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ARTICLE INFO ABSTRACT

Keywords: Post-harvest losses of fruits and vegetables account for a large share of food waste in the world
Chitosan-cellulose due to improper handling and packaging. By using the sol-gel method, Ag/TiO» nanocomposite
Ag/TiOy

was prepared in this study from micro-sized commercial TiO2 powder and incorporated in a
Chili and banana storage cljlit({sanjcellulose matrix f?r the purpose of. promisi.ng food Packaging. T.he pa'rticlle size e?nd
Active food packaging distribution of Ag nanoparticles (9.2437 nm size) confirmed their successful inclusion in the TiO2
Shelf life surface. The morphology of the package assured the successful and uniform disbursement of Ag/
TiO2 nanocomposite into the chitosan-cellulose matrix, which led to enhanced water resistance
and photocatalytic activity. The developed package is proficient in hindering the growth of fecal
coliform bacteria (Esche (Escherichia coli) by 9 mm in the agar plate. Moreover, the efficient
application of chitosan-Ag/TiO2 nanocomposite in food coating and packaging was examined in
extending shelf life, minimizing water loss, and preventing microbial infection during the storage
of chili (up to 7 days at 37 °C) and banana, respectively. It can be concluded from the results that
chitosan-Ag/TiO2 nanocomposite-based food coating and packaging have competent potential for
enhancing the shelf life of moist foods.

Antimicrobial activity

1. Introduction

The world is facing challenges in food production, safety, and emerging health risks due to long-term changes in temperature,
humidity, rainfall patterns, and environmental pollution. On the other hand, inadequate food safety practices in farming, processing,
transport, and unplanned industrialization caused environmental pollution. According to a few studies, 12.5 million tons of plastic
were used to produce food globally, and food packaging is the third-biggest industry as well as the source of microplastic contami-
nation in the food chain[1-4]. So now, the food packaging and distribution industries are seeking cost-effective cellulose-based
alternative active packaging with biodegradable, good appearance, enough mechanical strength, barrier qualities, non-toxic, and
sustainable packaging[5,6].

Active packaging comes in four varieties, according to their functions: migratory, non-migratory, release (emitting antibacterial
and antioxidant substances), and scavenger (absorbing O,, CO5, moisture, etc.) [7]. As a white food coloring additive, TiO; is one of the
most widely utilized reinforced nanoparticles (NPs) to develop active packages because it is abundant in all three crystallographic

* Corresponding author. Bangladesh Food Safety Authority, Dhaka, 1000, Bangladesh.
E-mail address: souravsinghal917@gmail.com (S.K. Singha).

https://doi.org/10.1016/j.heliyon.2023.e21752
Received 14 October 2023; Accepted 26 October 2023

Available online 28 October 2023
2405-8440/© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:souravsingha1917@gmail.com
www.sciencedirect.com/science/journal/24058440
https://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2023.e21752
https://doi.org/10.1016/j.heliyon.2023.e21752
https://doi.org/10.1016/j.heliyon.2023.e21752
http://creativecommons.org/licenses/by-nc-nd/4.0/

S.K. Singha et al. Heliyon 9 (2023) e21752

forms (anatase, rutile, and brookite). The most investigated photocatalytic materials, TiO NPs with 80 % anatase and 20 % rutile have
high photocatalytic activity[8]. On the other hand, TiO; only exhibits photocatalytic activity when exposed to UV light by creating
reactive oxygen species (OH, Hy05, 02)[9,10]. By doping TiO; or forming nanoparticles, it can be activated under visible light[11].
Different studies showed increasing photocatalytic and antimicrobial activity under visible light by doping TiO, with Fe, Au/Au*, Pt,
Ag, Cu, W, etc. [12-14]; F. B. [15]; X. Z [16]. Incorporation of chitosan and Ag with TiO, exhibits antimicrobial activity against the
Gram-negative bacteria Escherichia coli and the Gram-positivebacteria Staphylococcus aureus, as well as different species of
food-deteriorative yeast and fungus as well (Candida albicans and Aspergillus niger)[17-19].

[20] reported that there are six food packaging companies in the world now that produce active packages incorporating Ag-NPs in
food containers to prolong the shelf life of food. Also, nano clay, nano-zinc oxide (nano-ZnO), nano-titanium dioxide (nano-TiO3), and
titanium nitride-NPs (nano-TiN) are used to produce food packages in the market[21]. Due to its wide range of shelf-life-enhancing
properties, nano food packaging is getting attention on the market. In some studies, Ag/TiO2 nanocomposite films were developed
as antimicrobial agents [22,23] and cellulose-based films were developed by reinforcing Ag/TiO» nanocomposite to increase the shelf
life of butter and walnut kernels [24,25]. In the previous studies, Ag/TiOy nanocomposite-based packages were developed using
nanoTiO; as a precursor. Moreover, there are no studies for the preservation of food of high water activity (e.g. raw vegetables, fruits,
or meats) with Ag/TiO,-coated cellulose paper. As a food contact material, it is challenging for cellulose-based biodegradable packages
to hinder moisture transfer between moist layered foods as well.

