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Abstract 

 

The packaging industry faces the upcoming challenge of fabricating packaging materials that 

possess specific qualities such as mechanical strength, durability, biocompatibility, and 

biodegradability. In this regard, hydrogels present new opportunities for the development of 

effective packaging materials. Since most biopolymer-based hydrogels are designed to 

naturally degrade, they serve as a sustainable and environmentally friendly alternative for 

green packaging. This study focuses on synthesizing a hydrogel specifically for food 

packaging applications. A hydrogel was synthesized by incorporating ZnO nanoparticles 

(ZnO) and Curcumin (Cur) into Xanthan gum (XG) and Hydroxypropyl guar gum (HPGG) 

using Citric acid (CA) as a crosslinker. The hydrogel's structural characteristics were 

analyzed using techniques such as FTIR and XRD. Thermal analysis was conducted through 

TGA, while morphological examination was done using SEM. Rheological analysis helped 

determine the viscoelastic behavior of the hydrogel. Furthermore, anti-microbial, anti-

oxidant, and cytotoxicity assays were performed to evaluate the hydrogel's antibacterial, 

scavenging, and cytotoxicity activities. The resulting XG-HPGG-CA-ZnO-Cur film 

demonstrates excellent potential as an edible food packaging material. 

 

Keywords Xanthan gum, Hydroxypropyl guar gum, Citric acid, ZnO, Curcumin, 

Food packaging 

Abbreviations  

XG           Xanthan gum 

HPGG      Hydroxypropyl guar gum 

CA           Citric acid 

Cur           Curcumin 
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                                           CHAPTER-1 

 

                                        INTRODUCTION 

 

 

Food packaging materials ensure that the quality of food is maintained throughout its shelf 

life. Food packaging materials play a crucial role in maintaining the desired quality of food 

throughout its storage period. Incorporating hydrogel as part of food packaging systems 

presents an effective approach, particularly in managing water content, a factor that 

frequently affects food longevity [1]. The primary purpose is to prolong the shelf life of 

processed food items and preserve their freshness even after undergoing complex and lengthy 

storage procedures [2]. These exceptional materials consist of a network of hydrophilic 

polymers capable of absorbing and retaining water.  

Their main purpose is to extend the shelf life of processed foods and preserve their freshness 

following rigorous and time-consuming storage processes. Plastic polymers have been a 

practical and economical option for packaging due to their low cost and resistance to water 

accessibility. However, plastic films are not fully recyclable or biodegradable, leading 

environmentalists to look for materials derived from renewable resources [3]. 

Notwithstanding these advantages, environmentalists have emphasized the need to replace 

plastics with materials sourced from renewable resources. This is because plastic films are 

neither completely recyclable nor biodegradable, potentially leading to substantial challenges 

in waste management and disposal. Researchers have developed ecologically friendly 

packaging options, such as biopolymers, as a promising replacement for non-biodegradable 

plastics in food packaging [4]. To improve polymer performance, superabsorbent hydrogels, 

capable of absorbing up to 100% of their dry weight in water and other water-compatible 

fluids, are being explored [5].  

There is a rising need for bio-based raw materials to solve the waste disposal issues to a great 

extent. In this context, biopolymers-especially those derived from organic resources that are 

renewable, have been viewed as promising environmentally friendly alternatives to non-

biodegradable plastics. Given the health risks associated with synthetic polymers and the 

surge in plastic waste, active packaging materials made from natural antimicrobial 
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ingredients are gaining interest. Proteins, polysaccharides, and lipids are some diverse food-

grade polymers being investigated for this purpose.  

These active packages are made using a variety of natural antimicrobial active ingredients. 

Antimicrobial packaging made from biobased materials can prevent undesired changes in 

food quality and ecological waste. They can serve as a carrier of nutrients as well. These 

ingestible biodegradable polymers can be applied directly to the surface of the food product 

or used as films. Biobased antimicrobial packaging can prevent undesired changes in food 

quality and ecological waste while carrying nutrients. These biodegradable polymers can be 

used as films or applied directly to the food [6]. 

XG is a high molecular weight acidic biopolymer obtained from (Xanthomonas campestris) 

during aerobic fermentation using corn or sugar cane derivatives. Its primary function is to 

thicken food and cosmetics due to its molar ratio of d-glucosyl, d-mannosyl, and d-

glucuronyl acid residues in a 2:2:1 ratio along with varying amounts of pyruvyl groups [7]. 

About half of the terminal mannose residues are connected by a ketal linkage through a 

pyruvic acid moiety. The side chain of the molecule contains both glucuronic acid and 

pyruvic acid groups, which contribute to its anionic property. This unique structure and 

functionality have garnered significant attention for this hydrocolloid, particularly due to its 

effectiveness in challenging conditions such as acidity, high salt content, and high shear 

stress. XG exhibits hydrocolloid nature, making it highly functional in difficult settings such 

as high shear stress, high salt and acidic conditions. Furthermore, the ability of this 

hydrocolloid to form conjugates with other polymers, proteins, peptides, and non-peptides 

presents potential applications as a drug carrier. These conjugates exhibit desirable properties 

such as stability against enzyme degradation, inertness, biocompatibility, and effective 

solubility. Additionally, XG (referring to the hydrocolloid) can be employed in relatively 

small quantities to achieve zero-order release kinetics and delay drug release in vitro. XG can 

also be used in small amounts to achieve zero-order release kinetics and delay drug release in 

vitro [8]. 

Another biopolymer with significant characteristics in food packaging is guar gum (GG), 

which is a high molecular weight polysaccharide obtained from Cyanopsis tetragonoloba. 

GG is composed of a polysaccharide chain consisting of mannose as the linear backbone and 

has a side chain made up of a [2:1] ratio of mannose to galactose [9]. Hydroxypropyl guar 

gum (HPGG), a derivative of GG, is created by reacting GG with propylene oxide. HPGG 
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produces highly viscous and biodegradable solutions. Compared to GG, HPGG is more 

thermally stable and soluble, making it a more efficient choice for food packaging 

applications [10]. 

Combining two biopolymers to synthesize hydrogels, increases their stability and usefulness 

[11]. Crosslinkers can enhance the mechanical properties of biopolymers, making them 

suitable for food packaging. Chemical crosslinking is the most effective method, particularly 

for biopolymers. Various crosslinking agents, such as Ca
2+

 ions, citric acid, glutaraldehyde 

and boric acid can be used [4]. Covalent bonds, hydrogen bonds, ionic interactions, 

hydrophobic and dipole-dipole interactions can all crosslink polymer chains, resulting in 

hydrogels with various shapes such as films, coatings and sheets. [11]. 

