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ABSTRACT: The development of an effective food packaging material
is essential for safeguarding against infections and preventing chemical,
physical, and biological changes during food storage and transportation.
In the present study, we successfully synthesized an innovative food
packaging material by combining chitosan (CH), nanocellulose (NC),
and a gallic acid-based metal−organic framework (MOF). The CH films
were prepared using different concentrations of NC (5 and 10%) and
MOFs (1.5, 2.5, and 5%). Various properties of prepared films, including
water solubility (WS), moisture content (MC), swelling degree, oxygen
permeability, water vapor permeability (WVP), mechanical property,
color analysis, and light transmittance, were studied. The chitosan film
with a 5% NC and 1.5% MOF (CH-5% NC-1.5% MOF) exhibited the
least water solubility, moisture content, and water vapor permeability,
indicating the overall stability of the film. Additionally, this film demonstrated low oxygen permeability, as indicated by a peroxide
value of 18.911 ± 4.009, ensuring the effective preservation of packaged contents. Notably, this synthesized film exhibited high
antioxidant activity, resulting in an extended duration of 52 days. This antioxidant activity was further validated by the preservation
of apple slices for 9 days in a CH-5% NC-1.5% MOF film. The findings of the study suggest that the developed films can provide a
promising and environmentally friendly solution for active food packaging.

1. INTRODUCTION
Food packaging plays a vital role in preserving food quality and
safeguarding it throughout various stages, such as processing,
distribution, and storage within the food supply chain.
According to the 2022 report by Allied Market Research
(code A01964), the global packaging market value was
$966.72 billion in 2021, and it is expected to reach $1464.35
billion by 2031 with an increase of 4.3% in the compound
annual progress rate (CAGR).1 The most popular packaging
material is plastic because it is lightweight, easily processed, has
a low cost of production, and has excellent mechanical and
barrier properties.2 In 2022, the worldwide value of plastic
packaging reached $369.21 billion, and it is expected to expand
at a CAGR of 3.6% by 2030.3 However, despite its popularity,
there is an increasing concern regarding plastic as it takes
centuries to degrade.4 Moreover, the recycling rate of plastics is
14−18%, which is very low compared to other materials such
as metal, glass, and paper.5 Due to the low recycling rate, 6300
million tons of plastic waste have been generated since 1950,
and 4977 million plastic wastes have been accumulated in
landfills and waterbodies.4 Moreover, the emergence of
microplastics in the air, water, and soil poses a significant
threat to both terrestrial and marine ecosystems.6

Recently, research interests have been growing toward the
development of biodegradable and sustainable packaging
material that can increase the shelf life of packaged food.7

These demands inspired to develop active food packaging
films, which can prevent the deterioration of food products by
microbial contamination, off-flavor development, oxidation,
texture breakdown, and can provide efficient moisture and gas-
barrier properties.8 Biopolymers have been used in making
active packaging materials as they are renewable, abundant in
nature, low cost, ecofriendly, and biodegradable.9 The chitosan
(CH) biopolymer is the commonly used active food packaging
component due to its good film-forming properties, anti-
microbial activity, nontoxicity, and biocompatibility.10 How-
ever, it offers some limitations such as poor water resistance,
low mechanical properties, brittle nature, and low thermal
stability.11 Further, the mechanical, barrier, and thermal
properties of the CH film can be enhanced by incorporating
various inorganic and organic nanomaterials.12

Nanocellulose (NC) has emerged as a prominent biobased
nanomaterial drawing escalating research interests due to its
exceptional physicochemical properties, biodegradability, bio-
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compatibility, and high abundance.13 The combination of CH,
glycerol, and NC can create strong and dense surfaces due to
strong H-bonding interactions, which is impermeable to
molecules and hence provides excellent barrier properties in
the CH−NC film as desired for a good food packaging
material.12,14,15 However, the CH−NC film cannot exhibit
antioxidant activity, which can prevent the deterioration of the
food.

There are few reports regarding the enhancement of the
antioxidant activity of CH- and NC-based films by
incorporating naturally occurring plant phenolic compounds
and also contributing to human health.16 Freire et al.
demonstrated that the addition of ferulic acid or feruloylated
arabinoxylo-oligosaccharides to nanocomposite films signifi-
cantly increased their antioxidant activity.17 Gaikwad et al.
found that the addition of litchi shell waste extract to guar
gum/carboxymethyl cellulose films improved their antioxidant
properties.18 Feng et al. found that the addition of
epigallocatechin-3-gallate in the CH-bacterial NC-based active
film exhibited good antioxidant properties.19 Rhim et al.
further enhanced the antioxidant activity of carboxymethyl
cellulose films by incorporating curcumin and zinc oxide.20

