method,
following AATCC 100-2004 test standards.

3.7.1. Disk diffusion assay. At the start of the experiment,
nutrient agar plates were prepared and inoculated with 1 mL each
of Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus)
using a spreader. Three circular specimens, each 5 mm in diam-
eter, were then placed onto the agar. The plates were incubated at
37 °C for 24 hours. After incubation, the plates were photo-
graphed, and the size of the antibacterial zone of inhibition was
measured using Image J software, with results expressed in area
units. To ensure accuracy, each film was tested at least three times.

3.7.2. Colony forming unit (CFU) assay. 1-inch by 1-inch
coated film samples were placed in test tubes with 10 mL of
distilled water and sterilized by autoclaving. The tubes were
then exposed to UV light for 30 minutes. After that, 0.1 mL of
bacterial suspension (2.7 x 10° CFU per mL) was added to each
tube, and the tubes were incubated at 37 °C for 24 hours. The
next day, a four-fold serial dilution was performed, and 0.1 mL
of each diluted sample was spread onto agar plates. The plates
were incubated at 37 °C for another 24 hours, and on the third
day, bacterial colonies were counted and calculated using the
appropriate formula:

Kill efficiency (%) = 3

x 100 (7)

© 2026 The Author(s). Published by the Royal Society of Chemistry
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A: survivor cell count of the treated sample and B: cell count
of the control sample

bacterial cell count on plate
CFU(per mL) = dilution factor x volume of culture plate (8)

3.8 “Invitro” cytotoxicity study

Cytotoxicity on L929 (Centyle Biotech Private Limited, India)
mouse fibroblast cells was tested using the MTT cell viability
method. 1929 cells were seeded in a 96-well plate at 1 x 10* cells
per well in an MEM medium containing 10% fetal bovine serum
(FBS) and 1% r-glutamine. The plate was incubated at 37 °C
with 5% CO, for 24 hours. Then, the cells were treated with
different concentrations of the test solution (25, 50, 100, and
200 mg mL™") for another 24 hours. After treatment, the
medium was replaced with a fresh medium containing 10%
MTT solution, and the plates were incubated in the dark for 3
hours. The MTT solution was removed, and 100 puL of DMSO
was added to dissolve the formazan crystals formed by living
cells. The plates were gently shaken for 15 minutes, and
absorbance was measured at 570 nm. Hydrogen peroxide (500
UM or 17 mg L™') was used as a positive control, while
phosphate-buffered saline served as a negative control.
Percentage cell viability (%) was calculated as follows

Cell viability

experimental absorbance — background absorbance

" PBS control for materials absorbance background absorbance
x 100

)
3.9 Soil burial test

The biodegradability of the samples was tested using a soil
burial method in the lab. Small rectangular pieces (2 cm x 2
cm) were weighed (initial dry weight, W,) and buried about 5 cm
deep in natural garden soil inside plastic containers. The soil
was kept moist at 60% of its water-holding capacity and main-
tained at room temperature (25 + 2 °C). Samples were taken out
at 5, 10, 15, 20, 25, and 30 days, gently washed to remove soil,
dried at 60 °C until their weight was constant, and weighed
again (final dry weight, W,). The percentage of weight loss was
then calculated using the formula:

Wo — W,

Weight loss = ' % 100 (10)

o

4. Results and discussion

4.1. Characterization of GCN

Fig. 4a shows the EDX spectra, and Fig. 4b shows the GCN
particles. EDX analysis indicates that GCN contains 38.21%
carbon, 55.10% nitrogen, and 6.69% oxygen. The C/N atomic
ratio is 0.70, which is slightly lower than the theoretical value of
0.75. This lower ratio may be due to incomplete crystallization
or the presence of defect sites caused by a low degree of poly-
merization.*® The 6.69% oxygen shows that water is adsorbed on
the surface of GCN.*” The SEM image in Fig. 4c shows that the
synthesized GCN forms micrometer-sized particles. GCN has
a porous structure, as confirmed by the N, adsorption-
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Fig. 4 Structural characterisation of graphitic carbon nitride (GCN). (a) EDX spectra of the GCN particles; (b) morphology and size distribution of
GCN particles; (c) transmission electron microscope image of the 2D planar structure of GCN; (d) BET N, adsorption—desorption isotherm of

GCN; and (e)UV-vis absorption peak of GCN.
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desorption isotherm (Fig. 4d). Its surface area is about 73.6 m>
g7, and the average pore diameter is around 35.6 nm (Fig. 4d
inset). This porous structure can influence water vapor perme-
ability in the composite film by providing extra pathways for
vapor to pass through. Additionally, the high surface area of
GCN increases the number of active sites for adsorbing reac-
tants, which enhances the film's photocatalytic and antimicro-
bial performance.