ZnO nanoparticles have been added to various food packaging materials, such as coatings and 

films, to improve their functionality and enhance food quality and safety. The Food and Drug 

Administration has deemed ZnO a generally recognized as safe (GRAS) substance, making it 

a safe food additive. [12] 

Along with ZnO, Cur has also been added to the hydrogel solution to enhance its 

antimicrobial properties. It has gained increasing attention in recent years due to its numerous 

health benefits, such as anti-inflammatory, antioxidant, and anticancer properties. Curcumin 

has also been found to have potential applications in food packaging as an antimicrobial and 

antioxidant agent. [13] 

The goal of this study is to develop a novel hydrogel based on XG and HPGG cross-linked 

with CA for food packaging applications. Moreover, thermal analysis (TGA), structural 

characteristics (FTIR and XRD), morphology (SEM), rheological measurement (viscosity, 

amplitude and frequency sweep) mechanical strength, fruit preservation, anti-microbial 

activity, anti-oxidant activity and cytotoxicity assay were analysed for the films.  
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CHAPTER-2 

LITERATURE REVIEW 

 

 

Hydrogels have attracted significant attention in the field of biomedical applications due to 

their unique characteristics, including high water content and biocompatibility. XG-CA 

hydrogel, among various types of hydrogels, has shown immense potential owing to its 

adjustable properties and ability to form crosslinks. However, despite extensive research on 

hydrogels, there is a lack of studies specifically focusing on crosslinked hydrogels using 

HPGG. Additionally, there is currently no existing research exploring the integration of (Cur) 

and (ZnO) into XG-HPGG-CA hydrogels. This literature review aims to address the research 

gap in this area and highlight the importance of investigating XG-HPGG-CA hydrogels 

incorporating Cur and ZnO. 

Through an extensive review of the available literature, it is evident that there is a significant 

research gap in the area of HPGG-CA crosslinked hydrogels. Despite the potential 

demonstrated by HPGG-CA hydrogel systems in diverse fields like drug delivery, tissue 

engineering, and wound healing, there has been limited exploration of their crosslinked 

variations in the food packaging industry. This gap in research presents a valuable 

opportunity to investigate the synthesis, characterization, and potential applications of 

HPGG-CA crosslinked hydrogels. 

The existing literature reveals a notable disparity in research between CMGG with CA and 

HPGG with CA hydrogels. CMGG with CA hydrogels have received more attention and 

investigation compared to HPGG with CA. Studies focusing on CMGG with CA hydrogels 

have explored various applications, including drug delivery, tissue engineering, and wound 

healing, among others. [14] In light of this, we have employed films based on HPGG with 

CA hydrogels in our food packaging applications. By leveraging the unique properties of 

HPGG with CA hydrogels, such as biocompatibility, tunability, and water content, we aim to 

enhance the functionality and safety of food packaging materials. Through this research, we 

seek to contribute to the development of innovative and sustainable solutions for food 

packaging that align with the growing demand for environmentally friendly and efficient 

packaging materials. 
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Curcumin possesses remarkable attributes as a food packaging material, particularly its 

antimicrobial and antioxidant properties against various pathogenic microorganisms, 

including Bacillus subtilis, E. coli, and S. aureus. [15] These properties play a critical role in 

food packaging by preventing food spoilage and reducing the risk of foodborne illnesses. 

Integrating curcumin into packaging materials such as films, coatings, and plastics can 

effectively enhance their antimicrobial capabilities. Moreover, curcumin serves as a natural 

preservative, reducing the reliance on synthetic preservatives that may have adverse effects 

on human health. By scavenging free radicals and inhibiting the formation of reactive oxygen 

species, curcumin prevents food oxidation. This feature is advantageous for prolonging the 

shelf life of packaged foods and minimizing food waste. 

The utilization of zinc oxide (ZnO) nanoparticles in food packaging has gained significant 

popularity due to their antimicrobial properties, UV light-blocking capabilities, and gas 

barrier functions.[16] These nanoparticles effectively impede the growth of bacteria and 

fungi, thereby extending the shelf life of food products and mitigating the risk of 

contamination. Furthermore, upon ingestion, ZnO breaks down into Zn
2+

 ions, which can 

offer potential benefits to the human body. In fact, studies have demonstrated that wheat 

proteins fortified with ZnO exhibit favourable zinc absorption properties.[17] 

Additionally, despite the extensive use of Cur and ZnO in the biomedical field, no studies 

have reported their incorporation into HPGG-CA hydrogels. Both Cur and ZnO possess 

unique properties that make them attractive candidates for various biomedical applications. 

Cur, a natural compound derived from turmeric, exhibits antioxidant, anti-inflammatory, and 

anticancer properties. ZnO nanoparticles, on the other hand, possess antimicrobial and wound 

healing properties. Incorporating these bioactive components into HPGG-CA hydrogels could 

provide synergistic effects and potentially enhance the hydrogel's therapeutic potential. 

Significance and future prospects 

The absence of research on HPGG-CA crosslinked hydrogels and the lack of studies 

incorporating Cur and ZnO present an exciting avenue for future exploration. Investigating 

the synthesis and characterization of HPGG-CA crosslinked hydrogels and their potential 

incorporation with Cur and ZnO could lead to the development of advanced biomaterials with 

enhanced properties for various biomedical applications. The potential benefits include 

improved drug delivery systems, wound healing dressings, and tissue engineering scaffolds. 
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Research gap 

In conclusion, the current literature review highlights the research gap regarding HPGG-CA 

crosslinked hydrogels and the absence of studies incorporating Cur and ZnO. The scarcity of 

research in these areas emphasizes the need for further investigations to explore the synthesis, 

characterization, and application potential of HPGG-CA crosslinked hydrogels incorporating 

Cur and ZnO. Such studies have the potential to contribute to the development of advanced 

biomaterials with enhanced properties and broaden the scope of biomedical applications. 
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CHAPTER-3 

SYNTHESIS AND CHARACTERIZATION 

 

EXPERIMENTAL SECTION 

MATERIALS 

XG was obtained from a local market, while HPGG was procured from Hindustan Pvt. Ltd. 

CA was purchased from CDH in New Delhi, Curcumin (Cur) was obtained from SD Fine 

Chemical in Mumbai, and ZnO was purchased from Sigma Aldrich in the USA. Glycerol was 

obtained from Fisher Chemicals in the UK. Milli Q water was utilized for all experimental 

procedures.  

METHODS   

PREPARATION OF XG-HPGG-CA FILM 

 

Fig.1 Synthesis of XG-HPGG-CA Film 

 

Packaging films were fabricated using food-grade XG and HPGG, which are hydrophilic 

polymers known for their easy solubility in water. The ratio of gums to CA was maintained at 

1:1.5. The required amount of XG and HPGG was dissolved in distilled water at regular 

intervals. To create a homogenous solution, CA was added as a cross-linker to the mixture of 

XG and HPGG. Glycerol was included as a plasticizer in the homogenized solution. A 
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consistent mixture of ZnO and Cur was added to the hydrogel preparation and stirred 

continuously for 3 hours. To eliminate trapped air, sonication was performed before pouring 

the solution into a Petri dish. The dish was then placed in an oven at 45°C for 24 hours to 

allow for drying. Finally, the dried solution was used to create films for subsequent 

characterization analysis. 