Therefore, the purpose of the current work is to develop chitosan-Ag/TiO, nanocomposite using microsized, commercial grade
TiO4 powder as a precursor and evaluate its application as food coating and active packaging. First of all, chitosan (Ch), chitosan-TiO;
(Ch-TiOy), and chitosan-Ag/TiO5 (Ch-TiO,) coating solutions were prepared. The uncoated paper (P) and three packages developed by
coating cellulose-based paper sheets with the prepared solution: chitosan (P-Ch), chitosan-TiO5 (P-Ch-TiO3), and chitosan-Ag/TiO5 (P-
Ch-Ag/TiO,), were characterized and assessed. Both photocatalytic activity and Fourier-transform infrared spectroscopy (FTIR)
analysis of fresh (P-00, P-Ch-00, P-Ch-TiO5-00, and P-Ch-Ag/Ti0O»-00) and 04 month-aged (P-04, P-Ch-04, P-Ch-Ti0O»-04, and P-Ch-Ag/
TiO2-04) packages were analyzed as well. By considering the context of Bangladesh the two moist foods, chili and banana were selected
for evaluation of shelf life, which are consumed directly in hotels or restaurants without any further preparation and have high post-
harvest loss rates. On the other hand, considering the unhygienic handling of these foods, a fecal coliform group bacteria Escherichia
coli was used in this study to check the microbial susceptibility.

2. Materials and methods
2.1. Materials

The cellulose paper was bought from Bashundhara Paper Mills Limited, Bangladesh. Chitosan with a degree of deacetylation of 70
% was purchased from Research Lab Fine Chemical Industries (Mumbai, India). Commercial (Inframat Advanced Materials) rutile TiOo
(.2 pm size) powder, AgNOs, glycerol, Methyl Orange (Merck-Germany), and acetic acid (Merck-Germany) were used as raw materials
for coating solutions. The bacterial strain Escherichia coli ATCC8099 was used to check the antibacterial activity of the developed
packages.

2.2. Development of Ag-doped TiO2 (Ag/TiO2) nanocomposite

2.2.1. Formulation

Ag-doped TiO5 nanocomposite was prepared according to the sol-gel method where TiO2 powder and AgNOs were precursors. It
was prepared by stirring 30 g of TiO, powder with a 0.05 M, 150 mL solution of AgNOg at 400 rpm for 24h. After filtration, this mixture
was then evaporated to dryness at 120 °C until a constant weight was reached. Then the obtained precursor was calcined at 600 °C for
24h in the Muffle Furnace. To wash out the ions and other by-products formed during the reaction, the calcined powder was then
washed at least four times with distilled water. After washing, the powder was dried at 120 °C in an oven for 24 h. To get a small size of
Ag-doped TiO5 nanocomposite, a mortar and pestle was used for grinding the obtained powder for 6 h

2.2.2. Characterization of structural properties
The phase analysis was done using a Phillips (PW3040) X-Pert PRO X-ray diffractometer. From the X-ray diffraction pattern, the
crystallite grain size was determined by utilizing Scherer’s equation as follows[26]:

KA
D=
pcos @

where, D = Grain size.

K = a dimensionless shape factor with a value of unity. The factor has an atypical value of about 0.94

) = value of A is 1.54060A° for Cu-Ko radiation

f = Full Width Half Maxima (FWMH) of the peak for higher absorption than the rest from the X-ray diffraction pattern.

To determine the particle size and particle distribution of Ag/TiO,, the Transmission Electron Microscopy (TEM) model of HT7800
Ruli TEM operated at 120 kV was used.
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2.3. Preparation of cellulose-based active package

2.3.1. Preparation of coating formulation

The three coating solutions were developed for three coated packages following previous studies[25,27]. 75g of commercial
chitosan powder was dissolved slowly in 50 mL of a 2 % (v/v) acetic acid solution under continuous stirring for 3 h. Thus, three sets of
separate solutions were prepared. For the preparation of the (1) chitosan coating solution: only 2 mL of glycerol (as plasticizer); (2)
chitosan-TiO, coating solution: 3.15 g of commercial TiO, power and 2 mL of glycerol; and (3) chitosan-Ag/TiO, coating solution:
3.15 g of prepared Ag/TiO; nanocomposite and 2 mL of glycerol were added to the three sets of solutions under continuous stirring
until the mixture of all components.

2.3.2. Development of coated active package

Food-grade cellulose paper sheets (Basundhara Group) were used for coating by using the dip coating technique. The papers were
cleaned with 80 % acetone solution and dried at room temperature (26 °C). The papers were cut into pieces with a diameter of 9.5 cm
and dipped into the prepared different sol-gel solution for 1 min. The P-Ch, P-Ch-TiO,, and P-Ch-Ag/TiO, packages were dried at room
temperature for 24h and conditioned at 52 % relative humidity for 72h at 25 °C in a desiccator. Uncoated cellulose paper (P) treated
with 2 % acetic acid was used as a control for further comparison.