However, gallic acid is a low-molecular-weight compound
shown to possess strong antioxidant activity in many studies.21

Due to the advantages of gallic acid, many scientists
incorporated it into the CH and CH−NC film. Vilela et al.

enhanced the antioxidant property by adding gallic acid in a
starch and bacterial NC-based active film.22 Scientists
synthesized a gallic-acid-grafted CH film, which exhibited
high antioxidant and physical properties as compared to a pure
CH film.16,23−25 The gallic-acid-grafted CH film was used to
preserve Agaricus bisporus, which increases the antioxidant
status and maintains the postharvest quality.26 However, these
reported materials possess certain drawbacks, such as their
antioxidant activity for a limited time, reduced oxygen barrier
capacity, and inadequate thermal stability. Therefore, there is a
necessity to improve the antioxidant efficacy, thermal stability,
and reduction in oxygen permeability of the packaging film
material for an extended period.

A gallic-acid-based metal−organic framework (MOF) has
been used in diverse areas due to its high surface area, high
thermal stability, high antioxidant properties, sustained release
of antioxidants, and high adsorption properties.27 It was
utilized for drug delivery, and it demonstrated approximately
85% cell viability in Panc-1 cells and was also tested on the
Ehrlich-Lettre Ascites Carcinoma (EAC) cancer cell line,
indicating its nontoxicity to human beings.28 However, gallic-
acid-based MOFs have not been used in food packaging films.
Herein, we report on synthesizing a CH−NC film modified
with a gallic-based MOF for food packaging applications.
Various properties of the developed film, such as oxygen
permeability, water vapor permeability (WVP), water

Figure 1. (A) FTIR spectra and (B) powder-XRD data of the MOF.

Figure 2. TEM image of the MOF at different scales: (A) 50 nm and (B) 5 nm.
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solubility, mechanical property, optical property, and anti-
oxidant nature, have been studied.

2. RESULTS AND DISCUSSION
2.1. Synthesis and Characterization of the MOF. A

gallic acid-based metal−organic framework (MOF) was
prepared using the micelle approach.28 In the FTIR spectra
of the MOF, the peaks at 1536 and 1398 cm−1 corresponded
to the asymmetric and symmetric stretching vibration of C−O
of the carboxylate group (OCO−), respectively (Figure 1A).
The presence of peaks at 1318, 1206, and 1047 cm−1 can be
ascribed to the stretching of C−O of the phenolic group. The
Cu−O stretching vibration appeared at 755 cm−1. Further, the
O−H stretching vibration peak at 3500−3260 cm−1 and the
carbonyl group stretching peak at 1691 cm−1 disappeared,
which were present in the gallic acid, indicating the
involvement of hydroxyl and carboxylic groups of gallic acid
in the binding with the metal ion.28

The crystalline structure of the MOF was confirmed by the
powder-XRD pattern. In the powder XRD (Figure 1B), the
diffraction peaks appeared at 2θ = 10.26, 13.46, 20.23, 22.39,
31.49, 41.28, and 43.04°, corresponding to the (200), (011),
(112), (213), (413), (613), and (132) diffraction planes,
respectively, which supported the synthesis of the MOF.27 The
morphology of the MOF was examined by TEM images. In the
TEM images, the MOF appeared to have a spherical shaped
structure (Figure 2). Energy-dispersive X-ray analysis (EDAX)

showed the presence of carbon, oxygen, and copper in the
MOF (Figure S4). The stability of the MOF was examined by
the TGA data (Figure S5). Initially, there was loss of water/
moisture from the surface of the material in the temperature
range of 42−110 °C with a 3.72% weight loss. In the
temperature range of 111−584 °C, a 39.84% weight loss was
observed, which may be due to the decomposition of the gallic
acid unit. After that, stabilization occurred due to the
production of copper oxide.27,28

2.2. Synthesis and Characterization of Synthesized
TEMPO-Oxidized NC. Cellulose was extracted from wheat
straw and was oxidized by TEMPO and NaBr to prepare
nanocellulose (NC) (Figure S6).29,30 The degree of oxidation
was determined by conductometric titration (Figure S7),31 and
it was found to be 32.60%.

The synthesized NC was characterized by FTIR spectros-
copy, powder-XRD, FESEM, and EDAX. In the FTIR
spectrum (Figure 3A), the peaks at 3340, 2910, and 1635
cm−1 corresponded to the O−H bond, sp3-hybridized C−H
bond, and C�O bond of the carboxylate group, respec-
tively.32,33 The peaks that appeared at 1426, 1365, and 1315
cm−1 may be ascribed to CH2 bending, C−H bending, and
CH2 rocking, respectively.