 

Fig.2 XG-HPGG-CA Film 

 

Fig.3 XG-HPGG-CA Powder 
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CHARACTERIZATION OF XG, HPGG, XG-HPGG-CA AND  

XG-HPGG-CA-ZNO-CUR FILM 

FT-IR Spectroscopy 

Functional group analysis of XG, HPGG, XG-HPGG-CA, and XG-HPGG-CA-ZnO-Cur was 

performed using the Perkin-Elmer model 2000 FT-IR. The data was collected in the range of 

4000-400 cm⁻¹ with 32 scans at a resolution of 4 cm⁻¹. 

X-ray diffraction analysis 

For X-ray diffraction analysis, a wide-angle X-ray diffractometer (Bruker D8 Advance) was 

utilized. Cu-Kα radiations of λ = 1.5406 A⁰ were used, with a scanning range of 2θ (5⁰-80⁰) 

and a scan rate of 1⁰/min. The measurements were conducted at 20 kV and a current of 10 

mA. 

SEM 

The surface morphology of the samples was examined using the SEM (JEOL JSM-6610LV) 

at magnifications of 500, 1000, and 2500 under an accelerating voltage of 20 kV. 

TGA 

Thermal stability analysis was conducted using TGA (TGA 4000). The samples were heated 

from 25⁰C to 800⁰C at a heating rate of 10⁰C/min in an N2 atmosphere. 

Rheology 

The rheological properties of XG-HPGG-CA and XG-HPGG-CA-ZnO-Cur solutions were 

determined using the Anton Paar Modular Compact Rheometer 302 (MCR) at room 

temperature. The tests were performed using a 40mm parallel plate configuration. 
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Mechanical properties of the film 

The mechanical properties of the XG-HPGG-CA-Zno-Cur film were assessed using an 

Instron RP01 5982 Universal Testing Machine. The load range was set from 1N to 20N, with 

an extension range of 1000mm and a gauge length of 25mm. The test and approach speed 

were maintained at 500mm/min, with no preload. For mechanical testing, a strip measuring 

15mm in width and 150mm in length was cut from each film. Four readings were taken for 

each sample under air conditions, and the average result was used to evaluate the mechanical 

properties of the film. 

In-vitro antimicrobial activity of films 

Disk Diffusion Method 

The antimicrobial activity of the films was evaluated against Escherichia coli and 

Staphylococcus aureus, representing Gram-negative and Gram-positive bacteria, respectively, 

using the agar disk diffusion method. Bacterial cultures were prepared in nutrient broth and 

inoculated onto agar plates. Disks cut from each film were placed on the plates, and after 

incubating the plates at 37°C for 14-16 hours, the fully formed zones (ffz) were measured 

using a digital calliper. The films used in the experiment had a diameter of 0.7cm. 

Food Sample Testing 

To conduct a comparative study on the rate of food spoilage, fresh strawberries were selected 

as food samples. One strawberry was coated with the synthesized hydrogel, while the other 

strawberry was left uncoated and stored in glass petri plates. Regular testing intervals of 24 

hours were conducted over a span of 1 week. All studies were carried out under natural 

lighting conditions at a constant temperature of 25⁰C. 

Antioxidant Activity 

The UV-vis spectrophotometer was used to evaluate the antioxidant activity of hydrogel 

solution by DPPH free-radical scavenging [18]. A modified method based on a previous 

study was used to determine the photochemical stability, in which varying amounts of 

hydrogel solution (3mg, 5mg, 7mg, 20mg, and 50mg) of XG-HPGG-CA-ZnO-Cur were 

dissolved in 50mL ethanol solution at 37°C [17]. Eq.-1 was used to determine the percentage 

of DPPH scavenging activity after mixing 1 mL of the solution with 3 mL of ethanol solution 
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containing DPPH (1mg/20mL) and incubating it in the dark at room temperature for 30 

minutes. The absorbance was measured at 517nm. 

Scavenging Activity of DPPH (%) = (   
       

        
)                  --Equation-1 

The value of Acontrol indicates the absorbance of 1mL ethanol and 3mL ethanol solution of 

DPPH, while Asample refers to the absorbance of 1mL XG-HPGG-CA-ZnO-Cur solution and 

3mL DPPH solution, as described in a previous study [19]. 

Cytotoxicity Evaluation by MTT Assay 

The cytotoxicity of the films on the Hep-G2 cell line was determined using the SRB assay 

[20]. Initially, the cells were cultured in a 96-well plate with DMEM medium supplemented 

with 10% FBS and 1% antibiotic solution at 37°C with 5% CO2, with a density of 8000 

cells/well. After a 24-hour incubation period, the cells were exposed to varying 

concentrations of dosage (ranging from 0.05-1.25%), which were prepared in an incomplete 

medium. Following another 24 hours of incubation, each well plate received 100 µL of 10% 

Tri Chloro Acetic Acid (TCA) and was incubated for 1 hour. Subsequently, the plate was 

washed with DM water and allowed to air dry at room temperature. To proceed, a final 

concentration of 0.04% SRB solution was added to each well plate and incubated for 1 hour. 

After the incubation, the plate was washed with 1% (v/v) acetic acid to remove any unbound 

dye and allowed to air dry at room temperature. A Tris base solution (pH=10.5) was then 

added to each well, and the plate was shaken on an orbital shaker for 10 minutes to solubilize 

the protein-bound dye. Finally, the plate was read at 510 nm using an ELISA plate reader 

(iMark, Biorad, USA). 
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CHAPTER-4 

RESULTS & DISCUSSIONS 

STRUCTURAL CHARACTERIZATION 

4.1 FT-IR Spectroscopy 

 

Fig.4 FTIR Spectra of HPGG, XG, XG-HPGG-CA and XG-HPGG-CA-ZnO-Cur 

Hydrogel 

The functional groups of XG, HPGG, XG-HPGG-CA, and XG-HPGG-CA-ZnO-Cur were 

analysed through FTIR Spectra analysis in the range of 4000-400 cm⁻¹. HPGG exhibited 

characteristic peaks at specific wavenumbers, including 2912 cm⁻¹ for C-H stretching, 3342 

cm⁻¹ for N-H stretching, and 1635 cm⁻¹ for C=O stretching vibrations. [21]. XG showed 

characteristic peaks at 3325cm
-1

 for O-H stretching and 1608cm
-1

 for C=C stretching 

vibrations [22]. In the FTIR spectra of XG-HPGG-CA (Film), noticeable peak shifts were 

observed compared to XG and HPGG. These shifts occurred at 3360 cm⁻¹, 2921 cm⁻¹, and 

1722 cm⁻¹, indicating the influence of crosslinking with CA. Similarly, in the FTIR spectra of  

XG-HPGG-CA-ZnO-Cur (Film), a prominent peak was observed at 3273 cm⁻¹, 
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corresponding to -OH stretching vibrations, and at 1697 cm⁻¹, indicating carbonyl (C=O) 

stretching vibrations.[23].  The observed peak shifts are primarily attributed to the 

esterification process with CA, as well as the inclusion of ZnO and Cur. These modifications 

are of significant importance in a range of applications, particularly in the field of food 

packaging. 