2.4. Evaluation of active package

2.4.1. Surface morphology

An electron microscope (SEM) (Ven Ground) of 1200 mm (x400, x600) operated at an accelerating voltage of 30 kV was used for the
morphological characterization of fresh and aged packages. An Energy Dispersive X-ray (EDX) detector attached to the scanning
electron microscope conducted the elemental composition analysis of the investigated packages.

2.4.2. Fourier transform infrared spectroscopy (FTIR)
Fourier-transform infrared spectroscopy (FTIR) (Model: STE 449 F3 Jupitar) is a technique used to obtain the structural changes
that occurred in the packages during their 4-month aging.

2.4.3. Photocatalytic activity

The photocatalytic efficiency of active packages was determined by exposing under ultraviolet light (UV) lamp that radiates light at
a wavelength of 254 nm (UV-C band). Prepared coated and uncoated paper packages were cut into pieces of 4 cm by 4 cm and
immersed in 500 mL of Methyl Orange (MO) solution with a concentration of 20 ppm. For adsorption, the solutions with the packages
were maintained in the dark for 1h. The immersed packages were then exposed under a UV lamp for 20 min, and the degradation of MO
in the solution was measured four times. The degradation of MO was calculated at 484 nm (Lambda 35 spectrophotometer, Perki-
nElmer). A linear regression equation (R2 = 0.9859) was developed from the calibration curve of the absorbance of MO as follows[8]:

where, Cypo is the concentration of the MO in the solution, in ppm; Absyg4 is the absorbance of the solution at 484 nm; 0.0293 is the
slope of the calibration curve. Then, by identifying the changes in initial and concentration after 20 min (C/C,), the photodegradation
of MO dye was calculated.

2.4.4. Water vapor transmission rate (WVTR)

80 x 80 mm of each package was fixed on top of the opening of a plexiglass test tube containing 10 g of silica gel. Each sample was
properly sealed with vacuum grease on top of the test tube. Then test tubes with coated and uncoated packages samples were placed
into a desiccator with distilled water (100 % humidity), and the whole set of test tubes was kept at (25 + 0.5) °C, 50 % RH. The tubes
were weighed for 4 days, and the weight gained was plotted versus time (the associated regression coefficients were in the range of
0.91-0.95)[28]. WVTR of the prepared packages was determined as:

m
WVTIR (g /h.m?)=—
(¢/hm?) =+
where, WVTR is the water vapor transmission rate (g/h. m?); & is the amount of water gain per unit time g/h; and A is the permeation
area (2.2698 cmz).

2.4.5. Water absorption ability (WA) and water solubility (WS)

For testing of water absorption ability and water solubility, square-shaped specimens were cut using a scissor with a surface area of
400 mm? and dried for 24 h in an electric oven at 100 °C until the weight remained constant to consider the initial dry weight (W;) to
the nearest of 0.0001 g. Then, the precisely weighed dried packages were placed in a beaker (250 mL) containing 30 mL of 30 °C
distilled water for 24 h. Package specimens were then removed to gently wipe out excess water from the surface of the packages with
filter paper to measure the wet weight (W,). Water solubility was calculated from the percentage weight gain of the wet weight to the



S.K. Singha et al. Heliyon 9 (2023) e21752

final dry weight (W3)[29]. Percentages of water absorption ability and water solubility were calculated by:

W2- W1
Water Absorption Ability (%) = —w X 100
1

W,- W
Water solubility (%) = %
1

x 100

2.4.6. Antibacterial activity

The antimicrobial efficiency of coated and uncoated packages was determined by the Kirby-Bauer disk diffusion method[30]. The
three coated packages were cut into disks of 6 mm diameter before the experiment and an uncoated disk of the same size was
considered as the control sample. Subsequently, the samples were sterilized using a UV light for 3 min under a biosafety cabinet. The
Escherichia coli was then inoculated on the Eosin Methylene Blue (EMB) and Muller-Hinton (MH) agar plates by streaking the swab and
allowing it to dry. Further, each disk of packages was placed on the specific portion of inoculated agar, and the plate was incubated at
37 £ 1 °C for 24 h. Ceftriaxone (30 mcg) antibiotic was used, and the bacteria-free zone (inhibition zone) was measured to the nearest
mm.
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Fig. 1. (a) XRD patterns of the synthesized Ag/TiO, nanocomposite where Ag nanoparticle peak located at (111), (200), (220), (311) plane and
TiO, peak located at (110), (101), (111), (211), (301) plane (b) TEM image of Ag decorated TiO, nanostructures (¢) EDX pattern of Ag/TiO,
nanocomposite (d) SAED of Ag/TiO, nanocrystals.
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2.5. Shelf life evaluation

2.5.1. Effects of coating solution for the storage of chili

To validate the performance of the developed solutions of Ch, Ch-TiO2, and Ch-Ag/TiO2 the coating was performed by dipping fresh
chili (Capsicum frutescens L) in the solutions for around 30 s at room temperature. Fresh chilies were collected from local farmers during
harvesting and it was ensured that no chemicals were used or treated for long-term preservation and no adhered dirt on their skins[31].
After sterilization with 80 % ethanol and dipping, the coated chilies were dried and stored at 25/19 °C (light/night) and 50 % relative
humidity until a consistent weight was gained for the uncoated chili. The percentage of weight loss was calculated in comparison with
the initial weight of chilies. The mean values of replications were reported for control and treatment samples.