The optical properties of the dispersed GCN were measured
using UV-vis diffuse reflectance spectroscopy (Fig. 4e). A strong
absorption peak appears at around 330 nm, with a smaller
shoulder near 240 nm in the UV region. The band gap energy,
determined from the Tauc plot (Fig. 4e inset), is 2.70 eV.**** The
bands at 240 nm and 330 nm are due to -7 or n—T electronic
transitions within the carbon and nitrogen atoms.**** The
absorption peak at 330 nm, in the visible range, is mainly
caused by the movement of free electrons in the GCN units
within the 2D nanosheets along the planar direction.*® The
broad absorption of GCN in the visible range is likely due to
defects in its crystal structure. These defects create localized
sites that can trap electrons and holes, which increases the
material's ability to absorb light.** In addition, the Tauc plot
shows a band gap of 2.70 eV, which means the prepared GCN
can effectively absorb UV light from sunlight.
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4.2 Fourier-transform infrared (FTIR)

Fig. 5a shows the FTIR spectra of (a) GCN, (b) SA, (c) CAS, and (d)
the SA/GCN/CAS/GCN layer-by-layer coating in the 4000-
500 cm ™' range. For GCN (Fig. 5a), several peaks between 1220
and 1630 cm ' confirm the presence of heterocyclic rings:
peaks at 1219, 1304, and 1404 cm ' correspond to C-N
stretching, while peaks at 1552 and 1622 cm™ " are attributed to
C=N stretching in the aromatic framework. The broad
absorption band observed in the range of 3200-3600 cm ™" ari-
ses from N-H stretching vibrations of surface amine groups and
O-H stretching of adsorbed water molecules, indicating
hydrogen bonding and defect sites. Weak bands at around
2900 cm ' are assigned to aliphatic C-H stretching vibrations.
The characteristic peak at 805 cm ' originates from the
breathing mode of the heptazine ring units.**** The broad
absorption band in the range of 3200-3600 cm ™ is attributed to
N-H stretching vibrations from surface amine groups and O-H
stretching of adsorbed water molecules. The weak bands at
around 2900 cm~' correspond to aliphatic C-H stretching
vibrations®”* The peaks at 1219 and 1304 cm ' show that C-N
bonds are present in the structure.*>** The broad peak also
shows that there are defect sites and that hydrogen bonds form
between the amine groups.®>*>* Also, the peak at 805 cm ™"
comes from the vibrations of the heptazine rings.** The SA
spectrum (Fig. (5a and b)) shows a broad peak at 3387 cm ™"
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from O-H stretching of hydroxyl groups involved in hydrogen
bonding. Peaks at around 2890 cm ™" come from C-H stretch-
ing. The sharp peak at 1592 cm™' is due to asymmetric
stretching of carboxylate (-COO™) groups, while the peak at
1412 cm™ ' corresponds to their symmetric stretching.’® The
band at 1021 cm ™' comes from C-O-C stretching in the glyco-
sidic bonds of the polymer.*® The FTIR spectrum of chitosan
(Fig. 5a-c) shows a broad peak at 3310 cm™ ' from overlapping
O-H and N-H stretching vibrations. Peaks at 2892 and
2345 cm™ " are due to C-H stretching and possible CO, impu-
rities. The band near 1595 cm ' indicates N-H bending of
primary amines, while peaks at 1412 and 1315 cm ™' come from
C-N stretching and CH, wagging. The peak at 1022 cm ™" is from
C-O stretching in the glucosamine ring, and 810 cm™" reflects
vibrations of the sugar ring skeleton. A distinct N-H stretching
peak is not clearly resolved due to strong hydrogen bonding and
overlap with the broad O-H stretching region. The FTIR spec-
trum of the layer-by-layer coating (SA/GCN/CAS/GCN, Fig. 5a—c)
shows features from all components and hints at interactions
between them. The broad peak at 3310 cm™* shows ~OH and -
NH groups from SA and CAS, with slight shifts and broadening
indicating stronger hydrogen bonding. The carboxylate asym-
metric stretch shifts from 1592 cm ™" in pure SA to 1580 cm ™,
suggesting ionic or coordination interactions between alginate
carboxylates, CAS amines, or GCN nitrogen sites. The 1555-
1308 cm ' region shows overlapping C-N, C-O, and C=N
vibrations, indicating hydrogen bonding and electrostatic
interactions. The C-O-C peak at 1015 cm™ " is slightly shifted,
supporting structural changes or bonding with GCN. Bands at
888 and 812 cm™ " confirm triazine and saccharide ring vibra-
tions. Overall, combining GCN with SA and CAS induces
structural changes through hydrogen bonding, electrostatic
forces, and possibly coordination bonds among -COO ™, -NH,, -
OH, and C-N groups.*”**