4.2 X-ray diffraction analysis 

 

Fig.5 XRD Spectra of HPGG, XG, XG-HPGG-CA Film and  

XG-HPGG-CA-ZnO-Cur Film 

Fig.5 shows the X-ray diffractograms of HPGG, XG, XG-HPGG-CA Film, and XG-HPGG-CA-Cur-

ZnO Film. In HPGG, a broad peak was observed at 18.86⁰, while XG exhibited a similar peak at 

19.96⁰. XG-HPGG-CA (Film) displayed a peak at 19.92⁰, which can be attributed to the cross-linking 

of the two gums with CA. The X-ray diffractogram of XG-HPGG-CA-Cur-ZnO (Film) showed a peak 

shift to 18.64⁰, indicating esterification. The XRD patterns of XG, HPGG, XG-HPGG-CA, and XG-

HPGG-CA-ZnO-Cur indicated an amorphous structure with relatively low overall crystallinity. The 

presence of crystalline regions in XG and HPGG, observed at 19.96⁰ and 18.86⁰ respectively, can be 

attributed to the hydroxyl groups. The hydrogen bonds in XG and HPGG played a role in maintaining 

their stability, and a decrease in crystallinity was observed in XG-HPGG-CA and XG-HPGG-CA-

ZnO-Cur when these hydrogen bonds were disrupted. [24]–[27]. 
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4.3 Texture and morphology of the biopolymer (SEM) 

 

Fig.6 Scanning Electron Micrographs (SEMs) at different magnifications of  

(A) XG x1000 (B) XG-HPGG-CA Film x2500 (C), (D) XG-HPGG-CA-ZnO-Cur Film at 

500 and 1000 magnifications respectively. 

SEM images of XG, XG-HPGG-CA Film and XG-HPGG-CA-ZnO-Cur hydrogel taken at 

different magnifications are in Fig.6. SEM has been demonstrated to be quite useful for 

determining and verifying morphological traits[28][29]. The interior structure of the hydrogel 

films was heterogeneous and interlinked, which can result in significant swelling and 

permeability as well as facilitate cellular growth.Fig.6(A) images showed fibrous network 

structure and appearance of larger granules at higher magnification for XG. Crosslinking of 

XG and HPGG with CA was responsible for homogeneous covering of XG-HPGG-CA 

hydrogels in Fig.6(B).  

On adding ZnO and Cur to the XG-HPGG-CA Film the morphology of film changed from 

smooth surface to rough and hollow-follicular, as shown in Fig.6 (C, D). The shift in 

structure from homogeneous to heterogeneous nature after cross linking is due to presence of 
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ZnO and Cur constituents and the irregular pore network structure in XG-HPGG-CA-ZnO-

Cur is responsible for the heterogeneity in the polymeric hydrogel[30]. 

These structural characteristics provide additional evidence that cross-linked hydrogel 

networks were formed during the polymerization phase[31]. The SEM images of XG 

polymer showed granular structure with rough surface morphology. These structures offer 

more channels for water to escape from specific areas of the polymer matrix [19]. 

The specific pore volumes, pore diameters, pore size distributions, and specific surface areas 

of the polymer matrix are all usefully provided by the surface morphology of polymers[19]. 

This structure of XG-HPGG-CA-ZnO-Cur Film suggests the suitability of this biopolymer 

for biomedical applications, including serving as a food packaging material [32]. 

 

4.4 TGA 

 

 

Fig.7 Thermogravimetric analysis of CA, HPGG, XG, XG-HPGG-CA Film and  

XG-HPGG-CA-ZnO-Cur Film at a heating rate of 10°C/min in N2 environment. 
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The TGA (Thermogravimetric Analysis) results for XG, HPGG, CA, XG-HPGG-CA film, 

and XG-HPGG-CA-ZnO-Cur film are depicted in Fig.7. To account for weight loss attributed 

to trapped moisture, the initial decomposition temperature (IDT) was utilized for each 

sample. In the case of XG, an IDT of 13.66% was observed within the temperature range of 

29°C to 222.27°C. Similarly, HPGG exhibited an IDT of 8.94% in the temperature range of 

45.26°C to 183.92°C. CA, on the other hand, demonstrated an IDT of 83.772% within the 

temperature range of 163.68°C to 332.63°C. The crosslinked polymers, namely XG-HPGG-

CA film and XG-HPGG-CA-ZnO-Cur film, displayed weight losses of 3.239% and 2.268%, 

respectively, within nearly the same temperature range. This indicates that the enhanced 

stability observed in XG-HPGG-CA-ZnO-Cur film can be attributed to the presence of ZnO 

and Cur. 

The initial weight loss can be attributed to the loss of absorbed moisture in the polymer 

matrix. Tmax, which refers to the temperature corresponding to the maximum rate of mass loss 

[1], was found to be (222.27°C to 418.32°C), (183.92°C to 392.92°C), (17.089°C to 

388.9°C), and (151.2°C to 461.7°C) for XG, HPGG, XG-HPGG-CA film, and XG-HPGG-

CA-ZnO-Cur film, respectively. These findings indicate that the thermal stability of gums, 

such as XG and HPGG, decreases during the decomposition stages. However, the 

polymerization and film formation processes of XG-HPGG-CA and XG-HPGG-CA-ZnO-

Cur exhibit an increased level of stability, as evidenced by the lower percentage of weight 

loss compared to XG and HPGG. [33] 
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4.5 Rheology 

 

Fig. 8. Rheological properties of XG-HPGG-CA and XG-HPGG-CA-ZnO-Cur 

solutions: (A) Shear viscosity profile of XG-HPGG-CA and XG-HPGG-CA-ZnO-Cur 

solutions with varying shear rate from 10s
-1

 to 102s
-1

 (B) Amplitude sweep of XG-

HPGG-CA and XG-HPGG-CA-ZnO-Cur solutions (C) Frequency sweep of XG-HPGG-

CA and XG-HPGG-CA-ZnO-Cur solutions. 
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Viscosity 

Rheology is the scientific field that investigates the behaviour of materials under deformation 

and flow, exploring the relationship between force, deformation, and time. It involves 

experimental methods used to analyse and evaluate the rheological properties of various 

substances. [34] Shear rheological testing was conducted by varying the shear rate from 10s
-1

 

to 102s
-1

.  