34,35 The peak present at 1155, 1102,
and 1026 cm−1 corresponded to the C−C ring bond, the
glycosidic ether bond, and the C−O−C bond (pyranose ring
of cellulose), respectively.36 In the powder-XRD pattern, sharp
diffraction peaks were present at 2θ values of 16.21, 22.80, and

Figure 3. (A) FTIR spectrum and (B) powder-XRD data of synthesized NC.

Figure 4. (A, B) TEM images of NC at the 50 nm scale.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c03847
ACS Omega 2024, 9, 35654−35665

35656

https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c03847/suppl_file/ao4c03847_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c03847/suppl_file/ao4c03847_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c03847/suppl_file/ao4c03847_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c03847/suppl_file/ao4c03847_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03847?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03847?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03847?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03847?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03847?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03847?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03847?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03847?fig=fig4&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c03847?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


34.87° for the planes (110), (200), and (004),37 respectively
(Figure 3B). It indicated the crystallinity of NC. The
morphology of NC was examined by FESEM images (Figure
S8) and TEM images (Figure 4). The NC looked like fibers
with a thickness ranging between 6 and 8 nm (Figure 4).38 In
the EDAX, carbon, oxygen, and sodium elements were present
with weight percent of 77.46, 18.04, and 4.50, respectively
(Figure S9).
2.3. Characterization of Synthesized CH−NC−MOF

Films. The CH−NC−MOF films (Figure S10) were prepared
with different amounts of CH, NC, and MOF by modifying the
reported method.19 The prepared films were characterized by
different techniques, such as FTIR, powder-XRD, FESEM, and
TGA.

The FTIR spectra of pure chitosan exhibited two bands at
3361 and 3291 cm−1 due to O−H and N−H stretching
vibrations (Figure 5).39 The stretching bands at 2931 and 2883

cm−1 were associated with the C−H stretching bond of the
CH2 and CH3 groups of the glucosamine unit of CH.40 The
bands exhibited at 1643, 1564, 1417, 1377, 1322, 1147, and
1028 cm−1 are attributed to the C�O stretching vibration,
N−H bending vibration, −CH2 scissoring, −CH3 deformation
band, C−N stretching of amide, C−O−C band stretching, and
C−O stretching, respectively.41−43 After the addition of NC
and the MOF in the CH film, the O−H peak shifted toward a
lower frequency, indicating the H-bonding interaction of CH
with NC, and a new peak appeared at 793 cm−1 due to the
Cu−O stretching vibration of the MOF.44

The powder-XRD pattern of the CH film exhibited a sharp
diffraction peak at 2θ = 21.53° for the (110) plane due to the
hydrated crystalline structure of the polymer (Figure 6).45,46

Two low intense peaks appeared at 2θ values of 9.45 and
13.77°. Upon integration of NC and MOF into the CH film,
the distinct sharp peak for the (110) plane became broader and
exhibited a slight shift. There was a shift in the 2θ value from
19.0 to 22.54° when 5% NC was added to the CH film, and it
further shifted to 21.19° with 10% NC in the CH film. The
incorporation of the MOF also affected the diffraction peak as
it shifted to 20.52° with a 1.5% MOF and to 22.54° with a
2.5% MOF in the CH film. More shifting was observed in the
CH-5% NC-1.5% MOF and CH-10% NC-2.5% MOF films
from 19.0 to 22.61° and to 23.56°, respectively (Figure 6). The
broadness in the peak indicated a reduction in the crystallinity

of the compound by the hydrogen-bonding interaction
between the components.47 The shifts in the diffraction
peaks were ascribed to the presence of NC and the MOF, with
their respective peaks occurring at 22.80 and 22.39°, indicating
significant intercomponent interactions.45 Interestingly, the
characteristic peaks of NC and the MOF were absent in the
powder-XRD spectra of the composite films, likely due to their
lower concentrations relative to CH.45,48

The morphology of the prepared films was observed by
surface and cross-sectional FESEM analysis. In the FESEM
images, the smooth morphology of the CH film was affected
after incorporating NC and the MOF, and it became rough,
porous, and dense. When the NC and MOF concentration was
increased, the aggregation appeared, and it was observed in
cross-sectional FESEM images (Figure 7). A similar observa-
tion has been reported in another study.19,49 Overall, the
FESEM images clearly illustrated how varying concentrations
of NC and MOF affected film morphology, elucidating their
individual and combined effects on the microstructure (Figure
S11).49,50 The thickness of the synthesized films was
determined by the cross-sectional FESEM images because
the cross-sectional FESEM is a common and efficient
technique to examine the morphology as well as film
thickness.51−54 The thickness of films was measured at 5
different positions, and their mean ± standard deviation values
are given in Table 1. The thickness of the CH film increased
after the incorporation of NC and the MOF due to increased
solid content in the film.20

