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 23 

Abstract  24 

This work aims at developing biodegradable active chitosan-alginate layer-by-layer bio-25 

nanocomposite film with TiO2NPs using the solvent casting method followed by CaCl2 26 

crosslinking for food packaging applications. The developed films enhanced the tensile strength 27 

and elongation at break by 14.76 and 2 folds (p < 0.05) respectively. The UV barrier properties of 28 

CH-SA-0.3%TiO2 film increased by 88.6%, while the film transparency decreased by 87.23%. All 29 

films showed antimicrobial activity against foodborne pathogens E. coli, S. aureus, S. typhi, and L. 30 

monocytogene. The film with 0.1%TiO2 showed the complete killing of gram-positive bacteria. 31 

The CH-SA-0.1%TiO2 film was completely biodegraded during the 3 months.  The CH-SA-0.3%TiO2 32 

film showed an increase in the shelf-life up to 8 days with stable pH, total soluble solids, and 33 

weight with no bacterial growth. Owing to their improved mechanical, UV barrier, antibacterial, 34 

and biodegradability properties the prepared films could be considered a potential candidate for 35 

fresh produce packaging. 36 

 37 
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 50 

1. Introduction  51 

The increased environmental pollution has led to finding sustainable solutions for non-52 

renewable plastic-based food packaging materials. The European Union market aims to 53 

eliminate all plastic food packaging and replace it with recyclable food packaging by 2030 54 

(Anaya-Esparza et al., 2020). Thus, the use of biomaterial-based packaging material has become 55 

an immense trend (Anaya-Esparza et al., 2020; Kaewklin , Siripatrawan & Suwanagul, 2018; 56 

Siripatrawan & Kaewklin, 2018). The use of biodegradable bio-nanocomposites in food packaging 57 

doesn’t only enables an environmentally friendly alternative but also provides a packaging 58 

system with improved properties resulting in its increased demand (Anaya-Esparza et al., 2020; 59 

Cao et al., 2020; Lan et al., 2018). 60 

Food packaging is an essential component of food preservation since it maintains food during 61 

transportation and storage. It conserves the nutritional quality of food by protecting it from 62 

external microbial and environmental influences (de Menezes, de Lima Leita & dos Santos 2021; 63 

Yu et al., 2020). Among various food packaging materials biopolymers, chitosan and sodium 64 

alginate are of great interest because they are abundant, non-toxic, eco-friendly, biodegradable, 65 

and cost-effective ( de Menezes et al., 2021; Li, Zhu & Guan 2019a). 66 

Chitosan (CH) is a natural linear polysaccharide obtained from deacteylation of chitin has β-(1-4)-67 

linked D-glucosamine and N-acetyl-D-glucosamine with excellent film-forming properties 68 

(Homayounpour & Shariatifar, 2020). It is also biocompatible, biodegradable, and has an 69 

excellent chelating ability (Lan et al., 2018; Li et al., 2019a). However, it has reduced mechanical 70 

properties and low antimicrobial activity (Salama, Aziz & Sabaa 2018). Sodium alginate (SA) is a 71 
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natural linear polysaccharide extracted from brown seaweed with β-Dmannuronic acid and α-L-72 

guluronic acid components. It is a water-soluble biopolymer with gelling ability, film-forming 73 

ability, moisture absorption capability, and permeability. However, sodium alginate (SA) has 74 

poor moisture and water resistance (Lan et al., 2018; Li et al., 2019a; Salama et al., 2018). SA is a 75 

water-soluble polymer; thus, crosslinking can reduce the hydrophilicity of the polymer and 76 

increase the mechanical and thermal properties. This is done using different crosslinking 77 

molecules such as CaCl2, ferulic acid, etc. while controlling the crosslinking density and swelling 78 

degree to obtain a hydrogel (Li et al., 2019a). 79 

The two biopolymers are combined to overcome the poor mechanical properties and the water-80 

resistance of the biopolymers. On the other hand, when CH and SA are directly combined a 81 

white insoluble polymer is created due to the electrostatic interaction between –NH3+ of CH and 82 

–COO– of SA. Further, this combination when left to stand for a longer period gives a highly 83 

viscous solution. The layer-by-layer (LBL) assembly and crosslinking can be used to overcome 84 

these shortcomings of the films (Li et al., 2019a). Further, functional properties like mechanical, 85 

thermal, and barrier properties, can be enhanced by crosslinking the biopolymers (Khezerlou, 86 

Tavassoli & Sani, 2021). This LBL method is created for the development of a multilayer film 87 

taking into consideration the electrostatic interactions, hydrogen-bond interactions, and 88 

hydrophobic interactions between the macromolecules and multivalent molecules of the 89 

polymers (Li et al., 2019a). 90 

The addition of nanofillers to the biopolymers further enhances the functional properties such as 91 

UV blocking properties, mechanical properties, antimicrobial properties, etc. TiO2 nanoparticles 92 

(NPs) are promising candidates for food packaging due to their non-toxicity, biocompatibility, 93 
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low cost, physical properties, and chemical stability (Cao et al., 2020). Moreover, it has enhanced 94 

UV barrier properties, ethylene scavenger activity, and antimicrobial activity (Anaya-Esparza et 95 

al., 2020; Kaewklin et al., 2018; Siripatrawan & Kaewklin, 2018). TiO2 acts as an antimicrobial 96 

agent which inhibit the growth of microorganisms and increase the shelf-life of the packaged 97 

food product making an active packaging material (Sani, Azizi-lalabadi & Tavassoli, 2021). TiO2 is 98 

Generally Recognized as Safe (GRAS) and is approved for use in food as the colouring additive 99 

E171 (Mulla, Rahman & Marcos, 2021; Siripatrawan & Kaewklin, 2018). However, the European 100 

Commission (EC) has classified TiO2 as a category 2 carcinogen due to its inhalation hazard in 101 

liquid/powder form when containing more than 1% in the particle size of aerodynamic diameter 102 

≤ 10 µm (Regulation (EU) 2018/669)(Garcia, Shin & Kim 2018). Due to its many benefits including 103 

reduced food waste, and environmental pollution, antimicrobial active food packaging with 104 

green materials and nanoparticles has become of great interest in the current food market (Lan , 105 

Hi, Liu, 2018). SA seaweed biopolymer has become of great interest in food packaging due to its 106 

above-mentioned qualities. Thus, SA is combined with other biopolymers such as starch (Şen 107 

,Uzunsoy & Basturk, 2017), gelatine (Dou ,Li & Zhang, 2018), carboxymethyl cellulose (Ruan et 108 

al., 2019), etc. to overcome its advanced properties. The combination of SA and CH will give 109 

additional properties such as enhanced mechanical properties and antimicrobial activity. 110 

Although many studies have been currently performed with the combination of biocompatibility 111 

polymers the studies combining SA and CH are very limited (Cen et al., 2021; Li et al., 2019a). 112 

Further, to our knowledge, the current study is the first to develop a CH_SA LBL film with the 113 

incorporation of TiO2. Moreover, there is a limitation in the biodegradation studies (Di Filippo et 114 

al., 2021; El-Hefnawy, 2020) and application studies (Kaewklin et al., 2018; Shehata et al., 2021) 115 
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performed on fresh produce. Therefore, the current study aims to develop a biodegradable CH-116 

SA, LBL active packaging film with CaCl2 crosslinking and the incorporation of TiO2 NPs for cherry 117 

tomato packaging applications.  118 

2. Materials and methods  119 

2.1 Materials 120 

Chitosan (high molecular weight, MW 310000-375000 Da), sodium alginate (alginic acid sodium 121 

salt from brown algae), titanium oxide nanoparticles (titanium (IV) oxide, nano-powder, 21 nm 122 

primary particle size (TEM), ≥99.5% trace metals basis), glycerol (≥99.5%) and calcium chloride 123 

(anhydrous, granular, ≤7.0 mm, ≥93.0%), was obtained from Sigma Aldrich (Ireland). Nutrient 124 

agar, maximum recovery dilutes, and tryptone soy broth (Thermo Fisher Scientific, Ireland). The 125 

foodborne pathogenic bacteria Staphylococcus aureus (ATCC 25923), Listeria monocytogenes 126 