The results indicated that XG-HPGG-CA-ZnO-Cur solutions exhibited a more pronounced 

shear thinning behaviour compared to XG-HPGG-CA solutions, as depicted in Fig.8. The 

enhanced shear-thinning characteristics were attributed to the inclusion of ZnO and Cur in the 

composition of XG-HPGG-CA-ZnO-Cur. In both cases, a significant decrease in viscosity 

was observed due to the alignment of XG-HPGG-CA and XG-HPGG-CA-ZnO-Cur induced 

by shear in the direction of flow. [35] 

Amplitude sweep 

An amplitude sweep test was performed to evaluate the linear viscoelastic (LVE) range and 

assess the structural and mechanical stability of the hydrogel. This test helped determine the 

upper and lower limits of the LVE range [36]. A plot of the storage modulus (G') and loss 

modulus (G") against shear strain percentage was generated, as depicted in Figure 5. The 

results revealed that within the linear viscoelastic (LVE) range, the storage modulus (G') 

remained constant at low deformation, indicating the structural integrity of the sample. [37]  

At lower strains, both XG-HPGG-CA-ZnO-Cur and XG-HPGG-CA exhibited viscoelastic 

solid behaviour, while at higher strains, they demonstrated viscoelastic fluid behaviour due to 

the disruption of their structure, indicating the end of the linear viscoelastic (LVE) region. 

The plateau value of G' within the LVE region represents the sample's inherent rigidity. For 

XG-HPGG-CA-ZnO-Cur, the LVE range was characterized by G' = 29.8 Pa, while for XG-

HPGG-CA, G' = 22.9 Pa, which can be attributed to the incorporation of Cur and ZnO in the 

hydrogel composition. 

The shear modulus was found to reach approx 80% of its starting value when the LVR was 

determined to end, which is often the shortest when the sample is at its most solid state [38]. 
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The solution with ZnO and Cur showed a lower critical value (γc) of 18.6% compared to the 

solution with XG-HPGG-CA (γc) of 13%. 

 

Frequency sweep 

The frequency sweep test is used to assess the viscoelastic properties of a material by 

comparing the values of (Storage Modulus) G' and (Loss Modulus) G" over a range of 

frequencies [39]. Ajovalasit et al conducted a study to investigate the effects on storage and 

loss moduli within a frequency range by adding additives and concluded that all hydrogels 

showed viscoelastic nature and found that both G' and G" showed positive slopes with the 

loss modulus increasing more rapidly compared to the storage modulus [40].  

In the frequency sweep test, the shear strain percentage was maintained constant within the 

linear viscoelastic (LVE) region while the frequency was varied from 1 to 100 rad/s. The 

results depicted in Fig.8 reveal that for both XG-HPGG-CA and XG-HPGG-CA-ZnO-Cur 

solutions, the loss modulus (G") dominates at high frequencies, whereas the storage modulus 

(G') dominates at low frequencies, indicating viscoelastic solid behaviour. Furthermore, the 

moduli of XG-HPGG-CA-ZnO-Cur are consistently higher than those of XG-HPGG-CA 

across all frequencies, providing additional evidence of enhanced stability attributed to the 

presence of ZnO and Cur. 

4.6 Mechanical Properties 

Table 1 presents the findings pertaining to the tensile properties evaluation of the XG-HPGG-

CA-ZnO-Cur film, including measurements of thickness (mm), width (mm), maximum load 

(N), elongation at break (%), and tensile strength (MPa). 

Table.1 The tensile properties of XG-HPGG-CA-ZnO-Cur                                         

 Thickness 

(mm) 

Width 

(mm) 

Maximum 

Load 

(N) 

Elongation at 

break 

(%) 

Tensile 

Strength 

(MPa) 

1 0.05000 15.00000 4.38273 49.41076 5.84364 

Mean 0.05000 15.00000 4.38273 49.41076 5.84364 

Minimum 0.05000 15.00000 4.38273 49.41076 5.84364 

Maximum 0.05000 15.00000 4.38273 49.41076 5.84364 
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The XG-HPGG-CA-ZnO-Cur Film showed an elongation at break % of 49.41076 which 

indicated its ability to withstand stretching and deformation before breaking. It has a high 

tensile strength of 5.84364 MPa which was indicative of its ability to withstand tension and 

resist breaking under force. These properties have made this hydrogel suitable for biomedical 

applications such as food packaging material. 

4.7 In Vitro Test 

4.7.1 Disk Diffusion Method 

 

 

Fig.9 Illustrates the disk diffusion test conducted at 37°C to determine the antimicrobial 

activity of (A, B) XG-HPGG-CA Film and (C, D) XG-HPGG-CA-ZnO-Cur Film against 

Escherichia coli and Staphylococcus aureus. 

The adoption of active food packaging technology, which involves the integration or 

immobilization of antimicrobial agents within the packaging material to prevent microbial 
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growth and enhance the shelf life of food products, is increasingly becoming popular.[41]  

The antimicrobial activity of XG-HPGG-CA Film and XG-HPGG-CA-ZnO-Cur Film 

composites against S. aureus and E. coli bacterial strains was evaluated using the disk 

diffusion method, as presented in Fig.9. XG-HPGG-CA Film exhibited no significant 

antibacterial activity against either S. aureus or E. coli, as indicated in Fig.9. It was unable to 

penetrate the bacterial cell. However, XG-HPGG-CA-ZnO-Cur Film composites (Fig.9 C, D) 

displayed a distinct inhibition zone measuring 87mm and 102mm, respectively, against both 

S. aureus and E. coli. These results indicate that XG-HPGG-CA-ZnO-Cur film possesses 

strong antibacterial properties against both gram-negative and gram-positive bacteria, 

suggesting its potential for broad-spectrum antibacterial activity even at low concentrations. 

The presence of an inhibition zone in the XG-HPGG-CA-ZnO-Cur nanocomposite suggests 

that the biocidal action of ZnO NPs involves disrupting the membrane by generating surface 

oxygen species rapidly, ultimately leading to the death of pathogens [42]. This demonstrates 

the potential of XG-HPGG-CA-ZnO-Cur Film composites as an effective active food 

packaging technology for inhibiting microbial growth and extending the shelf life of food 

products. 

4.7.2 Food sampling test 



31 
 

 

Fig.10 Food sample testing over strawberry sample at 35°C (from left to right) food 

sample without coating and food sample with coating of XG-HPGG-CA-ZnO-Cur 

solution. 