The TGA curves of all synthesized films are shown in Figure
S12. The weight losses of the films were observed in 3 steps.
The initial volatilization of water molecules occurred in the
temperature range between 90 and 120 °C.55 Two significant
mass losses were observed in the temperature range of 120−
210 and 210−280 °C due to the degradation of glycerol and
CH, respectively.55 Notably, the inherent stability of the CH
film was relatively low, but the film’s stability improved after
the addition of 5% NC because NC decomposed in the
temperature range of 240−350 °C.56 This upgrade implies that
the addition of NC strengthened the structure of the film and
increased its thermal stability.57 When the MOF was
incorporated in the CH−NC film, the weight loss decreased
in the temperature range from 90 to 230 °C because of high
cross-linking between the components.58 The main degrada-
tion of the CH−NC−MOF film was noticed in the

Figure 5. FTIR spectra of all synthesized CH−NC−MOF films.

Figure 6. Powder-XRD data of all synthesized CH−NC−MOF films.
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temperature range of 240−500 °C due to the decomposition of
CH, NC, and gallic acid.

2.4. Properties of the Synthesized Films. 2.4.1. Deter-
mination of Moisture Content (MC), Water Solubility (WS),
and Swelling Degree (SD). The MC, WS, and SD are

Figure 7. Cross-sectional FESEM images of the synthesized films: (A) chitosan (CH), (B) CH-5% NC, (C, D) CH-10% NC, (E) CH-1.5% MOF,
(F) CH-2.5% MOF, (G, H) CH-5% NC-1.5% MOF, (I) CH-10% NC-1.5% MOF, (J) CH-5% NC-2.5% MOF, (K) CH-10% NC-2.5% MOF, and
(L) CH-10% NC-5% MOF.

Table 1. Obtained Results of Thickness, MC, WS, SD, PV Value, and WVP of the Synthesized Films

s.no. film thickness (μm) % MC % WS % SD PV (meq/kg) WVP (g h−1 m−2)

1. chitosan (CH) 62.05 ± 1.95 21.40 ± 1.60 37.98 ± 0.88 50.50 ± 3.94 63.94 ± 5.43 11.53 ± 0.117
2. CH-5% NC 65.84 ± 2.63 18.90 ± 1.16 47.36 ± 1.51 84.45 ± 3.30 45.68 ± 3.80 10.22 ± 0.108
3. CH-10% NC 70.00 ± 1.09 19.65 ± 0.42 63.11 ± 1.45 93.60 ± 2.53 66.98 ± 3.48 11.1 ± 0.12
4. CH-1.5% MOF 66.72 ± 2.91 20.60 ± 1.61 25.65 ± 2.74 111.02 ± 1.86 37.81 ± 0.50 10.58 ± 0.27
5. CH-2.5% MOF 68.36 ± 3.02 19.24 ± 1.57 37.37 ± 2.82 25.46 ± 2.53 46.31 ± 2.57 10.74 ± 0.275
6. CH-5% NC-1.5% MOF 71.22 ± 3.21 16.49 ± 1.09 24.37 ± 1.80 110.60 ± 1.95 18.91 ± 4.01 9.518 ± 0.165
7. CH-5% NC-2.5% MOF 74.99 ± 2.80 21.85 ± 1.05 36.5 ± 1.84 32.77 ± 1.21 34.91 ± 2.61 9.705 ± 0.036
8. CH-10% NC-1.5% MOF 75.87 ± 3.12 22.00 ± 1.61 31.50 ± 1.40 109.62 ± 2.80 23.42 ± 3.22 9.89 ± 0.151
9. CH-10% NC-2.5% MOF 77.88 ± 4.00 25.79 ± 1.10 38.68 ± 1.77 34.36 ± 1.86 26.31 ± 4.88 10.69 ± 0.058
10. CH-10% NC-5% MOF 78.82 ± 1.59 18.85 ± 1.21 44.07 ± 2.37 21.82 ± 0.61 31.77 ± 0.507 10.74 ± 0.025

Figure 8. (A) Percentage of moisture content. (B) Percentage of water solubility of all synthesized films.
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important factors for food packaging. These factors are vital as
they affect the freshness, safety, and shelf life of packaged
food.59 Maintaining control over moisture levels, preventing
materials from dissolving in water, and managing swelling are
essential for ensuring packaging integrity and preserving food
quality. All studies were carried out in triplicate (n = 3), and
the standard deviation was calculated by Excel software. The
mean ± standard deviation is used to express the data (Table
1).