4.3 X-ray diffraction (XRD) analysis

X-ray diffraction (XRD) was used to study the crystal structure
and compatibility of GCN, SA, CAS, and the SA/GCN/CAS/GCN
layer-by-layer coating, as shown in Fig. 5b. The XRD pattern of
GCN shows a sharp peak at 27.4° (26), which comes from the
stacked layers of its aromatic structure, and a smaller broad
peak at about 13.1° from the in-plane tri-s-triazine units.” The
strong 27.4° peak confirms that GCN has a well-ordered, layered
graphitic structure. Sodium alginate (SA) shows a broad, low-
intensity peak at around 21-22°, indicating it is mostly amor-
phous with flexible, disordered polysaccharide chains. Chitosan
(CAS) shows a broad hump at around 20°, reflecting its semi-
crystalline nature with partially ordered chains. The low inten-
sity of this peak suggests that CAS has amorphous regions and
hydrogen bonding between molecules.’® The composite SA/
GCN/CAS/GCN shows a broadened and less intense peak at
27°, corresponding to the GCN phase, while the typical sharp
crystalline peak of GCN is significantly suppressed. Moreover,
new broad features emerge between 13 and 25°, like at 27° due
to interactions and partial phase blending between GCN and
the biopolymer matrix. The lack of distinct crystalline peaks
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from chitosan or alginate suggests a high degree of structural
integration, where hydrogen bonding and electrostatic inter-
actions disrupt regular packing and reduce long-range order,
confirming that GCN was successfully embedded and dispersed
in the SA/CAS matrix, leading to amorphization and structural
distortion of the crystalline GCN. This dispersion is helped by
the positive amino groups of chitosan, the negative carboxyl
groups of alginate, and the nitrogen groups of GCN, which
attract each other through electrostatic interactions. Similar
interfacial compatibilisation effects have been reported in other
hybrid nanocomposite coatings.® GCN maintains high crystal-
linity in its pure form and its incorporation into the SA/GCN/
CAS/GCN multilayer coating results in peak broadening and
intensity reduction, indicating strong interfacial interactions
and good dispersion. The amorphous behaviour of SA and CAS
supports a flexible matrix capable of encapsulating and stabi-
lizing GCN within a non-crystalline structure.

4.4 Thermogravimetric analysis (TGA) and DTG

The thermal stability of pure GCN and the composite-coated
films was tested using thermogravimetric analysis (TGA) and
DTG, as shown in Fig. 5c. The weight loss of the films occurs in
four stages: room temperature to 200 °C, 200-370 °C, 370-650 °C,
and above 650 °C. Below 200 °C, a small weight loss occurs due to
evaporation of surface water, impurities, and crystal water,
starting mainly at around 80-85 °C, as reported in previous
studies.*>** Between 200 °C and 370 °C, the films lose about 35%
of their weight because the polymer chains break, removing side
—-OH groups and undergoing other chemical changes like dena-
turation, decarboxylation, and decarbonylation.>* Adding CAS
and GCN increases the decomposition temperature from 247 °C
(pure SA) to 266 °C, showing stronger chemical interactions,
especially hydrogen bonds, that improve thermal stability.
Between 370 °C and 650 °C, the remaining carbon-based mate-
rials degrade, and the maximum weight loss temperature shifts
higher due to the fillers.>*** The LbL-coated film shows a slightly
lower maximum weight loss temperature (456 °C) compared to
pure SA (479 °C), with carbonisation forming char. After full
degradation, the ash content is 21.3% for SA, 25.5% for CAS, 2%
for GCN, and 15.7% for the composite films. Overall, adding CAS
and GCN significantly improves thermal stability, which is
important for protecting packaged foods during heat exposure in
storage, transport, and handling.