 

Following the antimicrobial testing using the disk diffusion method, the films were assessed 

as potential food packaging materials for coated and non-coated food samples. In order to 

provide a protective layer, the strawberries were immersed in the XG-HPGG-CA-ZnO-Cur 

solution and allowed to air dry, creating a barrier on the surface [43]. Despite the significant 

antioxidant properties of strawberries, their susceptibility to mechanical damage can result in 

the development of infectious symptoms. Additionally, their postharvest shelf life is typically 

limited to approximately five days when stored at 4°C. [44]. The study aimed to enhance the 

shelf life of strawberries by coating them with an effective hydrogel.  

In Fig. 10, one strawberry is depicted with a coating of XG-HPGG-CA-ZnO-Cur film, while 

the other remains uncoated. The coated strawberry demonstrated slower deterioration 

compared to the uncoated sample. On Day 1, no microbial growth was observed on either 
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fruit sample. By Day 3, microbial growth was observed on the non-coated fruit sample, and 

by Day 7, the fruit had deteriorated. In contrast, the strawberries coated with XG-HPGG-CA-

ZnO-Cur film showed no microbial growth until Day 7. These results confirm the potential of 

XG-HPGG-ZnO-Cur film as a food packaging material with antimicrobial properties, with 

Cur and ZnO proving to be effective ingredients in active packaging films. Additionally, 

biopolymer sheets with water permeability properties can be used for packaging fruits and 

vegetables with high respiration rates [45]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.8 Antioxidant Activity 
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Fig.11 Scavenging of DPPH radical by XG-HPGG-CA-ZnO-Cur 

While the primary source of activity in Cur is attributed to its conjugated diene moiety, its 

antioxidant properties are also influenced by the adjacent phenolic groups (shown in Fig. 11). 

The outcomes of the DPPH Assay indicated that Cur facilitated the transfer of a hydrogen 

atom, resulting in the conversion of the stable radical diphenyl-2-picryl hydrazyl into a non-

radical yellow diphenyl-picryl hydrazine diamagnetic molecule. A notable increase in 

antioxidant activity was observed in the assay. The incorporation of ZnO nanoparticles with 

Cur resulted in a remarkable enhancement of antioxidant activity against DPPH free radicals 

[47]. The antioxidant activity was assessed by treating solutions with different concentrations 

(3mg, 5mg, 7mg, 20mg, 50mg) with DPPH solution for 30 minutes. This led to a gradual 

increase in antioxidant activity, with percentages of 81.5%, 83.8%, 88%, 90.7%, and 93.4%, 

respectively. The incorporation of antioxidant activity in food packaging films can play a 

beneficial role in regulating the generation of reactive oxygen species during the packaging 

process [48]. 
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4.9 Cytotoxicity evaluation by MTT Essay 

 

Fig.12 The viability percentage of Hep-G2 cells determined by subjecting them to 

different concentrations of XG-HPGG-CA-ZnO-Cur for 24 hours. 

The biocompatibility of XG-HPGG-CA-ZnO-Cur films was evaluated using human hepatic 

cells (Hep-G2) as representative cell lines. The findings of the cytotoxicity assay for various 

concentrations are displayed in Fig.12. The study involving Hep-G2 cell culture revealed that 

the cells were capable of adhering to the film surfaces, undergoing proliferation, and 

spreading, as evidenced by Fig. 12 [20]. Following the incubation period, the cells cultured 

on XG-HPGG-CA-ZnO-Cur films displayed regular morphology. The viability percentages 

for all film samples at various concentrations, as depicted in Fig.12, exceeded 80%, 

indicating the biocompatibility of the films with Hep-G2 cells. These findings provided 

further evidence of the cytocompatibility of the bioactive film, as the cytotoxicity of XG-

HPGG-CA-ZnO-Cur films, as assessed in the assay, decreased. 
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Conclusions 

In summary, this investigation successfully developed XG-HPGG-CA-ZnO-Cur films with 

remarkable antimicrobial properties and a notable zone of inhibition, making them well-

suited for application as edible food packaging material. The incorporation of glycerol also 

enhanced their thermal and mechanical stability compared to XG-HPGG-CA-ZnO-Cur films. 

Through the utilization of various analytical techniques such as FTIR, XRD, SEM, TGA, 

rheology, and in-vitro tests, the characterization of the samples revealed that XG-HPGG-CA-

ZnO-Cur films facilitated cell growth and differentiation, underscoring their potential as a 

food packaging material. These findings indicate the potential reduction of the use of harmful 

plastics in food packaging by adopting these edible and cost-effective alternatives. Overall, 

XG-HPGG-CA-ZnO-Cur films exhibit promising prospects as sustainable and biocompatible 

substitutes for food packaging applications. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



36 
 

References 

[1] M. Kang et al., “Characterization of Xanthan gum-based hydrogel with Fe3+ ions 

coordination and its reversible sol-gel conversion,” Carbohydr. Polym., vol. 203, no. 

September 2018, pp. 139–147, 2019, doi: 10.1016/j.carbpol.2018.09.044. 

[2] A. Mohsin et al., “Xanthan-Curdlan nexus for synthesizing edible food packaging 

films,” Int. J. Biol. Macromol., vol. 162, pp. 43–49, 2020, doi: 

10.1016/j.ijbiomac.2020.06.008. 

[3] S. Farris, K. M. Schaich, L. S. Liu, L. Piergiovanni, and K. L. Yam, “Development of 

polyion-complex hydrogels as an alternative approach for the production of bio-based 

polymers for food packaging applications: a review,” Trends Food Sci. Technol., vol. 

20, no. 8, pp. 316–332, 2009, doi: 10.1016/j.tifs.2009.04.003. 

[4] F. Garavand, M. Rouhi, S. H. Razavi, I. Cacciotti, and R. Mohammadi, “Improving the 

integrity of natural biopolymer films used in food packaging by crosslinking approach: 

A review,” Int. J. Biol. Macromol., vol. 104, pp. 687–707, 2017, doi: 

10.1016/j.ijbiomac.2017.06.093. 

[5] R. A. Batista et al., “Hydrogel as an alternative structure for food packaging systems,” 

Carbohydr. Polym., vol. 205, pp. 106–116, 2019, doi: 10.1016/j.carbpol.2018.10.006. 

[6] M. Kaur and D. Santhiya, “UV-shielding antimicrobial zein films blended with 

essential oils for active food packaging,” J. Appl. Polym. Sci., vol. 138, no. 7, pp. 1–

10, 2021, doi: 10.1002/app.49832. 

[7] V. B. Bueno, R. Bentini, L. H. Catalani, and D. F. S. Petri, “Synthesis and swelling 

behavior of xanthan-based hydrogels,” Carbohydr. Polym., vol. 92, no. 2, pp. 1091–

1099, 2013, doi: 10.1016/j.carbpol.2012.10.062. 