Determination of MC is essential because microbial growth
and destruction accelerate with an increase in the MC value.60

It was observed that the MC of the film decreased after the
incorporation of NC and the MOF in the CH film, caused by a
higher degree of cross-linking and hydrogen-bonding inter-
action between chitosan, NC, and MOF (Figure 8A). The best
combination of the components CH, NC, and MOF was
present in the CH-5% NC-1.5% MOF film as it possesses a low
MC value.

The WS of the film increased after the incorporation of NC
in the CH film, which is attributed to the hydrogen-bonding
interaction between free −OH of NC and water molecules.
However, the WS decreased when the MOF was added to the
CH film, as the MOF possesses a limited number of hydrogen
binding sites. Subsequently, the WS decreased when the MOF
was introduced in the CH−NC film due to the NC sites being
bound to the MOF via hydrogen bonding, thereby reducing
available sites for water binding. Furthermore, the plasticizer
glycerol, with its hydrophilic properties, contributed to
increased WS in the film.61 Consequently, the addition of
NC and the MOF to the CH film resulted in decreased WS,
which may be attributed to hydrogen-bonding interactions

between the components and limited opportunities for bond
formation with water (Figure 8B).62 Notably, the CH-5% NC-
1.5% MOF film exhibited significantly lower WS compared
with other films, emphasizing the effectiveness of this particular
composition in minimizing WS.

The SD represents the water absorption capacity of the
film.63 When the NC was incorporated in the CH film, the SD
of the film also increased due to an increase in the hydrogen
binding sites (Figure 9A). This modification facilitated the
enhanced adsorption of water molecules on the film’s surface,
consequently leading to an increase in SD. The SD sharply
decreased from 50.5 ± 3.94% (CH-0% NC-0% MOF) to 21.82
± 0.61% (CH-10% NC-5% MOF) because CH, NC, glycerol,
and MOF highly interacted with each other via hydrogen
bonding, which decreased the water absorption capacity.63

2.4.2. Oxygen Permeability. The transmission of oxygen
can lead to the oxidation of food, resulting in the degradation
of its quality, including undesirable odor, fading color, off-
flavor, and nutrient loss.64 Therefore, the permeability of
oxygen is a crucial factor affecting the shelf life of preserved
food. The oxygen permeability of the thin films was measured
in terms of the peroxide value (PV) (meq/kg) (Table 1) using
the sodium thiosulfate titration method (Table S1) (Figure
9B).65 After the addition of 5% NC to the CH film and in the
CH-MOF film, the PV decreased because of the high cross-
linking between the components. When the concentrations of
NC and the MOF were increased, aggregation occurred within
the film, enhancing oxygen permeability and consequently
increasing the PV.66 The PV of the CH-5% NC-1.5% MOF
film was determined to be 18.911 ± 4.009, demonstrating a
close resemblance to the capped oil PV of 15.811 ± 1.135.

Figure 9. (A) Percentage of swelling degree. (B) Peroxide value (PV) of all synthesized films.

Figure 10. (A) Water vapor permeability (g h−1 m−2) of all synthesized films. (B) Tensile strength (TS, MPa) and elongation at break (EB, mm)
values of CH, CH-5% NC, and CH-5% NC-1.5% MOF films.
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Conversely, the PV of the control, denoted by the open vial
without film, was significantly elevated to 100.827 ± 3.747.
This disparity suggests that the CH-5% NC-1.5% MOF film
effectively shielded the oil from oxygen, as evidenced by the
notably lower PV compared to that of the uncovered oil. These
findings suggest that the synthesized film provides effective
protection against oxygen, thereby preserving the oil’s quality.
2.4.3. Water Vapor Permeability (WVP). WVP is a crucial

property in food packaging, aiming to minimize moisture
transfer between the food and its surroundings, thereby
extending the food’s shelf life by reducing the impact of
external moisture. The result of WVP is shown in Table 1 and
Figure 10A. The WVP of the CH film was found to be 11.53 ±
0.117 g h−1 m−2. When NC and the MOF were incorporated
into this film, the WVP decreased due to increased cross-
linking between the components, preventing moisture transfer
from the surroundings. As the concentration was increased, it
led to the occurrence of aggregation, thereby enhancing the
transfer of moisture through the film.66 For instance, the WVP
value for the CH-5% NC-1.5% MOF film was determined to
be 9.518 ± 0.162 g h−1 m−2, which was slightly low compared
to other synthesized films and significantly lower than the open
vial value of 50.08 ± 0.123 g h−1 m−2. This combination was
identified as the most suitable for food packaging, indicating its
effectiveness in minimizing moisture transfer and extending the
shelf life of packaged food products.
2.4.4. Mechanical Property. The results of the mechanical