(ATCC19111), Salmonella typhi (ATCC140285), and Escherichia coli (ATCC 25922) were used in 127 

this study. 128 

2.2 Development of nanocomposite films 129 

The layer by layer (LBL) films were developed with the modification of the procedures of Li et al. 130 

(2019a) using the solution casting method. The Sodium Alginate (SA) solution was prepared by 131 

dissolving 2g of SA in 100ml of distilled water (2% w/v). 0.5% v/v glycerol was added as a 132 

plasticizer to this solution. The SA solution was stirred for 2 hours at 60°C, and 900 rpm till 133 

completely dissolved. The SA solution was spread on a glass plate (30 cm × 20 cm) and dried at 134 

room temperature for 24 hours. When a firm adhesive surface is obtained the SA was cross-135 

linked with 1% w/v CaCl2 and dried again at room temperature for 6 hours. The chitosan (CH) 136 

solution was prepared by adding 1.5% w/v CH into 100ml of 1% acetic acid. Here 0.5% v/v 137 
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glycerol was added as a plasticizer. Finally, various concentrations of TiO2NPs, 0.1%w/v 138 

(CH_SA_0.1%TiO2), 0.2%w/v (CH_SA_0.2%TiO2) and 0.3% w/v (CH_SA_0.3%TiO2) were added to 139 

the solutions. The solution was homogenized for 6 hours at 60°C, at 600rpm. The CH solution 140 

was then spread on top of the SA layer and dried at room temperature for 48 hours until 141 

completely dried. The dried film was cast off from the glass plate. The film was conditioned at 142 

50% relative humidity (RH) and 25 °C temperature for at least 48 hours. Further, analysis was 143 

performed in the LBL films, and all the tests were performed in triplicates. 144 

 145 

2.3 Characterisation of the bio-nanocomposite films 146 

2.3.1 Light transmittance, UV barrier property, and surface color  147 

The color values (L (lightness), a (red-green), and b (yellow-blue)) of the films were analyzed 148 

using ColorQuest XE (Hunter Lab) spectrophotometer using a standard white color plate (L= 149 

97.75, a = -0.42, and b = 1.83) as a background calibrator. Six readings were taken for the 150 

determination of hunter color values (L, a, and b) from different locations of each film sample. 151 

The total color difference (Δ E) of the film was calculated by equation (1) (Yu et al., 2020):  152 

ΔE = [(ΔL)2+(Δa)2+(Δb)2]0.5                (1) 153 

where ΔL, Δa, and Δb respectively represent the differences between values of the white color 154 

plate and prepared film.  155 

The UV-light barrier and transparency of the films were determined using percent transmittance 156 

at 280 nm (T280) and 660 nm (T660) respectively using the UV spectrophotometer. For these 157 

rectangular films (3 cm × 7 cm) were cut and mounted between two magnetic cells of the 158 

spectrophotometer. 159 
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 160 

2.3.2 Chemical structural properties  161 

Attenuated total reflectance-Fourier transform infrared (AT-FTIR) was used to assess any 162 

alteration in the functional group of nanocomposite film. FTIR spectrophotometer (Thermo 163 

Scientific, Ireland) was used for the measurement of the functional groups of the films, operated 164 

at a resolution of 4 cm 1. 4 cm × 4 cm samples of the film were placed directly on the ray 165 

exposing stage and the spectrum was recorded at a wavenumber of 4000–500 cm−1. 166 

 167 

2.3.3 Surface morphological properties 168 

The surface morphological properties of the films were obtained using the Hitachi SU-70 Scanning 169 

electron microscope (SEM), USA. The films were coated with a 6nm layer of gold and Palladium and a 170 

small piece of sample prepared was mounted on the sample holder of SEM for observation. The images 171 

were viewed under a magnification of 10K at an operating voltage of 10 kV. 172 

 173 

2.3.4 Thickness, and mechanical properties 174 

A digital micrometer (VWR, Ireland) was used to measure the thickness of the film samples with 175 

an accuracy of 0.001 mm at 12 random locations in the area of the film samples. 176 

The mechanical strength of the packaging system is essential to secure the food during the stress 177 

conditions such as storage, handling, and processing of food. The Standard ASTM D 882–88 178 

method was used by Instron Universal Testing (Model 5565, Instron Engineering Corporation, 179 

Canton, MA, USA) to access the mechanical strength of the packaging. The nanocomposite films 180 

were cut into rectangular strips of 3 cm × 15 cm. A grip length of 50 mm and a crosshead speed 181 

of 50 mm/min using a 500 N load cell set in Instron Instrument were used to operate at room 182 
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temperature until the sample broke at a certain point. The flexibility and strength of the film 183 

were determined using tensile properties such as Tensile strength (TS), elongation at break (EB), 184 

and elastic modulus (EM). The TS (MPa) and EB (%) of the films were calculated using the 185 

equation (2) and (3), respectively (Zhang & Rhim, 2022).  186 

              (2) 187 

        (3) 188 

Where, F (N) represents the force of the film sample at the break, x (mm) is the sample 189 

thickness, W (mm) is the sample width, Lf is the film elongation length at the break, and Lo 190 

(50mm) is the original grasping length of the film. The EM (GPa) measures the resistance of the 191 

film from being elastically deformed. The stress-strain curve in the region of elastic deformation 192 

defines the elastic modulus which corresponds to the stress divided by the strain of the film 193 

sample.  194 

 195 

2.3.5 Thermal properties 196 

Thermogravimetric analysis (TGA) was carried out on a 9 mg film sample that was scanned at 197 

temperatures ranging from 30 to 500 °C at a rate of 10 °C/min. The TGA curve was used to 198 

determine the weight loss (%) and maximum decomposition temperature of films. 199 

 200 

2.3.6 Water contact angle (WCA) and Water vapour permeability 201 

Water contact angle (WCA) determines the interaction of the film surface with the liquid 202 

interphase by using a dynamic contact angle analysis (FTA-200 system). It evaluates whether the 203 

surface is hydrophobic or hydrophilic. Rectangular films of 3 cm × 8 cm were placed on the 204 
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stainless-steel platform having the water contact angle analyzer attached. With the help of a 205 

micro-syringe, a drop of distilled water approximately 10 μl was dropped on the film surface. The 206 

interaction of the drop on the surface of the film was observed by taking a picture with a high-207 

speed camera and analyzing it by the image processed by a computer. 208 

The water vapour permeability rate (WVPR) of the films was determined gravimetrically by using 209 

the method of Salama et al. (2018). 15 g of oven dried CaCl2 was placed in a circular container 210 

with a diameter of 30 mm. The top of the container was covered with the tested films (n = 3). 211 

The containers with calcium chloride without covers were left as control samples. The containers 212 

were placed in a container at a temperature of 25°C and 100% relative humidity and their weight 213 

was measured at fixed intervals (12 h) for four days. The WVPR (g.m2.h-1) was calculated 214 

according to formulation 4 while WVP (g.m/m2.s.Pa) is calculated as equation 5. 215 

            (4) 216 

Where W is the weight gain in grams, A is the area of the film cover, and t is the time in hours. 217 

 218 

Here, Pi = The vapor pressures of saturated air at 25°C, Pa = The vapor pressures of saturated air 219 

with RH 100% at 25°C, L = The average film thickness (m). 220 

2.3.7 Oxygen permeability 221 

The oxygen barrier properties of compression molded specimens were tested using an AMETEK 222 

OX-TRAN 2/22 OTR analyser (Minneapolis, MN, USA) in accordance with ASTM D3985. The 223 

testing gas contained 99.9% dry oxygen while the carrier gas was a combination of 98% N2 and 224 

2% H2. The samples were evaluated at 23 °C, 50% relative humidity (RH), and 754 mmHg.  The 225 

(5) 

(5) 
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sample area evaluated was 50 cm2. The OTR was given as cc/ (m2.day), and the oxygen 226 

permeability (OP) is given in cc.mil/(m² · day) (Rodriguez-Uribe et al., 2021). 227 

2.4 Antimicrobial activity of the bio-nanocomposite films 228 

The antibacterial property of the nanocomposite film was determined through the Japanese 229 

Industrial Standard (JIS Z 2801:2000) method using the foodborne pathogenic bacteria S. aureus 230 

(ATCC 25923) (Gram-positive), L. monocytogene (ATCC19111) (Gram-positive), S. typhi 231 