[8] N. S. Malik et al., “Chitosan/Xanthan Gum Based Hydrogels as Potential Carrier for 

an Antiviral Drug: Fabrication, Characterization, and Safety Evaluation,” Front. 

Chem., vol. 8, no. February, pp. 1–16, 2020, doi: 10.3389/fchem.2020.00050. 

[9] J. Zhu, S. Guan, Q. Hu, G. Gao, K. Xu, and P. Wang, “Tough and pH-sensitive 

hydroxypropyl guar gum/polyacrylamide hybrid double-network hydrogel,” Chem. 

Eng. J., vol. 306, pp. 953–960, 2016, doi: 10.1016/j.cej.2016.08.026. 

[10] A. Parameswaran-Thankam et al., “Fabrication and characterization of hydroxypropyl 

guar-poly (vinyl alcohol)-nano hydroxyapatite composite hydrogels for bone tissue 

engineering,” J. Biomater. Sci. Polym. Ed., vol. 29, no. 17, pp. 2083–2105, 2018, doi: 

10.1080/09205063.2018.1494437. 

[11] B. M. Simões et al., “Citric acid as crosslinking agent in starch/xanthan gum hydrogels 

produced by extrusion and thermopressing,” Lwt, vol. 125, p. 108950, 2020, doi: 

10.1016/j.lwt.2019.108950. 

[12] P. J. P. Espitia, N. de F. F. Soares, J. S. dos R. Coimbra, N. J. de Andrade, R. S. Cruz, 

and E. A. A. Medeiros, “Zinc Oxide Nanoparticles: Synthesis, Antimicrobial Activity 

and Food Packaging Applications,” Food Bioprocess Technol., vol. 5, no. 5, pp. 1447–

1464, 2012, doi: 10.1007/s11947-012-0797-6. 

[13] P. Anand et al., “Biological activities of curcumin and its analogues (Congeners) made 

by man and Mother Nature,” Biochem. Pharmacol., vol. 76, no. 11, pp. 1590–1611, 



37 
 

2008, doi: 10.1016/j.bcp.2008.08.008. 

[14] P. Orsu and S. Matta, “Fabrication and characterization of carboxymethyl guar gum 

nanocomposite for application of wound healing,” Int. J. Biol. Macromol., vol. 164, 

pp. 2267–2276, 2020, doi: 10.1016/j.ijbiomac.2020.07.322. 

[15] Y. Wang, Z. Lu, H. Wu, and F. Lv, “Study on the antibiotic activity of microcapsule 

curcumin against foodborne pathogens,” Int. J. Food Microbiol., vol. 136, no. 1, pp. 

71–74, 2009, doi: 10.1016/j.ijfoodmicro.2009.09.001. 

[16] P. J. P. Espitia, C. G. Otoni, and N. F. F. Soares, Zinc Oxide Nanoparticles for Food 

Packaging Applications. Elsevier Inc., 2016. doi: 10.1016/B978-0-12-800723-

5.00034-6. 

[17] C. Sun, C. Xu, L. Mao, D. Wang, J. Yang, and Y. Gao, “Preparation, characterization 

and stability of curcumin-loaded zein-shellac composite colloidal particles,” Food 

Chem., vol. 228, pp. 656–667, 2017, doi: 10.1016/j.foodchem.2017.02.001. 

[18] Q. Ma, Y. Ren, and L. Wang, “Investigation of antioxidant activity and release kinetics 

of curcumin from tara gum/ polyvinyl alcohol active film,” Food Hydrocoll., vol. 70, 

pp. 286–292, 2017, doi: 10.1016/j.foodhyd.2017.04.018. 

[19] H. Wang et al., Characterization, release, and antioxidant activity of curcumin-loaded 

sodium alginate/ZnO hydrogel beads, vol. 121. Elsevier B.V, 2019. doi: 

10.1016/j.ijbiomac.2018.10.121. 

[20] S. Kianpour et al., “Physicochemical and biological characteristics of the 

nanostructured polysaccharide-iron hydrogel produced by microorganism Klebsiella 

oxytoca,” J. Basic Microbiol., vol. 57, no. 2, pp. 132–140, 2017, doi: 

10.1002/jobm.201600417. 

[21] X. Lu, Y. Li, W. Feng, S. Guan, and P. Guo, “Self-healing hydroxypropyl guar 

gum/poly (acrylamide-co-3-acrylamidophenyl boronic acid) composite hydrogels with 

yield phenomenon based on dynamic PBA ester bonds and H-bond,” Colloids Surfaces 

A Physicochem. Eng. Asp., vol. 561, pp. 325–331, 2019, doi: 

10.1016/j.colsurfa.2018.10.071. 

[22] Q. Zhang, X. M. Hu, M. Y. Wu, M. M. Wang, Y. Y. Zhao, and T. T. Li, “Synthesis 

and performance characterization of poly(vinyl alcohol)-xanthan gum composite 

hydrogel,” React. Funct. Polym., vol. 136, no. October 2018, pp. 34–43, 2019, doi: 

10.1016/j.reactfunctpolym.2019.01.002. 

[23] A. Nawaz et al., “Formulation Development and Ex-Vivo Permeability of Curcumin 

Hydrogels under the Influence of Natural Chemical Enhancers,” Gels, vol. 8, no. 6, pp. 

1–11, 2022, doi: 10.3390/gels8060384. 

[24] X. Chen et al., “PT,” Carbohydr. Polym., 2018, doi: 10.1016/j.carbpol.2018.10.092. 

[25] R. F. K. C. Muthukumaran, K. T. R. Jaiganesh, O. Á. Rsm, and Á. X. R. D. Á. Ftir, 

“Xanthan gum production using jackfruit-seed-powder-based medium : optimization 

and characterization,” 3 Biotech, 2017, doi: 10.1007/s13205-017-0876-5. 

[26] Q. Yanhan, L. Shucai, L. Zhaofeng, Z. Jian, and L. Haiyan, “Hydration effect of 

sodium silicate on cement slurry doped with xanthan,” Constr. Build. Mater., vol. 223, 

pp. 976–985, 2019, doi: 10.1016/j.conbuildmat.2019.07.327. 



38 
 

[27] R. Tanwar, L. Kumar, P. Kumar, and K. K. Gaikwad, “Pr ep rin t n ot pe er r ev iew Pr 

ep rin t n ot pe”. 

[28] M. M. Horn, V. C. A. Martins, and A. M. de Guzzi Plepis, “Influence of collagen 

addition on the thermal and morphological properties of chitosan/xanthan hydrogels,” 

Int. J. Biol. Macromol., vol. 80, pp. 225–230, 2015, doi: 

10.1016/j.ijbiomac.2015.06.011. 