properties of films are shown in Figure 10B and Table 2. The
tensile strength (TS) values for CH, CH-5% NC, and CH-5%
NC-1.5% MOF films were 2.27, 9.27, and 6.23 MPa,
respectively. The addition of NC to the CH film increased
its strength, whereas the addition of the MOF to the CH−NC
film decreased its strength. This suggests that the intermo-
lecular hydrogen bonding between NC and CH was strong,
but this strength decreased after the addition of the MOF,
leading to a decrease in the film strength.19

Furthermore, the elongation at break (EB) values for CH,
CH-5% NC, and CH-5% NC-1.5% MOF films were 2.98, 2.42,
and 1.94 mm, respectively. The incorporation of NC and the

MOF produced a rigid structure, restricting the relative motion
of the CH film.19

2.4.5. Light Transmittance. Exposure to both visible and
ultraviolet (UV) light can significantly affect food quality.67

This impact was investigated through the light transmittance
capabilities of a synthesized film, as demonstrated by UV−
visible spectral analysis within the range of 200−800 nm
(Figure 11A). The incorporation of NC and the MOF into the
CH film resulted in a reduction in the light transmittance. As
the concentrations of NC and MOF increased, the light
transmittance decreased further due to the densification of the
film. The films CH-2.5% MOF, CH-5% NC-2.5% MOF, CH-
10% NC-2.5% MOF, and CH-10% NC-1.5% MOF demon-
strated complete opacity within the UV−C (200−280 nm)
and UV−B (280−315 nm) region,68 whereas the CH-10%
NC-5% MOF film showed no light transmission across the
entire UV region (200−400 nm),68 as illustrated in Figure 11B.
Consequently, the incorporation of NC and the MOF resulted
in a reduction in light transmission and an enhancement in
light scattering, thereby diminishing the optical transmittance
of the film.69 Similar observations were also reported by other
researchers using different composite films.70−72 Films
possessing barriers against ultraviolet and visible light can be
employed to protect light-sensitive foods from light-induced
oxidation.
2.4.6. Color Analysis. The color space values of the

synthesized films are presented in Table 2. The white standard
plate color space values were 97.41, −0.02, and 1.95 for
lightness (L*), redness (a*), and yellowness (b*) respectively.
The color difference is represented by ΔE. The CH film
showed a decrease in the L* value and an increase in the a*
and b* values compared to the white standard plate. When NC
and MOF were added to the CH film, the film became darker,
with an increased redness value and decreased lightness and
yellowness values. Additionally, the ΔE value increased in the
CH-5% NC-1.5% MOF film as compared with CH and CH-
5% NC films. The findings are in good agreement with the
enhancement of the color in the CH film after incorporating
antioxidant components in the films.73,74 It also supported the

Table 2. Tensile Strength (TS), Elongation at Break (EB) Value, Color Space, and Color Difference (ΔE) of the Synthesized
Films

s.no. film tensile strength (MPa) elongation at break (mm) lightness (L*) redness (a*) yellowness (b*) color difference (ΔE)
1. chitosan (CH) 2.28 2.98 36.48 0.33 7.59 61.19
2. CH-5% NC 9.93 2.42 34.10 1.35 9.30 63.74
3. CH-5% NC-1.5% MOF 6.23 1.94 21.63 2.35 3.20 75.82

Figure 11. Light transmittance of all synthesized films (A) in the UV and visible region and (B) in the UV region only.
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decreased light transmittance property of the CH-5% NC-1.5%
MOF film due to the increased ΔE value.
2.4.7. Release Study of Synthesized Films. 2.4.7.1. Release