2.5.2. Effectivity of coated active package for packaging fresh banana

The prepared four-coated and uncoated packages of 10 cm in diameter were used to check the effectiveness of active packages.
Fresh bananas (Musa cavendishi) were procured from the local market. A fresh, untreated banana was cut into 4 pieces precisely around
the size of 3 cm in diameter. All the slices were put into coated and uncoated packages. The uncoated package (P) was considered a
control. The packed banana slices were then stored at 4-7 °C in a refrigerator for 10 days. Weight loss during storage of each package
was calculated as a percentage of weight loss.

mag [
1 000 x

Fig. 2. Scanning electron microscopy micrographs of (a) P (b) P-Ch (c¢) P-Ch-TiO; (d) P-Ch-Ag/TiO, at 1000 x magnification.
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2.5.3. Microbiological analysis of stored chili and banana

By removing a tiny sample (5 g) from the fresh and stored chili and banana, the total number of bacteria and the total number of
yeast and fungi were assessed. The samples were homogenized after being aseptically transferred into a sterile 0.1 % (w/v) peptone-
NaCl solution. After the serial decimal dilutions in the solution, an aliquot of 5 pL was spread in distinct petriplates containing nutrient
and potato dextrose agar[32]. Following this, the inoculated petriplates underwent a separate 48-h incubation at 37 °C. The total
bacterial count and total yeast and fungal counts, before and after storage, were used to calculate the percentage inhibition of growth
on chili and bananas[24].

2.6. Experimental design and statistical analysis

For the experiment, the data obtained on the characteristics of different coated and uncoated packages and the shelf life of chili and
bananas were statistically analyzed using IBM SPSS Statistics software, version 26. The means for all the treatments were calculated,
and the analysis of variances (ANOVA) for all the parameters was performed by the F-test. The significance of the difference between
the pair of means was compared using the Tukey test (p < 0.05).

3. Results and discussion
3.1. Structural properties of Ag/TiO2 nanocomposite

Fig. 1a shows the XRD patterns of the Ag/TiO2 nanocomposite. Diffraction peaks located at 26 = 27.54, 36.18, 41.32, 54.04, and
69.1 are assigned to the (110), (101), (111), (211), and (301) lattice planes of TiOg, which indicate rutile phase (JCPDS Card No.
21-1276)[33]. The Ag nanoparticle peaks located at 20 = 38.16, 44.16, 64.24, and 77.54 are assigned to the FCC structure ascribed to
the (111), (200), (220), and (311) planes. That exhibits a fine crystal structure of Ag/TiO,. The highest peak in the XRD patterns, the
miler indices (110) is the value for FWHM. Using Scherer’s equation, the calculated crystallite grain size for the respective peak is
17.88 nm.

Fig. 1b shows the TEM images of the synthesized Ag/TiO, nanocomposite. Ag nanoparticles aggregated into Ag clusters and were
distributed on the surface of the TiO5 particles, as was observed. Furthermore, dispersive Ag nanoparticles around the Ag cluster
identified no agglomeration[34]. Also, in Fig. 1b, the calculated size of silver nanoparticles was 9.2437 nm each. Fig. 1¢ shows the EDX
elemental mapping of the Ag/TiO, with a clear demarcation of the presence of silver nanoparticles on the surface of TiO,. However, the
ratio of Ag nanoparticles in comparison with Ti and O was less. In Fig. 1d, the Selected Area Electron Diffraction (SAED) displayed
concentric diffraction rings that suggest the composites’ polycrystalline structure[35]. XRD and TEM images show the uniform dis-
tribution and strong interaction between Ag and TiO5 which will active microsized TiOs to act as strong antimicrobial agents.

3.2. Morphology of coated active package

Fig. 2 shows the SEM of the surface and cross sections of P, P-Ch, P-Ch-TiO,, and P-Ch-Ag/TiO; active packages. The distribution of
chitosan, micro-sized TiO,, and Ag/TiO5 NPs microstructure and elemental composition of the active packages were also evaluated. As
depicted in Fig. 2a, on the surface of P, there was a clear demarcation of fibers at a 200 pm scale. The surface of the fresh package was
uniform in shape, with a size of several microns. There was nothing unusual or damaged about the fiber but some pores. After coating,
the porosity of cellulose packages decreased and the fibers tied together properly, resulting in better barrier properties. In addition, the
chitosan molecules (Fig. 2b) were on the surface of the package and observed a clear distinction between the P and P-Ch. Chitosan
existed as aggregates both in pores and on the surface of packages. The distribution of chitosan molecules on the surface was not
uniform which might be due to the dip-coating procedure used to prepare the packages. As compared to P-Ch (Fig. 2¢ and d), ample
amounts of TiO, and Ag NPs were seen scattered on the surfaces of P-Ch-TiO, and P-Ch-Ag/TiOy packages. TiO, and Ag/TiO5
nanocomposites were properly bound with cellulose fiber and incorporated into the chitosan matrix.