[29] P. D. Williams, M. H. Oztop, M. J. Mccarthy, K. L. Mccarthy, and Y. M. Lo, 

“Characterization of water distribution in xanthan-curdlan hydrogel complex using 

magnetic resonance imaging, nuclear magnetic resonance relaxometry, rheology, and 

scanning electron microscopy,” J. Food Sci., vol. 76, no. 6, pp. 472–478, 2011, doi: 

10.1111/j.1750-3841.2011.02227.x. 

[30] B. Singh and B. Singh, “Graft copolymerization of polyvinylpyrollidone onto 

Azadirachta indica gum polysaccharide in the presence of crosslinker to develop 

hydrogels for drug delivery applications,” Int. J. Biol. Macromol., vol. 159, pp. 264–

275, 2020, doi: 10.1016/j.ijbiomac.2020.05.091. 

[31] B. Singh, S. Sharma, and A. Dhiman, “Acacia gum polysaccharide based hydrogel 

wound dressings: Synthesis, characterization, drug delivery and biomedical 

properties,” Carbohydr. Polym., vol. 165, pp. 294–303, 2017, doi: 

10.1016/j.carbpol.2017.02.039. 

[32] P. J. Manna, T. Mitra, N. Pramanik, V. Kavitha, A. Gnanamani, and P. P. Kundu, 

“Potential use of curcumin loaded carboxymethylated guar gum grafted gelatin film 

for biomedical applications,” Int. J. Biol. Macromol., vol. 75, pp. 437–446, 2015, doi: 

10.1016/j.ijbiomac.2015.01.047. 

[33] B. Singh and N. Sharma, “Mechanistic implication for cross-linking in sterculia-based 

hydrogels and their use in GIT drug delivery,” Biomacromolecules, vol. 10, no. 9, pp. 

2515–2532, 2009, doi: 10.1021/bm9004645. 

[34] M. I. Worldwide, “WHITEPAPER A Basic Introduction to Rheology,” 2016. 

[35] C. S. Wang, N. Virgilio, P. J. Carreau, and M. C. Heuzey, “Understanding the Effect 

of Conformational Rigidity on Rheological Behavior and Formation of 

Polysaccharide-Based Hybrid Hydrogels,” Biomacromolecules, vol. 22, no. 9, pp. 

4016–4026, 2021, doi: 10.1021/acs.biomac.1c00803. 

[36] I. P. Merlusca, C. Ibanescu, C. Tuchilus, M. Danu, L. I. Atanase, and I. M. Popa, 

“Characterization of neomycin-loaded xanthan-chitosan hydrogels for topical 

applications,” Cellul. Chem. Technol., vol. 53, no. 7–8, pp. 709–719, 2019, doi: 

10.35812/CelluloseChemTechnol.2019.53.69. 

[37] R. Yadav and R. Purwar, “Influence of metal oxide nanoparticles on morphological, 

structural, rheological and conductive properties of mulberry silk fibroin 

nanocomposite solutions,” Polym. Test., vol. 93, no. July 2020, p. 106916, 2021, doi: 

10.1016/j.polymertesting.2020.106916. 

[38] H. Herrada-Manchón, D. Rodríguez-González, M. A. Fernández, N. W. Kucko, F. B. 

De Groot, and E. Aguilar, “Effect on Rheological Properties and 3D Printability of 

Biphasic Calcium Phosphate Microporous Particles in Hydrocolloid-Based 

Hydrogels,” Gels, vol. 8, no. 1, 2022, doi: 10.3390/gels8010028. 



39 
 

[39] G. Stojkov, Z. Niyazov, F. Picchioni, and R. K. Bose, “Relationship between structure 

and rheology of hydrogels for various applications,” Gels, vol. 7, no. 4, 2021, doi: 

10.3390/gels7040255. 

[40] A. Ajovalasit et al., “Xyloglucan-based hydrogel films for wound dressing: Structure-

property relationships,” Carbohydr. Polym., vol. 179, pp. 262–272, 2018, doi: 

10.1016/j.carbpol.2017.09.092. 

[41] I. E. Raschip, N. Fifere, C. D. Varganici, and M. V. Dinu, “Development of 

antioxidant and antimicrobial xanthan-based cryogels with tuned porous morphology 

and controlled swelling features,” Int. J. Biol. Macromol., vol. 156, pp. 608–620, 2020, 

doi: 10.1016/j.ijbiomac.2020.04.086. 

[42] B. Rukmanikrishnan, F. R. M. Ismail, R. K. Manoharan, S. S. Kim, and J. Lee, 

“Blends of gellan gum/xanthan gum/zinc oxide based nanocomposites for packaging 

application: Rheological and antimicrobial properties,” Int. J. Biol. Macromol., vol. 

148, pp. 1182–1189, 2020, doi: 10.1016/j.ijbiomac.2019.11.155. 

[43] A. Valdés, M. Ramos, A. Beltrán, A. Jiménez, and M. C. Garrigós, “State of the art of 

antimicrobial edible coatings for food packaging applications,” Coatings, vol. 7, no. 4, 

pp. 1–23, 2017, doi: 10.3390/coatings7040056. 

[44] Y. Liu, S. Wang, W. Lan, and W. Qin, “Fabrication and testing of PVA/Chitosan 

bilayer films for strawberry packaging,” Coatings, vol. 7, no. 8, pp. 1–16, 2017, doi: 

10.3390/coatings7080109. 

[45] L. F. Wang and J. W. Rhim, “Preparation and application of agar/alginate/collagen 

ternary blend functional food packaging films,” Int. J. Biol. Macromol., vol. 80, pp. 

460–468, 2015, doi: 10.1016/j.ijbiomac.2015.07.007. 

[46] S. Bhoopathy, D. Inbakandan, T. Rajendran, K. Chandrasekaran, R. Kasilingam, and 

D. Gopal, “Curcumin loaded chitosan nanoparticles fortify shrimp feed pellets with 

enhanced antioxidant activity,” Mater. Sci. Eng. C, vol. 120, p. 111737, 2021, doi: 

10.1016/j.msec.2020.111737. 

[47] D. Suresh, R. M. Shobharani, P. C. Nethravathi, M. A. Pavan Kumar, H. 

Nagabhushana, and S. C. Sharma, “Artocarpus gomezianus aided green synthesis of 

ZnO nanoparticles: Luminescence, photocatalytic and antioxidant properties,” 

Spectrochim. Acta - Part A Mol. Biomol. Spectrosc., vol. 141, pp. 128–134, 2015, doi: 

10.1016/j.saa.2015.01.048. 

[48] B. Singh and Rajneesh, “Gamma radiation synthesis and characterization of 

gentamicin loaded polysaccharide gum based hydrogel wound dressings,” J. Drug 

Deliv. Sci. Technol., vol. 47, pp. 200–208, 2018, doi: 10.1016/j.jddst.2018.07.014. 

 

 