(ATCC140285) (Gram-negative) and E. coli (ATCC 25922) (Gram-negative). A kinetic study was 232 

performed during periods of 0, 3, 6, 9, and 24 hours using 5 × 5 cm2 prepared bio-nanocomposite 233 

films. A test inoculum was prepared by preparing an initial bacterial concentration of 106 234 

CFU/ml. The test setup for the antimicrobial activity was performed on a petri-dish in which a 235 

filter paper was placed and wetted with sterilized water. A 5.5 × 5.5cm2 glass slide was placed on 236 

swab sticks and 400µl of the test inoculum was added and covered with the LBL films. The setup 237 

was incubated for the different periods at 37°C incubators, while the spread plate method was 238 

performed directly for the 0 hr samples. The antimicrobial activity was determined at the 239 

different periods by placing the samples in a sterilised stomacher bag, followed by adding 10 mL 240 

of Maximum Recovery Diluent (MRD) and mixing in the stomacher (AGB Scientific-Lab blender 241 

400) for 40–45 s. The samples for the viable cell counts were obtained from the MRD culture 242 

diluted accordingly and plated on nutrient agar plates. 243 

 244 

2.5 Biodegradability studies  245 

The biodegradation studies of the prepared films were carried out according to the method 246 

described by Di Filippo et al. (2021). The films were cut into a size of 2 × 2cm2. The weight of 247 
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these films was measured initially. A soil burial test was performed for 3 months by burying the 248 

films 2 cm beneath the soil. The soil temperature was around 25 °C and the soil was regularly 249 

watered to maintain the moisture. The weight of the film samples and the visual appearance of 250 

the films were determined at regular time intervals of 0, 1, 2, and 3 months. The weight loss of 251 

the film was calculated according to equation 6.  252 

Weight loss % = [(Wo-Wt)/ Wo] * 100      (6) 253 

Where W0 is the initial weight and Wt is the weight at time t. 254 

 255 

2.6 Migration test on food stimulants 256 

For the migration studies two food stimulants were utilized 95 % (v/v) Ethanol and 3% (v/v) aqueous 257 

acetic acid. 3x5cm film samples (CH_SA control film and 0.3% TiO2 CH_SA film) were placed in 50ml 258 

stimulants and kept at 25 °C for 10 days. The films were removed from the stimulants. To determine the 259 

TiO2 concentration in the ethanol and acetic acid was completely evaporated before microwave 260 

digestion. After the evaporation 8 mL of nitric acid was added and then transferred into microwave 261 

digestive tubes.  The microwave digestion was programmed to ramp from room temperature to 145°C in 262 

3 minutes, hold for 5 minutes, then from 145°C to 170°C in 5 minutes, hold for 10 minutes, and then from 263 

this temperature to 190°C in 2 minutes, hold for 15 minutes. The degradation was carried out at a 264 

magnetron power of 800 w. After microwave treatment, the solution was transferred to a 50 mL vial and 265 

diluted with ultra-purified water before being used for Inductively Coupled Plasma-Mass Spectrometry 266 

(Agilent 7900 ICP-MS, Agilent Technologies). The following instrumental parameters were used for the 267 

ICP-MS analysis: lens voltage (10.5 V), ICP RF power (1100 W), CeO/Ce = 0.003, Ba++/Ba+ = 0.014, nebulizer 268 

gas flow (0.96 Lmin-1Ar), auxiliary gas flow (1.20 Lmin-1Ar), plasma gas flow (15 Lmin-1Ar). The established 269 

standard solutions were in the 0.1-200ppb Titanium standard range (Enescu et al., 2020). 270 
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2.7 Effect of the LBL films on the quality of cherry tomato  271 

The cherry tomatoes were purchased at a local supermarket. Tomatoes with a good appearance 272 

and physical integrity were selected for this study. Fruits were randomly distributed into groups 273 

to be packaged in different films (Market films, CH_SA, 0.1%TiO2, CH_SA, 0.2% TiO2 CH_SA, 0.3% 274 

TiO2 CH_SA). These were then rinsed and dried before being packed with the bio-nanocomposite 275 

films. Two controlled films, market packaging, and CH-SA were utilised in this research. Visual 276 

appearance, weight loss, colour difference, pH, total soluble solids content (TSS), and 277 

antibacterial activity of tomatoes were measured before and during storage at room 278 

temperature at regular intervals of 0, 2, 4, 6, 8, 10, 15 and 15 days. The visual appearance of the 279 

cherry tomato was determined during the different periods. The weight loss rate (%) of cherry 280 

tomatoes was calculated by measuring the weight of the fruit before storage (Wo) and at each 281 

test time point (Wt) according to equation 7 below. 282 

Weight loss % = [(Wo-Wt)/ Wo] * 100     (7) 283 

 The L*, a*, and b* values were conducted by colourimeter to determine the colour of the cherry 284 

tomato.  285 

The total soluble solids (TSS) content was determined using the Brix Index (Brix). 5 g of tomatoes 286 

were crushed, and the refractometer (Hand-Held Refractometer, Atago Co. Ltd., Japan) was used 287 

to measure a homogenized aliquot, which was then expressed in the °Brix scale. The pH was 288 

measured in the same sample using a pH meter (Eutech pH 700 Meter, 240 Lennox, Ireland). The 289 

total bacterial count (TBC) of the cherry tomato was determined using the spread plate method. 290 

For this, a tomato sample was transferred into a stomacher bag with 10ml MRD and 291 

homogenized for 2 minutes. Which was followed by a serial dilution of the aliquot and 292 
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inoculating on agar plates. The results were analysed by calculating log values and evaluating the 293 

log reduction in relation to the 0-hour bacterial count. 294 

 295 

2.8 Statistical analysis 296 

For the study of significant difference by analysis of variance (ANOVA) and the multiple 297 

comparisons Fischer’s least significant difference (LSD) test, the STATGRAPHICS Centurion XV 298 

software (Stat Point Technologies Inc. Warrenton, VA, USA) was used. All values were expressed 299 

as mean ± standard deviation (SD) and 5% significance level. 300 

3 Results and discussion  301 

3.1 Characterization of the bio-nanocomposite films 302 

3.1.1 Light transmittance, UV barrier properties, and surface color  303 

The light transmittance, UV barrier properties, and surface color of bio-nanocomposite films are 304 

depicted in table 1. The addition of the TiO2 NPs significantly (p < 0.05) improved the UV barrier 305 

properties of the layer by layer (LBL) films. The UV barrier properties of the CH_SA_0.3% TiO2 306 

film significantly (p < 0.05) increased by 88.6% when compared to the CH_SA control film. When 307 

comparing all the films 0.3% TiO2 NPs incorporated in the film had the highest barrier properties. 308 

These results are in line with the studies on where the UV barrier properties of starch-TiO2 bio-309 

nanocomposite increase with the increasing TiO2 concentration (Wen et al., 2018). Further, in 310 

the studies of Salama & Abdel Aziz (2020), the value of UV light transmittance was reduced by 311 

97.52 % after the addition of 1 wt% TiO2 with excellent UV shielding properties. UV-light 312 

transmittance decreases when TiO2 NPs in the composite film increase, which could be 313 

attributed to UV-light absorption by TiO2 NPs (Riahi , Priyadarshi & Rhim, 2021). The free radical 314 



15 
 

generation under UV radiation can deteriorate food quality by destroying antioxidants, oxidizing 315 

lipids, degrading nutrients, changing colour, and creating off-flavors thus the UV shielding 316 

properties of the packaging film are beneficial (Wen et al., 2018). Food packaging materials 317 

containing TiO2 NPs have high UV barrier properties because they reduce UV transmittance by 318 

absorbing/ scattering UV light. This is due to the fact that TiO2 NP with a large surface area and 319 

high refractive index can significantly increase the light's diffuse reflection (Sani et al., 2022).  320 

The high transparency of the packaging film allows consumers to directly inspect the contents 321 

and assess the food's quality. A transparent film, on the other hand, allows light to travel 322 

through without being filtered, lowering the quality of foods that are susceptible to 323 

photochemical reactions (Zhang & Rhim, 2022). The addition of the TiO2 NPs significantly (p < 324 