The EDX technique was used to present the elemental mapping of P, P-Ch, P-Ch-TiOg, and P-Ch-Ag/TiO5 in Table 1. In every coated
and uncoated package, carbon and oxygen were the main elements and the weight percentages of the two elements in P were 55.22 %
(62.21 at%) and 44.73 % (37.79 at%), respectively [36]. The presence of N (4.80 wt%) was due to chitosan associated with the NHy
group in P-Ch. That was the clear demarcation between the incorporation of chitosan and bonding with the cellulose fiber properly
[36]. Also, the existence of N was found in the P-Ch-TiO, and P-Ch-Ag/TiO, samples, which proved the existence of chitosan in the
active packages. The existence of Ti and Ag was due to the addition of TiO, powder and Ag/TiO5 nanocomposite to the cellulose

Table 1
Elemental Composition of prepared packages obtained by Energy Dispersive X-ray (EDX) method.
C o) N Ti Ag
at.% wit% at.% wt% at.% wt% at.% wt% at.% wt%
P 62.21 55.22 37.79 44.73
P-Ch 55.42 48.32 39.30 45.70 4.71 4.80
P-Ch-TiO, 43.29 27.14 39.10 32.70 1.61 1.18 14.70 36.80
P-Ch-Ag/TiO, 27.97 17.23 54.18 44.43 3.20 2.29 13.95 34.25 0.19 1.02
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matrix. In Table 1, the weight percentage of elements in P-Ch-TiO (C = 27.14 %, O = 32.70 %, N = 1.18 %, Ti = 36.80 %) and
P-Ch-Ag/TiOy samples (C = 17.23 %, O = 44.43 %, N = 2.29 %, Ti = 34.25 %, Ag = 1.02 %) showed that the amount of TiO, was
around 35 % in overall composition. On the contrary, due to the attachment of nano-sized Ag in the TiO5 matrix, the P-Ch-Ag/TiO4
package might show high photocatalytic activity and exhibit antimicrobial properties.

3.3. Fourier transform infrared spectroscopy (FTIR)

Fig. 3 shows a comparative investigation using FTIR of fresh and 4-month-aged coated and uncoated active packages. In the 1500
and 800 cm ™! regions (Fig. 3a), uncoated fresh (P-00) and 4-month-aged packages (P-04) are similar in absorbance. However, there are
changes observed at the broad band in 3500-3000 cm ! which correspond to the O-H stretching[27]. The higher stretching of P-04 at
the 3332 cm ™! band than P-00 indicates that the package absorbed moisture from the environment and established new hydrogen
bonds between the cellulose chains during aging. As shown in Fig. 3b, there are broader absorbance bands in chitosan-coated fresh
(P-Ch-00) and aged (P-Ch-04) packages at the 3500-3000 cm ! due to the presence of amino (N-H) and hydroxyl (O-H) groups. The
two overlapping groups distinguish chitosan-based packages from P and chitosan. Similarly, the stretching bands (3500-3000 cm ™) in
P-Ch-TiO2-00, P-Ch-TiO2-04, P-Ch-Ag/Ti02-00, and P-Ch-Ag/TiO2-04 prove the presence of chitosan in those packages (Fig. 3c). Due
to the internal change of chitosan (N-deacetylation) during aging, P-Ch-Ag/TiO»-04 shows lower absorbance in the above-mentioned
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region[24].

The band in the region of 3000-2800 cm ™ represents the functional group of C-H stretching vibrations in the aliphatic hydro-
carbons of cellulose[37]. The two significant peaks at 2922 and 2896 cm ™! are noticed as —-CH, and ~CHj3 stretching. The two identified
peaks may indicate the binding of chitosan and cellulose to each other (Fig. 3a). Due to the contribution of molecular groups of
cellulose and chitosan, the spectrum around the region of aliphatic hydrocarbons has become broader in P-Ch-04 (Fig. 3b). The peaks
at around 1155 em ™! and 1032 ecm ™! correspond to the polysaccharide structure of chitosan[27]. The C=0 (carbonyl) stretching and
the stretching vibrations of the amino group (amide bands) of the amino acetyl group of chitosan are attributed to the absorbance
peaks between 1650 and 1560 cm ™, which demonstrate that the initial chitosan was not entirely deacetylated[25]. Similarly, as seen
in Fig. 3c, the FTIR spectra for fresh and 4-month-aged P-Ch-TiO, and P-Ch-Ag/TiO, packages display shifting peaks at 1642 cm ™
(C-O stretching) to a higher value than the chitosan-coated package, which proves the inclusion of TiO, and Ag/TiO» in the
chitosan-cellulose matrix. By comparing aged P-Ch-TiO, and P-Ch-Ag/TiO, packages in the band stretching 1700 to 1594 cm™! wave
numbers, a broader weak peak is observed for P-Ch-Ag/TiO,-04 packages that indicate the disruption of the cellulose-chitosan matrix.
Because the nano-Ag NPs exhibited high photocatalytic activity due to exposure to visible light during storage.