4.5 Scanning electron microscopy (SEM)

The surface and cross-section of the layer-by-layer coating were
examined using Scanning Electron Microscopy (SEM), as shown
in Fig. 6. The SEM images reveal significant morphological
distinctions among pristine sodium alginate (SA), pristine chi-
tosan (CAS), and the LbL coating comprising (SA/GCN/CS/GCN).
Fig. 6a illustrates the surface morphology of the pristine SA film.
The surface appears relatively smooth and homogeneous, with
no visible pores or phase separation, which is characteristic of
ionotropically gelled sodium alginate networks.*® Fig. 6b shows
the SEM micrograph of CAS. Similar to SA, the CS film also
exhibits a smooth and dense surface, lacking significant

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 SEM image of (a) SA

porosity. This structure shows that chitosan can form smooth
films well, thanks to electrostatic forces and hydrogen bonds
between its polymer chains.*® The absence of observable defects
suggests a uniform polymeric network, with a slightly rougher
surface than alginate, possibly due to a lower degree of chain
entanglement. In contrast, the surface morphology of the SA/
GCN/CS/GCN LbL coating, shown in Fig. 6c, reveals distinct
microstructural features. At a higher magnification, the image
clearly shows multiple spots labelled as GCN, which correspond

, (b)CAS, (c)SA/GCN/CAS/GCN, and (d) the SA/GCN/CAS/GCN layer by layer coating cross-section view.

to GCN sheets embedded on the surface. The small clusters of
GCN show that some GCN stays on the surface while some
interacts with the polymer underneath. Adding GCN makes the
material slightly uneven, but this can improve its properties,
such as water interaction, light-based activity, and strength.>”®
The even spread of GCN on the surface shows that it interacts
well with both SA and CAS. These interactions likely occur
through hydrogen bonds or electrostatic forces, as noted in
earlier studies.” Fig. 6d shows the cross-section of the
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Fig.7 Mechanism of interaction; (a) interaction between chitosan (CAS) and sodium alginate (SA), and (b) interaction among the chitosan (CAS),

sodium alginate (SA), and graphitic carbon nitride (GCN).
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composite membrane. The image displays a layered structure,
proving that all the components are well combined. The GCN-
containing layers look brighter, showing strong bonding
between GCN and the polymer. The tightly packed structure
means the layers are well mixed with little separation, which is
important for the coating's stability. Fig. 7 illustrates how
sodium alginate, chitosan, and graphitic carbon nitride interact
with each other.

As shown in Fig. 8, the stability of GCN dispersions mainly
depends on the type of liquid used to disperse them. In aqueous
media, GCN nanosheets tend to agglomerate and eventually
precipitate due to their intrinsic hydrophobicity and strong van
der Waals interactions, which promote restacking and sedi-
mentation over time. As previously reported, GCN exhibits
limited colloidal stability in pure water, often resulting in
significant sedimentation within 12 hours, particularly in the
absence of stabilising agents or surface modifications.”
However, when GCN is dispersed in polymeric matrices such as
CAS and SA, its stability is markedly enhanced, with no visible
precipitation observed for up to 72 hours. This improvement
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Fig. 8 Stability of GCN, SA, CAS, SA/GCN, and CAS/GCN coating
solution.
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occurs because GCN interacts in many ways with the functional
groups of the biopolymers. Chitosan, which has many amino
groups, can attach to the negatively charged areas on the GCN
surface through electrostatic forces and hydrogen bonds. Like-
wise, sodium alginate has carboxylate groups that can form
hydrogen bonds or coordinate with the nitrogen-rich parts of
GCN, as shown in Fig. 7. These interactions inhibit GCN
restacking by steric and electrostatic stabilisation, forming
a stable hybrid colloidal system.

4.6 Moisture content (MC), water solubility (WS) and
swelling index (SI)

Moisture content (MC) was measured to understand how easily SA,
CAS, and the SA/GCN/CAS/GCN coating absorb moisture from the
environment. Both SA and CAS have water-attracting groups; SA
contains hydroxyl and carboxyl groups, while CAS has hydroxyl and
amine groups, which naturally draw in and hold water. As shown
in Fig. 9a, both neat films exhibited relatively high MC values, with
CAS showing a higher moisture content of 17.9% compared to that
of SA, 13.9%. The incorporation of GCN as a nanofiller further
reduced the MC of both SA and CAS films. This reduction can be
explained in two ways. First, GCN works like a barrier that slows
down water movement by breaking the continuous water-loving
network of the polymer. Second, the crystalline structure of GCN
makes the film more tightly packed, leaving less space and making
it harder for water molecules to reach the hydrophilic groups.®
Water solubility (WS) is another critical parameter for biodegrad-
able films, especially in food and biomedical applications where
water resistance is essential. As illustrated in Fig. 9a, the WS values
for the films ranged between 2.5% and 10.6%, indicating that all
formulations remained nearly insoluble even after 24 hours of
water immersion. The addition of GCN significantly reduced WS
across all films, suggesting enhanced water resistance. This can be
linked to the denser and more compact polymer network formed
due to GCN filler and crosslinking effects. The swelling index (SI) is
shown in Fig. (9b), as it reflects the coating water uptake capacity
and dimensional stability upon hydration, both of which are
significant factors in food packaging. Swelling tests conducted over
2 hours revealed that neat CAS and SA coatings exhibited
maximum swelling values of approximately 360% and 125%,
respectively, after 120 minutes before reaching equilibrium.
Swelling occurs when water enters the water-loving polymer
structure. The water molecules form hydrogen bonds with groups
like -OH, -NH,, and -COOH, which causes the polymer chains to
relax and expand.®* On incorporation of GCN, a marked reduction
in swelling was observed. This behaviour can be attributed to the
dual role of GCN which serves as a hydrogen bonding partner and
a physical crosslinking agent. g-C;N, interacts with the polymer
chains and limits their movement. This reduces the number of
sites that can attract water, helping the material form a tighter
structure that swells less. Similar results have been seen in other
studies using nanofillers like ZnO, Ag, and TiO,, which also make
materials more stable by reducing water absorption.®> Adding GCN
makes the SA and CAS films better at resisting moisture, less likely
to dissolve in water, and more stable in shape. These