0.05) decreased the transparency of the LBL films at transmittance 600nm (T600). The 325 

transparency of the CH_SA_0.3%TiO2 film significantly (p < 0.05) decreased by 87.23% compared 326 

to the CH_SA control film shows lowest transmittance among all tested films. These results agree 327 

with the study of de Menezes et al. (2021) where the addition of TiO2 NPs significantly (p < 0.05) 328 

increases the opacity of the CH-starch films. The TiO2 NPs included in the layer prevent visible 329 

light from passing through, resulting in reduced light transmission (Riahi et al., 2021). 330 

The colour of food packaging film is an important factor that influences a customer's first 331 

perception of a product and improves the product's appearance (Zhang & Rhim, 2022). The 332 

measured colour variables L*(Lightness), a*(Red-Green), b*(Yellow-Blue), and colour difference 333 

(ΔE) are listed in Table 2. The lightness (L*) of the LBL films has significantly (p < 0.05) decreased 334 

by 5.43% with the addition of the 0.3% TiO2 NPs. The yellowness (b*) of the films has enhanced 335 

significantly (p < 0.05) by 60.15% with the addition of the 0.3% TiO2 NPs. However, the 336 
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yellowness of the films has significantly (p < 0.05) decreased by 22.17% with the increasing 0.3% 337 

TiO2 NPs concentration. As per the studies of Goudarzi Shahabi-Ghahfarrokhi, & Babaei-Ghazvini, 338 

(2017), the colour parameters are shown to be significantly reliant on the type of biopolymer 339 

utilized, the interaction between biopolymers in the blends, and the quantity of TiO2. Here, the 340 

whiteness of the films increased compared to the whiteness of powdered TiO2 NPs (Goudarzi et 341 

al., 2017). Further, the results of Hosseinzadeh et al.  (2020) correlate with the current results 342 

where colour was accessed in chitosan- 1%w/v TiO2 NPs where the L* was 84.01, a* was -0.80, 343 

and b* were 29.48*. While the incorporation of 1%w/v TiO2 NPs significantly increased L*, a* 344 

value of films, and decreased b* value. According to the studies, TiO2 NPs significantly 345 

contribute to improving the whiteness of composite films (Sani et al., 2022). These results 346 

suggest that the TiO2 NPs incorporated in films provide good optical properties, and good 347 

appearance, with induced UV barrier properties, especially for light-sensitive food products.348 
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 349 

Table 1. Surface colour, Light transmittance, and UV barrier properties of bio-anocomposite films 350 

Film L 

(Lightness) 

a 

(Red-Green) 

b 

(Yellow-Blue) 

ΔE 

(Colour difference) 

Transmittance 

T(280nm) UV 

barrier property 

Transmittance 

T(600nm) film 

transparency 

CH_SA 92.86±0.11b -1.65±0.05b 4.65±0.14a 5.78±0.14a 88.63±0.04c 87.98±0.01c 

CH_SA_0.1%TiO2 
87.59±0.11a -1.56±0.02c 20.59±0.10b 

21.37±0.09d 
0.08±0.00b 1.29±0.02b 

CH_SA_0.2%TiO2 
87.80±0.81a -2.16±0.06a 14.94±0.66c 

16.34±0.05c 
0.07±0.00a,b 0.73±0.00a 

CH_SA_0.3%TiO2 
87.82±0.17a -2.12±0.02a 11.67±0.17d 

14.16±0.04b 
0.03±0.01a 0.66±0.11a 

Table 2. Thickness and mechanical properties of bio-anocomposite films 

Film Thickness 

(mm) 

Tensile Strength TS 

(MPa) 

Elongation at 

Break EB (%) 

Elastic modulus EM (MPa) 

CH_SA 0.08±0.00a 1.82±0.16a 2.05±0.64a 3.39±0.16a 

CH_SA_0.1%TiO2 0.13±0.01b 22.83±0.24c 4.44±0.09b 18.11±1.65c 

CH_SA_0.2%TiO2 0.13±0.00b 26.86±0.28d 3.66±0.63b 22.04±0.77d 

CH_SA_0.3%TiO2 0.13±0.01b 11.81±1.08b 3.34±0.55b 10.86±1.41b 

*The letters (a–d) indicate groups that are significantly different (p < 0.05).351 
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3.1.2 Chemical structural properties  352 

The FTIR of different films and the significant bands' wavenumber is depicted in figure 1. When 353 

considering the LBL films the absorption band at 3255 cm−1 represents the overlap of the 354 

stretching vibration peaks of the –OH and–NH bonds at the same place. The peak at 2877 cm−1 355 

represents the vibration absorbance of C-H. The absorption band at 1644 cm−1 is proportional to 356 

the bending of N-H (amide II). The peak at 1410 cm−1 corresponds to the angular vibration of – 357 

(CH2)n– in –CH3. While the band at 1028 cm−1 represents the skeletal stretching of C-O. When 358 

considering the SA films, the band at 3169 cm−1 represents the stretching vibration of the 359 

hydroxyl group. The stretching vibrations are also observed in studies by Li et al., (2019a) and 360 

Salama et al. (2018). Whereas the band at 2928 cm−1 corresponds to the asymmetric stretching 361 

vibrations of the methylene groups. Here, the absorption peaks at 1593 cm−1 and 1401 cm−1 362 

represent the stretching vibration of the carboxylate anion ‒COO− exhibits two characteristics, 363 

corresponding to the asymmetric and symmetric stretching vibration of the carboxylate group, 364 

respectively. While the band at 1018 cm−1 corresponds to the C–O stretching in the acetyl groups 365 

present on the SA backbone. When looking into the CH film, the band at 3255 cm−1 represents 366 

the -OH and-NH2 stretching vibration of chitosan. While the band at 3169 cm−1 demonstrates the 367 

-CH and-CH2 stretching vibration. The band at 1018 cm−1 represents C-O stretching. Finally, the 368 

bands at 1639 and 1549 cm−1 represent the amide I & II respectively ( Li et al., 2019a; Salama et 369 

al., 2018). As observed by the results of the FTIR studies it can be predicted that the molecular 370 

interaction between LBL assemblies of the SA_CH together with TiO2 is driven mainly by N-H 371 

covalent bonds.372 
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 373 

(a) 

 

(b) 

 Significant band (wavenumber/cm-1) 

Functional 

group 

CH SA CH_SA CH_SA_0.3

%TiO2 

C-O 1021 1021 1025 1028 

O-H  - 1314 1318  1313 

O-H  1402 1401 1408  1410 

N-O 1550 1594 1550 1550 

N-H - - 1631 1642 

C-H - 2929 2880 2877 

O-H  

N-H 

3255 3176 3253 3255 

 374 

Figure 1. (a) AT-FTIR spectrum results of CH, SA, CH_SA, and CH_SA_0.3%TiO2 films; (b) The significant bands of the AT-FTIR 375 

spectrum376 
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3.1.3 Surface morphology 377 

Figure 2(a) and 2(b) illustrates the surface morphological SEM images of CH_SA_LBL film and 378 

CH_SA_0.3%TiO2 film respectively. Both images are shown to have a smooth surface. In addition to the 379 

smooth surface, the CH_SA_LBL film has no irregularities and is a homogenous structure. These results 380 

agree with the study of Li et al (2019a) where a smooth surface and homogenous structure were 381 

observed in the LBL SA and CH film developed by them. It suggests that the biocompatibility of CH and SA 382 

has been enhanced due to the presence of crosslinking by ferulic acid. In the current study, the CaCl2 383 

crosslinking also plays a vital role in uniformity, surface smoothness, and no irregularities. The addition of 384 

TiO2 NPs to the CH_SA film changes the surface morphology of the films where agglomerated TiO2 NPs 385 

are observed on the surface. These results align with the studies of Menezes et al. (2021) and Kustiningsih 386 

et al. (2019) where agglomeration, granules, and less smooth surface were observed with the addition of 387 

TiO2 NPs. This is due to the fact that TiO2 nanoparticles aggregate readily in mildly acidic ranges of 5 to pH 388 

7 as a result of their neutralization of surface charges. Because 1% w/w acetic acid was used for the 389 

dissolution of CH, it should be noted that the biopolymeric blends have a mildly acidic pH. The hydrophilic 390 