of Gallic Acid from the Films. In the realm of food
preservation, it is crucial to ensure consistent and controlled
release of antioxidants from the packaging film. This is of
utmost importance to maintain the quality and shelf life of
food products. This sustained release mechanism plays a
pivotal role in preserving food products by ensuring a
prolonged and steady supply of antioxidants. Such an approach
effectively safeguards the food against oxidative deterioration,
prolongs its shelf life, and helps to retain its quality attributes
over an extended storage period.75 Different concentrations of
ethanol are employed as stimulants for investigating release
processes, depending on the food matrix. Specifically, a 10%
ethanol concentration is deemed effective for studying
alcoholic foods.19 Release experiments were conducted using
a 10% ethanol solution, aligned with parameters commonly
applicable to alcoholic food matrices. The quantity of gallic
acid released was assessed through the gallic acid standard
curve with the utilization of the Folin−Ciocalteau reagent
(Figure S13). The release studies were repeated three times,
and the results are presented as the mean ± standard deviation.
The film CH-2.5% MOF showed a rapid release of gallic acid
for 33 days duration; after that, it became constant. This
accelerated release behavior can be ascribed to the diminished
interactions among the MOF, CH, and glycerol constituents,
facilitating the rapid diffusion of gallic acid from the film
matrix. After the addition of NC into the CH-MOF film, a
noticeable deceleration in the release rate over an extended
period was observed. This prolonged-release phenomenon can
be attributed to enhanced hydrogen-bonding interactions
among CH, NC, and MOF components within the film
matrix. Upon an increase in the concentration of the MOF in

the CH−NC−MOF film, a significant increase in the release
quantity of gallic acid was observed. This phenomenon can be
attributed to the increased concentration of the MOF, which
can facilitate a greater release of gallic acid (Figure 13A). The
findings from our study underscore that the active film CH-5%
NC-1.5% MOF exhibited a sustained release of gallic acid over
52 days.
2.4.7.2. Release of Copper Ions from the Films. The

quantification of copper (Cu) ions present in the simulants
after 60 days was measured through a colorimetric assay,
employing 3,3,5,5′-tetramethylbenzidine (TMB) as the
chromogenic agent.76 Upon addition of TMB to the aqueous
solution containing a predetermined concentration of Cu ions,
a light blue color was observed. The absorbance of the solution
was recorded by using a UV−visible spectrophotometer at 897
nm. Subsequently, the calibration curve was established by
plotting the absorbance at 897 nm against the known
concentrations of the metal ion (Figure S14). However, this
approach did not facilitate accurate measurement of the metal
ion concentration in the simulants after 60 days. Therefore, the
concentration of the copper ion was quantified by utilizing the
inductively coupled plasma optical emission spectroscopy
(ICP-OES) method. According to the ICP-OES analysis, the
concentration of copper ions was detected to be below 0.01
ppm in the samples of CH-2.5% MOF, CH-1.5% MOF, CH-
10% NC-1.5% MOF, CH-5% NC-1.5% MOF, and CH-5%
NC-2.5% MOF films. In contrast, samples of CH-10% NC-
2.5% MOF and CH-10% NC-5% MOF films exhibited copper
ion concentrations of 0.04 ± 0.02 and 0.02 ± 0.003 ppm,
respectively. These findings indicate that the observed level of
ions is significantly lower than the permissible limit of copper
ions.77,78 Such levels do not pose any significant threat to
human health. The findings of our studies suggest that the
produced film effectively preserves alcoholic food, and there is

Figure 12. 1H NMR spectra of (A) gallic acid and (B) gallic acid reaction with DPPḢ (DPPḢ signal represented by the star) in DMSO-d6.
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no toxicity concern due to the presence of copper ions in the
film.
2.4.8. Antioxidant Property. 2.4.8.1. Antioxidant Activity

of Gallic Acid. The release of gallic acid in the food-simulating
environment is very important owing to its antioxidant
characteristics.79 The antioxidant activity of gallic acid was
verified using 1H NMR spectroscopy using the DPPH radical
(Figures S15−S17). In the 1H NMR spectrum of gallic acid,
peaks appeared at 12.21, 9.17, 8.82, and 6.90 ppm for the
carboxylic acid proton, meta hydroxyl group proton, para-
hydroxyl group proton, and ortho proton, respectively (Figure
12A). The signals for hydroxy protons were broad due to
hydrogen-bonding interactions.80 Upon adding the DPPḢ
solution to the gallic acid solution in a 1:1 ratio, the signals of
the hydroxyl proton of gallic acid became sharp (Figure 12B).
This sharpening suggests that one of the hydroxyl protons was
lost upon a reaction with DPPḢ, and the remaining protons
became delocalized due to their ortho configuration.80 It was
observed that DPPH was neutralized, leading to a faster color
change from purple to brown. However, no new signals were
detected in the NMR spectrum, indicating that no quinone was
formed.
2.4.8.2. Antioxidant Properties of Prepared Films. After

the antioxidant property of the gallic acid was confirmed, the
antioxidant activity of the constituents leached from the film
into the food simulant was evaluated using the ABTS and
DPPH radical scavenging activity. The food stimulant
exhibited antioxidant activity by both DPPH and ABTS radical
scavenging activity. For the DPPḢ, the antioxidant activity was
measured for 8 days, and the result is shown in Figure S18.
However, ABTṠ+ is more sensitive to identifying the