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 (a)Moisture content (MC), water solubility (WS), (b)swelling index (Sl), and (c) leaching behaviour of LbL coating.

improvements make the films more useful for packaging foods or
making biomedical products that need protection from moisture.

4.7 Leaching behaviour of the coating

To check if the food coatings are safe and stable, we tested
whether GCN could leak out from CAS/GCN and SA/GCN/CAS/
GCN coatings. This was done using the TCLP following EPA
Method 1311. This method mimics mildly acidic environmental
conditions that food packaging materials might encounter. It is
a good way to determine if contaminants might enter food or
the surrounding environment. Fig. 9c shows that the two coat-
ings leached in very different ways over the 300 minutes. The
concentration of GCN in the CAS/GCN film gradually increased
from approximately 0 mg L™ to nearly 1.0 mg L™, indicating
that GCN slowly leached into the solution, likely due to the weak
retention capacity of the chitosan matrix. The CAS hydrophilic
structure may help the leaching medium spread, which could
help release embedded nanomaterials, as Hou et al. reported
before.®® The SA/GCN/CAS/GCN LbL coating had a consistently
low level of GCN leaching, staying below 0.05 mg L™'. This

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

result demonstrates that the addition of an SA interlayer
significantly enhances the coating structural integrity and
resistance to leaching. The negatively charged SA and positively
charged CAS attract each other strongly. This helps the film stay
tight and stable, keeping the GCN particles in place.** The LbL
design may also provide extra physical confinement, which
would slow down the movement of nanoparticles. From a safety
perspective, the minimal GCN release noted in the SA/GCN/
CAS/GCN system indicates that this coating is appropriate for
direct food-contact applications, presenting no risk to human
health and the environment.

4.8 Water contact angle (WCA)

Fig. 9d presents the water contact angle (WCA) measurements
of the SA, CAS, and LbL coating of SA/GCN/CAS/GCN. The WCA
is a critical criterion for assessing the surface wettability of
a coating, where higher contact angles indicate greater hydro-
phobicity. This property is particularly important in food
coating applications, as increased hydrophobicity can reduce
moisture transfer, and deter microbe-growth, and shelf life of
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perishable foods. SA exhibits the lowest WCA (58°) among the
samples, indicating its strong hydrophilic nature. This can be
attributed to the abundant hydroxyl and carboxylate functional
groups present in its structure, which readily interact with water
molecules through hydrogen bonding. Although SA is
commonly used in edible coatings because it is safe and can
form films, it naturally attracts water. This makes it less effec-
tive for packaging foods that need protection from moisture.®
On the other hand, CAS displays a moderately higher WCA
(81°), reflecting reduced surface wettability. This improvement
in hydrophobicity arises from the partial deacetylation of chi-
tosan, which introduces amine groups that reduce the density
of hydrophilic interactions. Chitosan films are also semi-
crystalline in nature, which enhances their water resistance
compared to purely amorphous SA films. Therefore, chitosan
offers a superior moisture barrier performance and has been
used extensively in antimicrobial food coating.®® The layer-by-
layer coating of the SA/GCN/CAS/GCN film demonstrates the
highest WCA (113°), indicating a significant enhancement in
surface hydrophobicity. This effect is primarily due to the
incorporation of GCN, a 2D nanomaterial known for its low
surface energy and high chemical stability. GCN not only makes
the surface water-repellent through its -conjugated structures
but also makes it rougher. This roughness traps tiny air pockets
under water droplets, creating a Cassie-Baxter wetting effect.®”
This structural modification results in reduced wettability and
improved water barrier properties. Moreover, the LbL coating
configuration creates a tortuous path for moisture diffusion,
further enhancing the coating protective performance.*>®®

4.9 UV and HEBL blocking properties of the coating

UV-visible transmittance spectra of SA, CAS and SA/GCN/CAS/
GCN LbL coating were scrutinized for the determination of
UV-blocking properties of the corresponding films, as depicted
in Fig. 10. The transmittance profile of neat polymer SA and CAS
coating exhibited lower UV blocking ability (SA: 85% trans-
mittance of UV-A and UV-B, and 42% of UV-C; CAS: 26, 19.3, and

Sustainable Food Technol.