-NH2 groups from chitosan and the TiO2 nanoparticles are hypothesized to produce intermolecular 391 

interactions (Menezes et al., 2021). 392 

   393 
Figure 2. SEM images of (a) CH_SA_LBL film (b) CH_SA_0.3%TiO2 film 394 

 395 

(a) (b) 
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 396 

3.1.4 Thickness, and mechanical properties 397 

The mechanical properties of an active food packaging film are essential to prevent packaging 398 

failure, encountered during storage and distribution. The internal structure of the film matrix 399 

and the interaction between the filler and the film matrix determine the mechanical properties 400 

of an active film (Zhang & Rhim, 2022). The thickness and the mechanical properties of the LBL 401 

films are represented in table 1. 402 

The thickness of all the TiO2 NPs incorporated in films was approximately 0.13 mm. The thickness 403 

of the films significantly (p < 0.05) increased with the addition of TiO2 NPs. Hence, it can be 404 

predicted that the thickness of the films was influenced by the type of material or substance and 405 

their interaction (Li et al., 2019a). 406 

The mechanical properties of films can be influenced by the type of polymer and the interaction 407 

between its components (Li et al., 2019a). The tensile strength (TS) of the films increased 408 

significantly (p < 0.05) up to 14.76 folds with the addition of TiO2 NPs. The TS of the films has 409 

reached a maximum of 0.2% TiO2 NPs incorporated films. These results correspond to the studies 410 

of Siripatrawan and Kaewklin (2018) wherewith increasing TiO2 NPs concentration the TS 411 

reached a maximum value of 16.43 MPa (by ~1.5 folds) at 1% (w/w) TiO2 (equals to 0.02%w/v 412 

TiO2) and then decreased by ~1.5 folds (when compared to 1% w/w TiO2 )at 2% (w/w) TiO2 413 

(Siripatrawan & Kaewklin, 2018). In this study, the maximum value of TS is observed at 26.86MPa 414 

(0.2% TiO2 NPs) and decreased by 2.27 folds (0.3% TiO2 NPs) hereafter. When compared to this 415 

study the TS of the present study has further increased, which may be due to the LBL structure of 416 

the film. To some extent, the LBL assembly can improve the mechanical properties with 417 

enhanced molecular interaction by increasing the contact area between them (Li et al., 2019a). 418 
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However, different results were observed in the study of de Menezes et al. (2021) when TiO2 NPs 419 

were added to a matrix of chitosan and cassava starch, when 0.25% TiO2 is added, TS reduces 420 

significantly, but 0.5% TiO2 causes a 15% increase in TS. This maybe is due to the different 421 

biopolymer combinations and the crosslinking technique. 422 

The TiO2 NPs concentration plays an important role in particle agglomeration which affects the 423 

TS of the nanocomposite films. At 0.25-1% TiO2 NPs concentrations, the TiO2 NPs could uniformly 424 

disperse in the chitosan matrix and may perform as a reinforcing filler by strengthening the film 425 

network (Siripatrawan & Kaewklin, 2018). The TS results obtained in this study can be reflected 426 

in the fact that the matrix of the nanocomposite might be reinforced through electrostatic 427 

interactions, hydrogen bonding, or O-Ti-O bonding by adding a considerable quantity of TiO2 NPs 428 

which can be observed by the FTIR studies (figure 1). However, an inhomogeneous distribution 429 

of agglomerated TiO2 NPs may disrupt this equilibrated nanocomposite system, resulting in 430 

matrix breakage and a loss in film TS (Siripatrawan & Kaewklin, 2018).  431 

The elongation at break (EB) increased by approximately 2 folds in the 0.2% TiO2 NPs 432 

incorporated in LBL films. However, the EB was slightly reduced by 1-fold with increased 0.3% 433 

TiO2 NPs concentrations. This is by the study of Cao et al. (2020) the elongation at break was first 434 

increased by 2.5 folds to the maximum at 5% (w/w) of TiO2 / Ag NPs content and then decreased 435 

by 2.2 folds (10% w/w TiO2 / Ag NPs). The reduction of elongation at break and tensile strength 436 

with 10% (w/w) NPs content was due to the agglomeration of NPs acting like defects in the 437 

polymer network (Cao et al., 2020). However, the study by Siripatrawan and Kaewklin (2018) 438 

concluded that the EB significantly decreased by 1.2 folds when TiO2 NPs is added to the chitosan 439 

matrix with no significant difference with the TiO2 NP concentration. The increase of the EB in 440 
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the current study may be due to the layer by layer nature of the structure with the SA and CH 441 

matrix together with TiO2 NPs. The EM significantly improved up to 6.5 folds with the addition of 442 

TiO2 NPs into the films. The EM of the films has reached a maximum of 22.04 MPa with 0.2% TiO2 443 

NPs incorporated in films.  444 

Thus, when considering the mechanical properties CH_SA_0.2%TiO2 LBL film had the most 445 

enhanced properties when compared to all the other films. These results clearly show that 446 

including TiO2 NPs at insufficient concentrations of 0.2% w/v could result in mechanical property 447 

improvements via electrostatic interactions and hydrogen bonding. The improved mechanical 448 

properties of the films are attributed to the combined effects of LBL structure, TiO2 NPs 449 

concentration, CaCl2 crosslinking, and glycerol plasticizer. The amounts of calcium and glycerol 450 

had a synergistic effect, resulting in good strength and fracture strain properties (Wen et al., 451 

2018).  452 

The thermal stability of materials used in the packaging industry is critical. The ability of a film to 453 

withstand degradation at high temperatures is reflected in its thermal property.  454 

 455 

3.1.5 Thermal stability 456 

Thermogravimetric analysis (TGA) is widely used to determine a film's thermal stability (Zhang et 457 

al., 2019). The TGA curves are displayed in figure 2. As observed by the curves there are two 458 

significant stages of weight loss in all the film samples. The first stage of weight loss is the 459 

evaporation of the film moisture occurred in the temperature range of 60–180 °C, with the 460 

weight decreasing by about 20%. The second stage of weight loss takes place in the temperature 461 

range of 210–400°C and was caused by thermal degradation of the films in each case (Li et al., 462 
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2019a). Here there is a drastic reduction in the weight loss of the films which attributes to the 463 

depolymerization, dehydration, deamination, and cleavage of glycosidic Linkages in the films 464 

(Sun et al., 2021). All the LBL films are not completely degraded at 500 °C and ~30% of all the 465 

films were remaining at 500 °C. When TiO2 NPs were added to control film specimens, the TGA 466 

curve of this sample resembled that of the control sample, indicating that the addition of TiO2 467 

NPs did not affect the film's thermal stability. The studies of Li et al. (2019b) and Liu et al. (2021) 468 

also found the TiO2 addition didn't influence the thermal stability of the biopolymer films. 469 

However, the studies of Lan et al. (2021) contradict these results where they discovered that the 470 

TiO2 NPs might considerably increase the thermal stability of chitosan films because of their heat 471 

resistance feature and reduced mobility of the polymer chain of films. Here also ~20% of all the 472 

films were remaining at 800 °C.  473 

 474 

Weight decreasing 
by ≈ 70% at 500°C 

Weight loss stage 2 

Weight decreasing by ≈ 20% 

Weight loss stage 1  
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Figure 2. Thermogravimetric curves of CH_SA, CH_SA_0.1%TiO2, CH_SA_0.2%TiO2 and 475 

CH_SA_0.3%TiO2 films. 476 

 477 

3.1.6 Water contact angle (WCA) and Water vapour permeability rate (WVPR) 478 

Enhanced water vapour barrier properties of a packaging film can extend the shelf life of foods 479 

sensitive to moisture changes (Zhang & Rhim, 2022). The WCA is a collective method to 480 

determine the hydrophobicity of the films. The WCA of all the LBL films is displayed in table 3. 481 

The WCA is higher by 0.96 folds in the control film when compared to the other films. However, 482 

the WCA of the films increased significantly (p < 0.05) by 1.32 folds with the increasing TiO2 NPs. 483 

Thus, the films are more hydrophobic with the increasing TiO2 NP concentration. These results 484 

agree with the results of Xiong , Sheng & Wang, (2019) where the WCA of starch films is 485 

increased up to 1.9 folds (10% TiO2) with the increasing TiO2 NP concentration. Thus, TiO2 NPs 486 

can effectively increase the hydrophobicity of films in higher concentrations of more than 0.2% 487 