3.4. Photocatalytic activity

TiO2 and Ag/TiO; are photocatalysts that show photocatalytic activity during exposure to UV light and generate electrons and
holes. An active surface reaction between the Methyl Orange (MO) dye and TiO catalyst accelerates the photocatalytic degradation
[38]. The degradation rates of Methyl Orange as a marker of the photocatalytic activity of the packages investigated are displayed in
Fig. 4.

Initially, the adsorption of dye in fresh P-Ch, P-Ch-TiO, and P-Ch-Ag/TiO» and aged P-Ch-04, P-Ch-TiO2-04, and P-Ch-Ag/TiO»-04
was measured in the dark. The results showed that the highest degradation of dye caused by aged and fresh P-Ch-Ag/TiO, among the
packages was 5.71 % and 4.3 %, respectively[39]. While for P-Ch-TiO,, the degradation of dye was 45.18 % less than fresh
P-Ch-Ag/TiO,. The adsorption percentage of MO dye for P-Ch was negligible.

By calculating C¢/C, for all the packages, the photodegradation of MO remained at the plateau stage until the end of the experiment
after exposure to UV for 60 min[40].

As shown in Fig. 4, after 60 min, P-Ch exhibited lower photocatalytic activity than others, with 23.03 % absorption of MO dye. On
the other hand, by incorporating TiO, and Ag/TiO, with chitosan-coated packages, the photocatalytic activity increased notably by
23.64 % and 34.34 %, respectively. Several studies confirmed that the incorporation of Ag/TiO5 nanocomposite increased photo-
catalytic activity[41]. The doping of silver ions in the TiO2 matrix increases the surface area and small particle size, which have a large
contribution to the synergistic effect of capturing more incident light and transmitting photogenerated electrons[42]. MO decom-
position rates for 4-month-aged packages were higher than those for fresh packages: 42.13 % for P-Ch, 48.06 % for P-Ch-TiO3, and
63.06 % for P-Ch-Ag/TiO,. The reason for the higher photocatalytic activity may be due to chitosan and cellulose, which may cover the
active sites of TiO9 and Ag/TiO> in fresh packages[24,42]. Due to the N-deacetylation of chitosan, the active sites may open during four
months of storage. In our study, it can be concluded from FTIR spectra that the chitosan-cellulose matrix was disrupted, which boasted
the photocatalytic activity of aged packages.

3.5. Water resistibility

Table 2 shows the swelling and water solubility of P-Ch, P-Ch-TiO,, and P-Ch-Ag/TiO, active packages in distilled water (30 °C).
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Fig. 4. Decomposition of Methyl Orange dye in the prepared fresh coated (P-Ch, P-Ch-TiO,, P-Ch-Ag/TiO,) and 4-month aged coated (P-Ch-04, P-
Ch-TiO2-04, P-Ch-Ag/TiO,-04) packages during exposure to dark and UV irradiation.
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Cellulose is not soluble in water, so P (6.65 + 1 0.41 %) expressed the minimum solubility, which also exhibited the highest absorption
ability (68.95 + 1.78 %). The solubility of packages increased after the incorporation of chitosan into the cellulose matrix. Because
chitosan is a natural cationic polymer, it can degrade[43]. Due to the physiochemical reaction between chitosan and cellulose, partial
elimination of the hydroxyl group might occur. That might be the cause of the reduced water absorption ability of P-Ch[29]. The
significant water absorption caused by P-Ch-Ag/TiO, was 75.98 + 0.91 % due to degradation of the cellulose and chitosan layers. After
incorporating Ag/TiO, nanocomposite into the cellulose-chitosan matrix, it disrupted the hydrogen bonds, which supports the FTIR
result. A previous study supports the findings that the addition of Ag to the chitosan matrix increased water swelling[28]. On the other
hand, P-Ch-Ag/TiO5 (10.52 + 1.59 %) exhibited less solubility [44]. showed that the incorporation of Ag nanoparticles in starch films
extends the electrostatic interactions between polymeric chains and the hydrophobic nature of the film, which reduces film solubility.
Also, it can be proven that TiO5 and Ag/TiO2 perfectly bind with the chitosan matrix. The low water solubility of food packaging
materials is important for sustainable packaging[45].

The coatings of chitosan, TiO, and Ag/TiO5 have significant effects on the water vapor transmission rate, as shown in Table 2. Due
to the reduction of pores after coating, the coated cellulosic packages acted as a strong water vapor barrier. The P-Ch-Ag/TiO, showed
the highest water vapor barrier properties [46]. reported that the WVTR of low-density polyethylene (60 wt% silica gel) was 18.8 +
0.7 %, which was slightly lower than the WVTR of the P-Ch-Ag/TiO5 package (24.23 + 3.48 %) from our study. The P-Ch-Ag/TiO5
package exhibited a 16.362 % lower WVTR than the cellulose package. The WVTR of the P-Ch-TiO, package was higher than the
P-Ch-Ag/TiO4, which supports the previous study where the WVTR of Ag-incorporated films in chitosan was higher than the TiOo--
chitosan film[28]. Thus, it was concluded that the P-Ch-Ag/TiO, package contains high water-resistance properties, which might be
introduced when storing highly moist food.