8.5% transmittance of UV-A, UV-B and UV-C, respectively. SA/
GCN/CAS/GCN layer-by-layer coating showed lower trans-
mittance compared to other respective polymer films in the UV
region. Among these films, the SA/GCN/CAS/GCN layer by layer
coating was particularly effective, blocking 97.2% of UV-A (320-
400 nm) 99.2% of UV-B (280-320 nm), and 97.2% of UV-A (320-
400 nm) 99.7% of UV-C (200-280 nm) regions. In addition to
that, SA/GCN/CAS/GCN layer-by-layer coating was able to block
approximately 94% of HEBL from solar irradiation. This can be
attributed to the UV absorbance phenomena of the synthesised
GCN as mentioned in Fig. 4e. The film can absorb solar UV
radiation by -7 and n-m alteration within GCN.**** In addi-
tion, the material has a flat, sheet-like structure made of con-
nected hetero-aromatic rings. This structure helps protect
against harmful UV rays by reflecting them away, preventing
damage.® The addition of GCN to polymeric films, including
polypropylene,” and polyvinyl alcohol (PVA),”* has been re-
ported in the literature as being effective for UV-blocking
properties. These findings confirm that the GCN incorpo-
rating films exhibit excellent UV-blocking capabilities, making
them highly beneficial for food packaging applications by pre-
venting oxidation, discoloration, and other photolytic reactions.

4.10 Antimicrobial activity of the coating

Fig. 11 presents the zones of inhibition, with measurements
carefully conducted using Image J software, showing a progres-
sive enhancement in the antibacterial performance of the
coating. The control-coated SA served as the baseline, exhibiting
complete bacterial coverage with no visible zone of inhibition,
consistent with the absence of antimicrobial functionality. This
observation was corroborated by the colony-forming assay, in
which both E. coli and S. aureus exhibited extensive growth, with
counts exceeding 1000 colonies for each strain, confirming the
lack of antibacterial activity in the SA film. However, SA/GCN
exhibits a noticeable shift. The zone of inhibition expanded,
reaching a zone area of 137 mm? for E. coli and 135 mm? for S.
aureus, with the increased areas measuring 59 mm® and 57

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Antimicrobial images (1 is disk diffusion assay and 2 is colony counting assay) of composite films where a is E. coli, and b is S. aureus, and
A, B, and C indicate SA, SA/GCN, and SA/GCN/CAS/GCN LbL coating, respectively.

mm?, respectively. This was a clear indication that GCN had
imparted antibacterial activity, showing not just a visible
improvement in the zone of inhibition but also a significant
reduction in colony numbers. For instance, only 157 colonies of
E. coli and 57 colonies of S. aureus were observed, translating
into an impressive kill percentage of 88.04% for E. coli and
94.73% for S. aureus. The SA/GCN/CAS/GCN layer-by-layer
coating exhibited a remarkable synergistic effect, resulting in
a significant increase in both the zone area and antibacterial
activity. The zone areas surged to 167 mm? for E. coli and 175
mm? for S. aureus, with increased areas of 89 mm? and 97 mm?,
respectively. The results from the colony counting assay were
equally astonishing; only 35 colonies of E. coli and 30 colonies
of S. aureus remained, corresponding to a staggering kill
percentage of 97.33% and 97.22%, respectively. To obstruct
bacterial growth, SA/GCN/CAS/GCN layer-by-layer is considered
most efficient as the combination of GCN and CAS created
antimicrobial properties. CAS plays a pivotal role in this
enhancement. Chitosan (CAS), composed of repeating N-ace-
tylglucosamine and glucosamine units, and the bacterial
surface possess negative charge; this negative charge and amino
acids from chitosan create an electrostatic bond that compro-
mises membrane stability. This interaction, coupled with
interference in DNA replication, increases membrane perme-
ability and promotes leakage of intracellular constituents. This

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

hampers the ability of bacteria to synthesize RNA and proteins,
effectively shutting down their cellular machinery. On the other
hand, the GCN-based substances in the coating also enhance
photocatalytic antibacterial activity. Under visible light, GCN
generates reactive oxygen species (ROS) that disrupt bacterial
cell walls, further accelerating the Kkilling process.”” The
combination of GCN and CAS in the layer-by-layer coating
delivers not only superior antibacterial performance but also
highlights the strength of their synergistic effect.””® SA/GCN/
CAS/GCN LbL not only outperformed the GCN embedded but
also provided an exceptional level of bacterial resistance.