TiO2 NPs. However, all the films in the present study are hydrophilic as the WCA is <90°. The WCA 488 

of SA and 2.5 wt.% TiO2 NPs were found to be 53° (Tang et al., 2018). While the WCA of CH-0.05 489 

W/V% TiO2 film was 44.4° (Zhang et al., 2017). When compared to these studies the WCA of the 490 

current study, CH_SA_0.3%TiO2 66.44° is higher due to a combined effect of CH, SA, TiO2, and 491 

CaCl2 crosslinking. Most biopolymer-based films are hydrophilic, they can absorb moisture and 492 

degrade when used to package foods with high moisture content, this restricts their use in dried 493 

food products packaging (Zhang & Rhim, 2022). 494 

The WVP is an important criterion for packaging films to evaluate the water transferred from the 495 

food to its environment. For a film to be suitable for dry food packing, the WVP should be as low 496 
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as possible to avoid dehydration of the food product (Salama et al., 2018). In the current study, 497 

the WVPR of the films has significantly (p < 0.05) increased by 3.31% when compared to the 498 

control film. Further, the water permeability rate has increased by 1-fold with the increasing TiO2 499 

NPs concentration from 0.1 to 0.3%. This may be due to the nature of the biopolymer which 500 

increases the WVP of the membrane. Thus, the current packaging material is not suitable for the 501 

packaging of dry food products. However, they are suitable to increase the shelf-life of fresh 502 

products such as fruits and vegetables. Furthermore, the biodegradability rate of hydrophilic 503 

films are much higher when compared to hydrophobic films due to its degradation properties in 504 

soil and water (Ahari & Soufiani, 2021). The Water vapor permeability decreased in the study of 505 

Lan et al. (2021) when TiO2 NPs were added to the matrix. The increase in WVP in the current 506 

instance may be due to the presence of SA biopolymer.  507 

 508 

Table 3. Water contact angle (WCA) and Water vapor permeability rate of LBL films.  509 

Film Water Contact 

Angle (WCA)(°) 

WVPR (g.m2.h-1) 

Control (without film) - 68.28±0.04a 

CH_SA 69.48±2.7c 68.54±0.08b 

CH_SA_0.1%TiO2 50.38±1.39a 69.32±0.19c 

CH_SA_0.2%TiO2 57.62±2.22b 69.32±0.09c 

CH_SA_0.3%TiO2 66.44±2.18c 70.89±0.10d 

*The letters (a–d) indicate groups that are significantly different (p < 0.05). 510 

 511 
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3.1.7  Oxygen permeability 512 

It's crucial for food packing materials to be oxygen resistant. An excessive amount of oxygen 513 

dissemination from the environment into food products may result in oxidative rancidity and loss of 514 

value, quality, and nutritional content (Jafarzadeh & Jafari, 2020). It may also deteriorate flavor, aroma, 515 

texture, and appearance, changing the food's value, quality, and shelf life. The OP was performed on the 516 

control CH_SA film and the film with the highest concentration of TiO2 (CH_SA_0.3%TiO2). The OTR was 517 

2.31±0.09 cc/ (m2.day) and 1.95±0.49 cc/ (m2.day) respectively for the CH_SA and CH_SA_0.3%TiO2 film. 518 

While the OP was 5.92±0.87 cc.mil/(m².day) and 4.93±0.56 cc.mil/(m².day) respectively for the CH_SA 519 

and CH_SA_0.3%TiO2 film. The results show that the OP of the films decreases by 20.18% with the 520 

addition of 0.3% TiO2 NPs. By acting as a physical barrier to prevent gas from passing through the 521 

nanocomposite films, the impermeable nanoparticles reduce the effective permeability. TiO2 NPs make it 522 

necessary for the permeating gas to follow a tortuous path through the polymer matrix (Zamanian et al., 523 

2021). As per the study of Zamanian et al. (2021) the combination of montmorillonite nanoclay and 524 

titanium oxide TiO2 NPs increases the barrier properties of polyvinyl alcohol films by 59%. 525 

3.2 Antimicrobial activity of the bio-nanocomposite films 526 

Antibacterial properties are critical for food packaging films as the foodborne pathogens can 527 

degrade food quality, resulting in food spoilage, which can ultimately lead to various diseases 528 

(Zhang et al., 2019). The antimicrobial activity of the LBL films for 0, 3, 6, 9, and 24 hours against 529 

four foodborne pathogens E. coli, S. aureus, S. typhi, and L. monocytogene is displayed in figure 530 

3. When compared to the control films, CH_SA_0.1%TiO2 films showed a complete killing of 531 

Gram-positive bacteria (S. aureus and L. monocytogenes) with the log reduction of 7.28 log 532 

CFU/mL and 6.02 log CFU/mL respectively after 24 h of exposure. However, the complete killing 533 

of Gram-negative bacteria E. coli and S. typhi with a log reduction of 7.08 log CFU/mL and 6.04  534 
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log CFU/mL respectively were observed on the CH_SA_0.3%TiO2 film with the higher 535 

concentration of TiO2.  536 

Here, only a reduction of 2.35 log CFU/mL and 1.91 log CFU/mL were found for E. coli and S. 537 

typhi, respectively for the CH_SA_0.1%TiO2 LBL films. Thus, it can be observed from these 538 

studies that the antibacterial activity of the films is significantly (p < 0.05) higher for Gram-539 

positive bacteria when compared to Gram-negative bacteria. Nevertheless, enhanced 540 

antibacterial properties are observed in the CH_SA_0.3%TiO2 when considering all 4 tested 541 

foodborne pathogens. 542 

Similarly, the results of Shanmugam et al. (2020) indicated that the TiO2 NPs showed higher 543 

antibacterial activity against S. aureus when compared with E. coli. As per the study, TiO2 NPs 544 

chitosan-sodium alginate scaffolds showed inhibition zones of 18.56 ± 0.88 mm and 21.45 ± 0.25 545 

mm against E. coli and S. aureus, respectively. Here a higher antimicrobial activity is observed 546 

against Gram-positive S. aureus when compared to Gram-negative bacteria (E. coli) because of 547 

the separation of cytoplasm from the bacterial cell wall or plasmolytic activity of the cell wall. 548 

TiO2 NPs can damage bacteria cells by interacting with sulfur-containing cell membrane proteins 549 

and phosphorus-containing cell components like DNA, resulting in cell death. Nanoparticles 550 

easily permeate the cell membrane and limit the function of respiratory enzymes, resulting in 551 

the production of reactive oxygen species (ROS) and the facilitation of DNA damage. In addition, 552 

the photocatalysis of TiO2 NPs implies the disintegration of E. coli's outer membrane leading to 553 

increased antimicrobial activity (Shanmugam et al., 2020). The complex cell wall and extra 554 

lipopolysaccharide outer membrane on Gram-negative bacteria's surface, which make it difficult 555 

for TiO2 NPs to enter the cell wall, may account for their increased resistance to TiO2 NPs (Sani et 556 
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al., 2022). Further, in the studies of Zhang et al. (2019) with chitosan, TiO2 NPs, and anthocyanin 557 

the antimicrobial activity of Gram-positive bacteria was more effective than Gram-negative 558 

bacteria. Where inhibitions zones of 5.83 ± 0.21mm, 6.68 ± 0.11mm, 6.74 ± 0.20mm, and 559 

7.12 ± 0.14mm were observed for the CH_0.8% w/v TiO2 NPs film for E. coli, S. typhi, S. aureus, 560 

and L. monocytogenes respectively. TiO2 NPs have a wide range of antimicrobial characteristics 561 

because the antibacterial activity of NPs has increased with increasing contact time and 562 

concentration of NPs against tested microorganisms. The ability of NPs to suppress or inhibit 563 

microorganism’s results from two main mechanisms: free metal ion toxicity caused by the 564 

dissolution of metals from the surface of NPs and oxidative stress caused by the production of 565 

ROS on the surface of NPs using organic hydroperoxides and hydrogen peroxide.  Thus, NPs can 566 

influence bacterial survival by accumulating on their surface and altering the structure of their 567 

DNA, proteins, peptidoglycans, and lipids. The generation of ROS , such as hydrogen peroxide, 568 

superoxide, and hydroxyl radicals, as well as artificial light, UV light intensity, shape, and size, all 569 

affect the antimicrobial activity of TiO2 NPs. These active species damage the bacteria by 570 

destroying its outer membrane, which contains phospholipids, proteins, and lipopolysaccharides 571 