3.6. Antibacterial properties of active packages

Fig. 5 shows the clear demarcation of antimicrobial activity of the developed active packaging materials, which also imitate the
antimicrobial scenario during food storage. The antibacterial activity of P, P-Ch, P-Ch-TiO5, and P-Ch-Ag/TiO, was investigated by the
Kirby-Bauer disc diffusion method. The effectiveness of the package was tested against the most common pathogen, Escherichia Coli.
The uncoated fresh packages P and P-Ch did not show any inhibition zones. A study reported that chitosan-coated cellulose packages
did not exhibit any inhibition zone against Listeria monocytogenes[27]. On the other hand, the inhibition zone of the chito-
san-TiOy.coated package (P-Ch-TiO) against Escherichia Coli bacteria was zero as well. The bactericidal properties of TiO5 depend on
the photocatalytic reaction that happens under UV radiation and produces reactive radicals[47]. So during the incubation period, TiO»
exhibited no antibacterial activity [18]. reported that no inhibition zone of TiO thin film was determined under dark conditions. But
the Ag/TiO-incorporated package showed the highest inhibition against Escherichia Coli. Similarly, the chitosan-Ag/TiOy coated
package (P-Ch-Ag/TiO-) exhibited significant antimicrobial activity in our study. In comparison with CTR Ceftriaxone antibiotics, the
inhibition zone of P-Ch-Ag/TiO, was 12 mm and 9 mm in EMB and MH agar, respectively. It proved that P-Ch-Ag/TiO; is also sus-
tainable under dark conditions, which may be useful during the transportation of light-sensitive or refrigerated food.

3.7. Shelf life of chili and banana

During storage of fresh chili and banana slices, coating solutions and coated packages showed effectiveness in enhancing shelf life,
respectively (Figs. 6 and 7). Bacterial, Yeast and Mold growth inhibition and weight loss of chili and banana slices during storage are
shown in Table 3. Fig. 6 a, b, ¢, and d illustrate the changes in physical appearance and weight loss of fresh chili during storage at 25-
19 °C after removal of the coating. In Fig. 6 ¢, and d a few white silvery-like substances are seen on the surface of the chili which were
the remainder of TiO and Ag/TiO, powders. The uncoated chili was fully spoiled containing several moldy spots only after 4 days of
storage. Ch-Ag/TiO,-coated chili was a little bit ripe but still greenish and firm in structure. The weight loss of Ch-Ag/TiO,-coated chili
was 53.04 + 1.42 % during the 7 days of storage, where 62.56 + 0.86 % and 65.67 + 0.75 % of weight loss were calculated for Ch-TiO,
and Ch-coated chili, respectively (Fig. 6e) [48]. demonstrated the reduced water loss of mango during 20 days storages by coating with
chitosan-nano-TiO [49]. also reported the successful inhibition of the growth of aerobic mesophilic bacteria on blueberries by coating
chitosan-nano-TiO,. Similarly, the growth inhibition of bacteria and growth inhibition of yeast and mold of Ch-Ag/TiO»-coated chili
was higher than the Ch-TiO2. The inhibition of Ag/TiO,-coated chili for bacteria was 91.59 + 3.08 % and yeast and mold inhibition
was 87.76 + 3.12 % whereas without coating chili exhibited no inhibition (Table 3).

Fig. 7 shows similar findings during the storage of banana slices packed in four coated and uncoated packages for 10 days. Photos
were taken on the 5th day of storage at 4-7 °C, as shown in Fig. 7 a, b, ¢, and d. The physical changes of packages were also observed

Table 2

Water absorption ability, solubility, and water vapor transmission rate of uncoated cellulose packages and coated packages.
Packages WA (%) WS (%) WVTR (g/h. m?)
P 68.95 + 1.78% 6.65 + 1 .41% 24.23 + 3.48%
P-Ch 46.35 + 1.89° 34.53 + 1.77° 21.14 + 2.76*
P-Ch-TiO, 26.47 + 1.21°¢ 39.20 + 1.83" 22.90 + 3.41°
P-Ch-Ag/TiO, 75.98 + .91¢ 10.52 4 1.59¢ 20.26 + 2.83°

*Means followed by the same superscript in a column were not significantly different (P > 0.05).
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Fig. 5. Antibacterial activity of uncoated (P) and coated (P-Ch, P-Ch-TiO2, P-Ch-Ag/TiO2) packages against Escherichia coli in (a) EMB and (b) MH

agar in comparison with CTR Ceftriaxone antibiotics in the middle of the plate.
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Fig. 6. Demonstration of physiological comparison of fresh (T = 0) and after 7 days stored (25-19 °C) chili (T = 7) (a) Uncoated and (b) Chitosan
(Ch), (c) chitosan- TiO,, (Ch - TiO5) (d) chitosan- Ag/TiO, (Ch-Ag/TiO,) coated solution; (e) Weight loss (%), inhibition of Bacteria, Yeast, and Mold