4.11 “Invitro” cytotoxicity study of the coating

An MTT assay was performed to test the biocompatibility of SA/
GCN/CAS/GCN LbL coating as demonstrated in Fig. 12a on
a HeLa mouse fibroblast cell line in an “in vitro” cytotoxicity test.
The results showed that SA/GCN/CAS/GCN layer-by-layer coating
had no adverse effect on fibroblast growth after being exposed for
24 hours. Dong et al.”” showed that the cell viability was greater
than 90% at all SA, CAS, and GCN concentrations, with no
significant changes from the control. These findings are more
encouraging; different coating types exhibit uneven results upon
the same nanoparticle and bio-surface interaction. In this
investigation, SA and CAS were employed as surface resilience
and coating agents for the SA/GCN/CAS/GCN LbL coating. This

Sustainable Food Technol.
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application effectively mitigated the leaching of GCN, thereby
showcasing commendable biocompatibility. To keep the bio-
surfaces out of electrostatic contact, surface coatings are neces-
sary, and thereby surface charges of nanoparticles remain
untouched. Additionally, they prevent extrinsic and intracellular
components from damaging the GCN nanoparticles, thereby
helping to maintain their biocompatibility. The high biocom-
patibility of the SA/GCN/CAS/GCN LbL coating shows that it is
safe for food packaging.

4.12 Degradation behaviour of the coating

Swelling capacity of a material can be observed by using gravi-
metric weight gain/loss. The test was performed under wet
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conditions for 9 days and a gradual increase in swelling of the
coated samples can be observed in Fig. 12b. Usually, polar groups
like hydroxyl and carboxyl have strong water affinity, leading to
swelling upon contact with moisture in the soil. The two polar
groups are abundant in non-crosslinked SA and CAS; the swelling
of the coated films might have occurred due to the crosslinking of
SA polymer chains. Degradation of the multilayer edible-coated
films became apparent after 9 days and continued progressively
over a 30-day period. SA coating could break down initially due its
weak crosslinking and stability of glycosidic bonds under hydro-
Iytic conditions.”® As a result, after 30 days, the SA coating
degraded and the breakdown of the glycosidic link caused the
primary polymer chain to break, which made the films less flex-
ible and more brittle. The film exhibited several void spaces;
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Fig. 13 Preservation of (a) red grape and (b) banana coated with SA/GCN/CAS/GCN layer-by-layer coating and compared with controlled
uncoated samples. Shelf-life has been extended from 7 to 10 and 9 to 15 days for bananas and grapes, respectively.
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blocks of monomeric acids were dominant in SA and it caused
less crosslinking, as we know that blocks of gluconic acids result
in better crosslinking. In addition, this low crosslinking of SA
made it vulnerable to pH, water, bacteria, and microorganisms
and other environmental factors.” Moreover, the incorporation of
GCN in SA coating enhanced its degradation from 30% to 46%.
The presence of GCN may have weakened the crosslinking
process by disrupting the bonds between polymer chains and
Ca*"; thereby accelerating the film-breakdown. GCN may also
have influenced the crystallinity and morphology of the polymer
matrix, making it more amorphous. Amorphous regions tend to
degrade more quickly than crystalline areas, contributing to an
overall increase in degradation. Furthermore, the presence of CAS
further intensified the degradation process. CAS, as shown in
Fig. 2a, increases the swelling of the coated films, making them
more vulnerable to moisture in the soil. This improved SA/GCN/
CAS/GCN LbL coating makes it easier for water from the soil to
get into the porous material through the network, which weakens
the polymer chains.*® Therefore, because there are more hydro-
lysis reactions in SA/GCN/CAS/GCN layer-by-layer coating, SA/GCN
and SA-coated break down 25% faster than the SA coating.
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4.13 Food preservation application