(Alizadeh-Sani et al., 2020a).572 
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 573 

574 

 575 

Figure 3. Antimicrobial efficiency of LBL bio-nanocomposite films. (a) efficiency of LBL on E. coli, (b)efficiency of LBL on S. 576 

aureus, (c) efficiency of LBL on S. typhi and (d) efficiency of CH_SA, CH_SA_0.1%TiO2, CH_SA_0.2%TiO2 and 577 

CH_SA_0.3%TiO2 LBL on L. monocytogenes578 
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 579 

3.3 Biodegradability studies of the prepared bio-nanocomposite films 580 

Each biopolymer degrades in its unique fashion, depending on intrinsic parameters like 581 

crystallinity, chemical structure, molecular weight, surface area, and crosslinks, as well as 582 

external soil elements like temperature, moisture, pH, and microbial composition (Pires , Souza 583 

& Fucinos, 2022). The biodegradation studies of the prepared films were carried out for 3 584 

months. The appearance of the films during the biodegradation study can be seen in figure 4. 585 

The weight loss of the LBL films during the biodegradation is presented in table 4. When 586 

considering the weight loss during biodegradation the CH_SA and CH_SA_0.1%TiO2 films were 587 

completely biodegraded during the 3 months. Wherein the percentage weight loss of the 588 

CH_SA_0.2%TiO2 and CH_SA_0.3%TiO2 films were 93.75±0.94% and 89.06±1.04% respectively. 589 

Thus, from the weight loss results of the biodegradation studies, it can be observed that the 590 

biodegradation is significantly (p < 0.05) reduced by 10.95% with the increased NP concentration 591 

from 0.1%TiO2 to 0.3%TiO2. The results of the current study agree with that of El-Hefnawy, 592 

(2020) where the increased TiO2 NP concentration increases the biodegradation time of the 593 

chitosan bio-nanocomposite films during hydrolytic degradation. The biodegradation process 594 

was affected by the increased TiO2 NPs concentration however the mass reduction is observed 595 

over a prolonged period. This is because the antimicrobial properties of TiO2 NPs delay microbial 596 

degradation of films, causing the films to have a slower biodegradation rate (El-Hefnawy, 2020). 597 

However, in the studies of polymers such as Polylactic acid, TiO2 NPs have increased the rate of 598 

biodegradation since the water molecules easily penetrated the nanocomposites (Luo ,Lin & 599 

Guo, 2019). 600 
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 601 

Figure 4. The appearance of the films during the biodegradation studies of the LBL films for 3 602 

months 603 

Table 4. Percentage weight loss during biodegradable studies. 604 

  CH_SA CH_SA_0.1%TiO2 CH_SA_0.2%TiO2 CH_SA_0.3%TiO2 

0 month 0±0 0±0 0±0 0±0 

1 month 42.47±1.2b 70.12±5.48b 59.40±2.86b 53.32±10.20a,b 

2month 70.89±5.50a,b 72.15±6.33a,b 70.02±3.25a 79.26±0.09b 

3month 100±0c 100±0c 93.75±0.94b 89.06±1.04a 

*The letters (a–d) indicate groups that are significantly different (p < 0.05). 605 

 606 

3.4 Migration test on food stimulants 607 
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Chemical contamination of food due to the migration of packaging components contaminants 608 

that could compromise the safety and organoleptic properties (Phothisarattana & 609 

Harnkarnsujarit, 2022). Thus it is essential that there is limited or no migration of components 610 

especially NPs into food products. Thus, the study on migration of the TiO2 NPs from the LBL film 611 

was performed in two food stimulants; 95% ethanol and 3% acetic acid, at 25°C for 10 days. Here 612 

the study was performed in the control films and the film with the highest concentration of TiO2 613 

NPs CH_SA_0.3%TiO2. As per the current study, a migration of 124.93±4.10 ng/L and 614 

332.03±13.47 ng/L was observed respectively for 95% ethanol and 3% acetic acid, at 25°C for 10 615 

days. The overall migration limits in both the food stimulants are much lower than the total 616 

legislative migration limit (0.01 mg/kg food) which is set by European commission regulation (EC) 617 

No. 450/2009 for non-authorized substances (European Commision, 2009). As per the study by 618 

Enescu et al. (2020) the migration level of Ti of the chitosan-TiO2 NPs film was 220.4 ± 5.9 ng/L at 619 

10 days at 40°C. Furthermore, as per the study of Phothisarattana & Harnkarnsujarit (2022) on 620 

thermoplastic starch, polybutylene adipate-co-terephthalate, and TiO2 NPs, the overall migration 621 

levels are 0.2-1.3 mg/dm2, which is higher than the current study. The competitive process of 622 

nanoparticle migration depends on the compatibility of nanoparticles with both liquid (food) and 623 

solid (film) media during the surface swelling of the solid phase as it comes into getting close to 624 

the liquid phase (Enescu et al., 2020). Thus, the lower migration rate of the nanoparticles in the 625 

current study may have been related to steric obstructive effects or as a result of the 626 

development of highly attractive interactions in the biopolymer matrix between the TiO2 and 627 

other elements (Alizadeh-Sani et al., 2020b). 628 

 629 
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3.5 Effect of the LBL films on the quality of cherry tomato during storage 630 

The effect of the prepared active films on cherry tomatoes was determined for a storage period 631 

of 15 days at room temperature (20-24°C) while testing was carried out at regular intervals. Here 632 

two control films were used, one was the market film and the other the CH_SA film. The 633 

appearance of the cherry tomato reduced during the storage period as observed in figure 5. 634 

Whereas the colour changes of the tomato is highlighted in table 5. As in similar studies, wilting, 635 

shriveling, colour change and degradation may cause the appearance to deteriorate during 636 

storage (Shehata et al., 2021). As observed in the figure TiO2 NPs were able to improve the 637 

appearance of the tomato during storage and increased the shelf-life of the tomato up to 10 638 

days with the CH_SA_0.3%TiO2 film. These cherry tomatoes were without any putridity, with no 639 

juice leaking, and visualized a glossy surface. Wherein, bacterial growth is observed in the 640 

market film after 6 days. These findings support previous findings that tomatoes have a 641 

climacteric ripening pattern regulated by ethylene and that ripened tomatoes can be stored at 642 

7–10°C with a relative humidity of 85–90% for up to 4–7 days (Sooch & Mann, 2021). 643 
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 644 

Figure 5. The appearance of cherry tomato packed in different packaging materials (CH_SA, 645 

CH_SA_0.1%TiO2, CH_SA_0.2%TiO2 and CH_SA_0.3%TiO2) up to 15 days of storage at room 646 

temperature647 
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Table 5. Colour changes of packaged cherry tomato during storage 648 