(%) in comparison with uncoated and coating with prepared solutions.
*Means followed by the same letter were not significantly different (P > 0.05).

where the P and P-Ch surfaces were wet and the surfaces of the slices were visible from the outside. Because the two packages exhibited
high WA and WVRT which might be the cause of quick soaking [29]. On the 5th day of storage, the appearance of P-Ch-Ag/TiO2 was
fresh and comparatively dry, which indicates the prevention of leakage of any substances from the surface of the banana slice.
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I Yeast and Mold Growth inhibition (%)
B Weight loss (%)

g W* ~| I Bacterial Growth Inhibition (%)
|
|
|

=4
Percentage (%)

Fig. 7. Demonstration of physiological comparison of banana slice packaged with (a) P (b) P-Ch (c) P-Ch-TiO; (d) P-Ch-Ag/TiO, for 10 days storage
(4-7 °C); (e) comparison of weight loss (%), inhibition of Bacteria, Yeast, and Mold (%) with different packages during storage.
*Means followed by the same letter were not significantly different (P > 0.05).

Table 3
Bacterial, Yeast and Mold growth inhibition and weight loss of chili and banana slices during storage.

Banana slices after 10 days of storing at 4-7 °C

Packages Chili after 7 days of storing at 25-19 °C
Bacterial growth Yeast and Mold growth Weight loss Bacterial growth Yeast and Mold growth Weight loss
inhibition (%) inhibition (%) (%) inhibition (%) inhibition (%) (%)
P 0? 0? 72.39 £ 0? 0? 38.29 +
1.26% 1.30%
P-Ch 51.77 + 2.73" 42.07 + 1.73° 65.67 + 29.07 + 2.68" 24.13 + 2.73" 32.50 +
.75° .99°
P-Ch-TiO, 56.81 + 1.75" 46.58 + 2.61° 62.56 + .86° 31.58 + 3.07" 21.54 + 1.81°¢ 31.72 =
1.21°
P-Ch-Ag/ 91.59 + 3.08¢ 87.76 + 3.12¢ 53.04 + 70.25 + 2.85°¢ 73.42 + 2.91¢ 26.13 +
TiO, 1.424 1.15¢

*Means followed by the same superscript in a column were not significantly different (P > 0.05).

As shown in Fig. 7e, P-Ch-Ag/TiO, exhibited 34.27 % less weight loss during storage than P-Ch-TiO,. The highest weight losses
were also calculated for P due to the higher water vapor transmission rate. There was no significant difference in the weight loss and
antimicrobial inhibition of P-Ch and P-Ch-TiO, packages. The bacterial growth inhibition and yeast and mold growth inhibition of
banana in the P-Ch-Ag/TiO5 package were higher than those in P-Ch-TiO5 which were 55.04 % and 51.88 %, respectively (Table 3).
The results indicate that large TiO, particles in the cellulose-chitosan matrix did not exhibit sufficient barrier and antimicrobial
properties. Incorporation of Ag NP in TiO5 released active compounds that attack bacterial cells leading to death and decomposition of
the HO and O, entrapped in the package, which keeps the food safe [25,50]. The study validates that P-Ch-Ag/TiO2 package is durable
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for the long-term preservation of fresh vegetables by acting as a barrier to moisture transfer and microbial growth in high-moisture
foods.

4. Conclusion

The study was designed to develop a cost-effective Ag/TiO, nanocomposite as a shelf life boasting material with water-resistant and
antimicrobial properties. Also, the aim was to evaluate the effectivity of the nanocomposite as food coating and packaging materials by
using commercial grade micro-sized TiOy powder as precursors. Cellulose-based active packages were simply dip-coated in chitosan
(P-Ch), chitosan-TiOy (P-Ch-TiO3), and chitosan-Ag/TiO, (P-Ch-Ag/TiO2) solutions, respectively, and characterized in relation to
uncoated package (P). After coating, compared with the uncoated package, the pores of the paper were filled finely, the surface of the
package was smooth, and nothing unusual or damaged was noticed by using the SEM technique. The incorporation of a synthesized
Ag/TiO2 nanocomposite in a cellulose-chitosan matrix increased the water resistance and anti-microbial properties of packages. The
developed P-Ch-Ag/TiO, package showed higher absorption ability, less solubility, and low water vapor, which are important
properties for sustainable packaging materials. Among all packages, the Ag/TiO»-coated active package exhibited the highest pho-
tocatalytic activity, which is the reason for the strong antimicrobial activity against the growth of Escherichia Coli. During the vali-
dation of coating solutions and coated packages, Chitosan-Ag/TiO, successfully showed minimum water loss, antimicrobial activity,
and longer shelf life properties for moist foods during storage. The incorporation of Ag/TiO2 nanocomposite in chitosan matrix with
cellulose extends the effectiveness of the package and would be an excellent biodegradable food packaging material in the future.
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