In order to evaluate shelf life/food preservation capability of the
composite-SA/GCN/CAS/GCN LbL, grapes-red and bananas
were chosen as samples, subsequently, and Fig. 13 depicts the
difference in results while comparing the composite with the
control. The standard prerequisites of storing the samples were
temperature - 37 °C and relative humidity - 60%. Over time,
both control samples exhibited increased wilting and
shrinkage, which can be attributed to water loss through water
vapour permeation from the surrounding environment. The
durability of the SA/GCN/CAS/GCN LbL coating was demon-
strated in experiments and is displayed in Fig. 13a and b, as the
fruits covered with this SA/GCN/CAS/GCN LbL coating
remained intact and exhibited a smooth surface even after 15
days for the grape sample and 10 days for the banana sample.
This impressive performance is due to the SA/GCN/CAS/GCN
LbL coating's ability to restrict the passage of water vapour, as
previously noted. Based on the above discussion, a probable
mechanism of food protection from UV radiation and micro-
organisms is illustrated in Fig. 13. In addition to the fruits and
vegetables listed above, biopolymer composite films have also
been shown to be effective in preserving other foods, such as
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Fig. 14 Mechanism of food protection against microorganisms through radical scavenging and UV reflection.
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Table 1 Comparative shelf-life performance of the SA/GCN/CAS/GCN LbL coating relative to recently reported coatings
Coating (biopolymer/Additives) Fruits Shelf life References
Banana-starch/Chitosan/Aloe vera Strawberries Delayed decay; shelf-life extended 81
gel by 6 days
Zein/PEO/Hexanal Peach Shelf-life extended 4 days (at 82

ambient temperature, 0% RH)
Chitosan nanoparticle/TiO, Blueberries Quality is maintained up to 8 days 83
Carrageenan/CMC blend Banana Extended shelf life 6-7 days 84

SA/GCN/CAS/GCN LbL coating Banana/Red grape

meat, fish, and dairy products. Furthermore, the mechanism of
food protection against microorganisms through radical scav-
enging and UV reflection is illustrated in Fig. 14. In conclusion,
this study demonstrates that the SA/GCN/CAS/GCN LbL
biopolymer coating offers a promising strategy for extending
the shelf life of fruits and vegetables. Owing to its biodegrad-
ability, biocompatibility, and non-toxicity, this coating provides
a sustainable alternative to conventional plastic films. The
findings suggest that such biopolymer-based multilayer systems
could play a significant role in advancing environmentally
friendly food packaging solutions and reducing reliance on
synthetic plastics (Table 1).

5. Conclusion

In this study, a novel, eco-friendly, and multifunctional LbL
coating composed of sodium SA, CAS, and graphitic carbon
nitride (GCN) was successfully developed for increasing the
shelf life of perishable fruits. The inclusion of GCN into the SA/
CAS matrix imparted significant enhancements in UV shielding,
antimicrobial efficacy, water barrier properties, and ethylene
scavenging, critical parameters for post-harvest fruit preserva-
tion. Structural analyses confirmed strong intermolecular
interactions and homogeneous dispersion of GCN within the
biopolymer network, leading to improved thermal stability,
reduced moisture permeability, and minimal nanofiller leach-
ing. The functional performance of the coating was further
evidenced by its better UV and HEBL blocking capacity, with
over UV-C 99.7% UV-B 99%, and 97% UV-A attenuation. This
shielding protects fresh produce from photooxidation and
microbial growth induced by solar radiation. Water solubility,
swelling index, and moisture content assessments highlighted
the coating's ability to act as an effective water barrier, while
water contact angle (WCA) measurements (up to 113°)
confirmed improved surface hydrophobicity, which is essential
for reducing moisture-induced spoilage. The LbL coating
demonstrated outstanding antibacterial activity, achieving over
97% inhibition against both Gram-negative and Gram-positive
bacteria, while maintaining cell viability above 95%, affirming
its biocompatibility and safety for direct food contact. Impor-
tantly, coated fruits showed a remarkable shelf-life extension of
up to 15 days for grapes and 10 days for bananas without
compromising quality. Extensive migration studies are required
to ensure that GCN nanoparticles do not leach into the fruit

Sustainable Food Technol.

Shelf-life has been extended from 7 This work™"

to 10 and 9 to 15 days for bananas
and grapes

pulp. The coating showed excellent biodegradability under soil
burial conditions, emphasizing its potential as a sustainable
alternative to conventional plastic-based packaging. To the best
of our knowledge, this is the first report demonstrating the use
of GCN as a functional nanofiller in biodegradable edible
coatings, offering a scalable, safe, and environmentally
sustainable strategy to address the global challenges of food
spoilage and plastic waste. Although the GCN incorporating
biopolymer composite LbL assembled coating exhibits a range
of attractive and versatile properties and is often cited as non-
toxic, it lacks widespread GRAS (Generally Recognized as Safe)
certification for direct food contact in many jurisdictions.
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