antioxidant activity due to faster reaction kinetics and high
response against antioxidants.81 Due to the advantage of
ABTṠ+, the complete antioxidant study of the film was
measured by ABTṠ+ radical scavenging activity. The duration
of sustained antioxidant activity was observed in the CH-MOF
film for less time as compared to other synthesized films.
Incorporation of NC into the CH-MOF film resulted in
prolonged antioxidant activity, attributed to enhanced
component interaction leading to a gradual release of gallic
acid. As the concentration of the MOF was increased, there
was a corresponding enhancement in antioxidant activity (CH-
2.5% MOF > CH-1.5% MOF and CH-10% NC-1.5% MOF <
CH-10% NC-2.5% MOF < CH-10% NC-5% MOF) (Figure
13B). This escalation is attributed to the inherent property of
the MOF to liberate substantial quantities of gallic acid,
thereby amplifying the antioxidant efficacy. According to these
results, it was observed that the film CH-5% NC-1.5% MOF
displayed prolonged and substantial scavenging efficacy, which
persisted for a noteworthy period of 52 days, and after that, it
reached a steady state. This antioxidative film holds promise
for extending the shelf life of food products over an extended
period.
2.5. Real Sample Packaging Studies. The synthesized

composite material was subsequently employed for the
packaging of freshly cut apple slices. The freshness of the
apple slice was assessed through a physical examination of
samples. For packaging the slices, 12 packets were prepared,
including six packets using CH-5% NC film and another six
utilizing the CH-5% NC-1.5% MOF film. Each packet
contained an apple slice, with one slice kept open as a control
experiment. Over a specified period of 1, 2, 3, 5, 7, and 9 days,

Figure 13. (A) Gallic acid release and (B) percentage ABTṠ+ antioxidant activity of the synthesized films.

Figure 14. Comparative study of the fresh-keeping performance of apple slices in the synthesized film CH-5% NC, CH-5% NC-1.5% MOF, and
open slice.
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the conditions of the apple slices were observed. Two packets
were opened simultaneously, one from the CH-5% NC film
group and the other from the CH-5% NC-1.5% MOF film
group, and their physical conditions and freshness states were
recorded. The browning phenomenon was observed in the
exposed apple slice after 1 day, whereas discoloration occurred
after 2 days in the slice packed in the CH-5% NC film. In
contrast, the apple slice packed in the CH-5% NC-1.5% MOF
film exhibited a markedly prolonged freshness, as only minor
browning was noted after 9 days (Figure 14). The results
indicate a significant improvement in the preservation of the
apple slice in the CH-5% NC-1.5% MOF film over 9 day
duration as compared to the control sample and CH-5% NC
film-enclosed samples. This may be ascribed to the high
oxygen barrier ability of this film, which inhibited oxidation by
absorbing inside oxygen and reducing the oxidation of packed
food. This active packaging material offers the advantage of
providing a sustained release of antioxidants during storage.
This sustained release is vital for maintaining antioxidant
activity over an extended period, thereby effectively protecting
the packaged food products from oxidative degradation.
2.6. Stability of the Film. After 9 months, the FTIR

spectra of the synthesized CH, CH-5% NC, and CH-5% NC-
1.5% MOF films were recorded. Similar FTIR spectra were
observed when compared with the data of fresh films (Figures
S19−S21). It indicated the presence of all components in the
film without any decomposition. The physical appearance of
the films was also observed to be similar to that of the fresh
film, indicating that synthesized films were stable for a long
period, such as 9 months.
2.7. Conclusions. We successfully synthesized a CH−

NC−MOF active film by using different concentrations of NC
(5, 10%) and MOF (1.5, 2.5, and 5%) in CH by a casting
method. The best combination of a CH-5% NC-1.5% MOF
film exhibited low oxygen permeability, WVP, MC, and WS as
compared to other synthesized films. The CH-5% NC-1.5%
MOF film demonstrated a high redness value and low lightness
and yellowness values, which supported its low light trans-
mittance value. It also exhibited the sustained release of
antioxidants (gallic acid) for a long period of 52 days with high
antioxidant activity in a 10% ethanol solution. Therefore, it
exhibited good promise for preserving foodstuffs for a long
duration of time. In the real sample packaging studies, the
freshly cut apple slice remained fresh, even after 9 days. The
synthesized film was also stable for a long period, such as 9
months. The results of the present study showed that the
synthesized antioxidant film CH-5% NC-1.5% MOF can be
used in the food packaging of fresh-cut fruits, vegetables, and
alcoholic food, signifying a promising avenue for extending
shelf life and maintaining the quality of perishable foods.
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