  Market CH_SA CH_SA_0.1%Ti

O2 

CH_SA_0.2%Ti

O2 

CH_SA_0.3%Ti

O2 

0day L* 44.78±0.36a 44.78±0.36a 44.78±0.36a 44.78±0.36a 44.78±0.36a 

a* 25.78±2a 25.78±2a 25.78±2a 25.78±2a 25.78±2a 

b* 29.96±0.24a 29.96±0.24a 29.96±0.24a 29.96±0.24a 29.96±0.24a 

2day L* 43.73±1.22b 43.76±0.36b 44.29±0.90b 41.46±0.17a 45.59±0.68c 

a* 31.97±0.91b 29.48±0.50a 28.81±1.22a 34.59±1.43c 29.02±0.28a 

b* 36.81±2.71b 35.62±0.67a,b 36.31±0.91b 33.57±0.57a 33.90±0.77a 

4day L* 42.72±0.55b 43.29±0.37b,c 41.16±0.83a 41.33±0.48a 43.89±0.70c 

a* 29.79±0.93a,

b 

28.45±0.99a 30.49±1.17b,c 29.47±0.37a,b 31.41±0.69c 

b* 27.37±0.8b 27.41±0.46b 24.92±1.29a 24.60±0.73a 28.44±0.75b 

6day L* 41.91±0.93b 40.53±0.37a 41.96±0.29b 40.96±0.44a 40.53±0.52a 

a* 31.02±0.59b,

c 

30.39±0.42a,b

,c 

31.55±1.66c 29.84±0.41a,b 29.33±0.57a 

b* 25.35±0.98b 23.49±0.62a 26.16±0.48b 23.92±0.66a 22.98±0.49a 

8day L* 43.48±1.55b,

c 

44.32±1.02b 41.54±0.45a 43.60±0.54b,c 42.49±0.52a,b 

a* 31.03±3.66c 29.85±0.5b,c 29.03±0.17b,c 25.31±2.32a 26.56±2.36a,b 

b* 29.41±1.63b 30.64±0.64b 26.26±0.75a 29.34±0.8b 27.41±0.63a 

10da

y 

L* 45.93±0.28c 41.62±0.24b 41.93±0.26b 39.60±0.6a 46.22±0.69c 

a* 30.43±4.44a 30.81±0.55a 31.48±0.86a 30.00±0.53a 27.89±0.94a 

b* 30.65±2.74c 25.77±0.28b 26.38±0.65b 22.96±0.71a 33.99±1.28d 

15 

day 

L* 37.41±0.64a 36.47±0.86a 37.55±0.59a 37.74±0.95a 39.69±0.08b 

a* 21.02±0.69a 25.74±0.39b 33.24±1.21d 29.65±0.5c 31.82±1.53c 

b* 26.65±1.19a 28.15±0.75b 28.19±0.68b 28.40±0.84a 31.65±0.11d 

*The letters (a–d) indicate groups that are significantly different (p < 0.05). 649 
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 650 

The weight of a food product is an important parameter to determine its quality and shelf-life. 651 

The weight loss of the fruits takes place due to the loss of moisture content (Othman, Othman & 652 

Shapi’i, 2021). As anticipated weight loss percentage of cherry tomatoes increased with storage 653 

periods. As observed in figure 6(a) the weight loss of CH_SA_0.3%TiO2 film was significantly (p < 654 

0.05) 1 fold low when compared to the other films.  655 

Total soluble solids (TSS) evaluate fruit ripening in the fruit. TSS content in tomato fruit for all 656 

films increased up to 5.07°Bx with prolongation of the storage period until the 6th day of storage 657 

and then decreased up to 1.27°Bx until the end of storage as depicted in figure 6(b). When 658 

compared with the tomatoes packaged in the market film the TSS levels of the tomatoes 659 

packaged in CH_SA_0.3%TiO2 films were 3.26 folds higher (p < 0.05) at the end of 15 days of 660 

storage. TSS of tomatoes increased as they matured from pink stage to red ripen. The increase in 661 

TSS content in tomato fruit during the first period of storage might be explained by the moisture 662 

loss during storage. The decline in TSS content in tomato fruit after 6 days from storage might be 663 

due to the consumption of total sugar in the respiration process during storage. Chitosan-664 

containing films maintained the highest level of TSS content in tomato fruit throughout the 665 

storage period as compared to the control. Chitosan controls the respiration process and their 666 

related metabolic activities leading to an accumulation of sugar content (Shehata et al., 2021). 667 

Similar results are observed in the studies of Kaewklin et al. (2018) where there was an increase 668 

in the TSS during the storage of packed tomatoes (Kaewklin et al., 2018). 669 

The normal pH range for cherry tomatoes is between 4.30 and 4.9. The pH values of the tomato 670 

samples packaged in the different packaging materials are depicted in figure 6(c). All the samples 671 
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packaged in all the films were within this range until the 10th day. However, the pH of the 672 

market film and the CH_SA film was significantly (p < 0.05) reduced after the 15 days and were 673 

not in the above-mentioned range. As per the study of Shehata et al. (2021), the pH value of the 674 

cherry tomato progressively decreases up to 3.6 with the increasing storage time of 21 days 675 

when treated with chitosan. In the study of Shahbazi , Shavisi & Karami, (2021) where strawberry 676 

was coated with okra mucilage-quince seed mucilage, cellulose nanofibers, and Eryngium 677 

planum extract. The uncoated strawberry had the highest pH of 4.47, while cellulose nanofibers, and 678 

Eryngium planum extract coated samples had the lowest pH between 3.33 to 3.62. This is 679 

contradiction result with the current study which had the lowest pH for market and control films 680 

at the end of 15 days. This maybe mainly due to the different fruits used in the study. The 681 

increase of the organic acids such as citric acid results in weight loss which results in increased 682 

pH during strawberry storage. However as per the studies of Al-Dairi, Pathare & Al-Yahyai, (2021) 683 

on tomato storage a high reduction in titratable acidity i.e. the percentage of citric acid was 684 

observed sue to the increased storage temperature and ripening. The change of the pH value of 685 

the current study maybe a result of the changed TSS and titratable acidity value. 686 

The total bacterial count (TBC) of the packaged tomato was evaluated at regular periods as 687 

observed in figure 6(d). In all samples, the initial TBC was less than 1 log CFU/mL, indicating that 688 

the fruits' initial microbiological quality was good (Shahbazi & Shavisi, 2020). Here, the TBC of 689 

the tomato samples a bacterial growth of 2.15 log CFU/mL was observed at 6 days. While no 690 

bacterial growth was observed in all the other cherry tomatoes packaged in the other films at 6 691 

days. When evaluating the 8th day of storage CH_SA_0.3%TiO2 film was able to inhibit the 692 

bacterial growth while bacterial growth of 5.98 log CFU/mL and 3.13 log CFU/mL was observed 693 
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respectively in tomatoes packaged in the market and CH_SA control films. Thus, 694 

CH_SA_0.3%TiO2 film can increase the shelf-life of cherry tomatoes up to 8 days without any 695 

bacterial growth. Similar results are observed in the studies of Sooch and Mann (2021) where 696 

the TBC was lower in the TiO2 NPs incorporated in packaging films when compared to the market 697 

tomato packaging. Further, in the studies of Cao et al. (2020) Poly (butylene adipate-co-698 

terephthalate) - 5% (w/w) TiO2- Ag packaged tomato had the lowest antimicrobial growth at 14 699 

days and no antimicrobial growth at 7 days, confirming that TiO2 NPs plays a great role in the 700 

reduced microbial growth.  Further, it has been confirmed by the studies of Shahbazi & Shavisi 701 

(2020) and Shahbazi et al. (2021) on banana coatings and strawberry coatings respectively. The 702 

TBC has increased with storage time. However, the coated fruits had lower bacteria growth 703 

because it acts as a semi-permeable barrier to oxygen which reduce the food spoilage. 704 
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 705 

706 

 707 

Figure 6. Shelf-life studies of tomato for a time period of 0 to 15 days (a) weight loss percentage of packaged cherry tomato, (b) total 708 

soluble solids in tomato, (c) pH change in packaged tomato, and (d) total bacteria count (TBC) of packaged tomato. 709 
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 710 

4 Conclusion  711 

In this study biodegradable active food packaging material was developed using CH, SA, and TiO2 712 

NPs in an LBL structure with CaCl2 crosslinking. The developed packaging material enhanced the 713 

mechanical properties where tensile strength was significantly increased (p < 0.05) by 14.76 folds 714 

and EM was significantly increased (p < 0.05) by 2 folds when 0.2% w/v TiO2 NPs is incorporated 715 

into the LBL film. The UV barrier properties significantly increased (p < 0.05) by 88.6% with the 716 

addition of 0.3% w/v TiO2 NPs. Further, films with lower concentration TiO2 (0.1%) showed 717 

complete killing of Gram-positive bacteria, however no growth of Gram-negative bacteria was 718 

observed on the films with 0.3% TiO2 concentration after 24 h of exposure. In addition, 719 

CH_SA_0.1%TiO2 LBL film have completely biodegraded within three months. While 89.06% 720 

weight loss was observed in the CH_SA_0.3%TiO2 films within the 3 months of soil degradation. 721 

Finally, the CH_SA_0.3%TiO2 LBL packaging material was able to prolong the shelf-life of 722 

tomatoes by up to 8 days. Based on the obtained results, the prepared CH_SA_0.3%TiO2 LBL 723 

active packaging films could be considered a potential candidate for fresh produce due to their 724 

improved mechanical, UV barrier, antibacterial properties, and biodegradability. Further, studies 725 

should be performed on the LBL bio-nanocomposite films such as life cycle assessment, toxicity 726 

analysis, migration studies, techno-economic analysis, and testing against many more fruit and 727 

vegetable products to develop the packaging film in the industrial market. 728 
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