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ABSTRACT 

In the past few decades, the textile industry has become very prominent, but it poses certain 

environmental challenges, including higher greenhouse gas emissions and leaching of toxic 

chemicals from waste accumulation and incineration processes. Cotton is a common material used 

in the textile industry, and recycling waste cotton fabrics is possible due to the cellulose-rich 

composition of cotton fibers. Cellulose is the most abundant natural polymer and an ideal candidate 

for the fabrication of hydrogels with robust mechanical strength, water retention capacity, and 

thermal stability. This study highlights the potential of employing cellulose-based hydrogels 

produced from waste cotton fabrics as a promising food coolant alternative with high compressive 

strength, good water retention property, high latent heat of fusion and reduced meltwater 

production in comparison to the conventional ice cubes, thus addressing the cross-contamination 

and food wastage problems. In Chapter 2, recent research on the development of cellulose-based 

hydrogels is reviewed with focus on the following aspects: (1) preparation of cellulose-hydrogels 

by physical and chemical crosslinking methods and (2) recent food-related applications of 

cellulose hydrogels in food packaging, food additives, functional foods, water 

treatment/purification and sustainable agriculture. Chapter 3 focused on the development of 

cellulose-based hydrogels with a special core-shell structure achieved by the dip-coating technique 

and investigated their structural, mechanical, water retention and thermal characteristics. Amongst 

the obtained hydrogels, the C2A10Cl hydrogel displayed the compressive strength of 144.7 kPa, 

high latent heat of fusion of 272.5 J/g, and water retention capacity of 72.2%. Moreover, the 

comparison studies revealed that the thawing curve of the C2A10Cl hydrogel showed a similar 

pattern to that of the conventional ice cubes while with no meltwater generation. The cooling 

performance of C2A10Cl hydrogels was comparable to conventional ice cubes using blueberries 
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as a model, which were cooled from 22°C to 3.9°C in 32 minutes by C2A10Cl hydrogels and in 

26 minutes by conventional ice cubes. Chapter 4 aimed to impart antibacterial property to the 

cellulose-based hydrogels to further ensure food safety. In this study, the ALG/CaCl2 dip-coated 

oxidized cellulose hydrogels were developed using sodium periodate, and then chemically 

incorporated with antibacterial compounds, namely nisin and lysozymes. The hydrophilic nature 

of nisin and lysozyme remarkably improved the water retention capacities of both OXCL-N and 

OXCL-L hydrogels and contributed to a notable decrease in meltwater generation. The OXCL-N 

hydrogels demonstrated the highest compressive strength of 142.8 kPa. The antibacterial efficacy 

of the hydrogels was confirmed, as the OXCL-N and OXCL-L hydrogels displayed large inhibition 

zones of 3.66 mm and 4.06 mm against S. aureus, respectively, and slight inhibition effect against 

E. coli. Overall, this study presents a simple method for developing cellulose-based hydrogels with 

potential applications as sustainable food coolants. 
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RÉSUMÉ 

Au cours des dernières décennies, l’industrie textile est devenue très importante, mais elle pose 

certains défis environnementaux, notamment des émissions de gaz à effet de serre plus élevées et 

le lessivage de produits chimiques toxiques provenant de l’accumulation de déchets et 

d’incinération. Le coton est un matériau couramment utilisé dans l'industrie textile, et le recyclage 

des déchets de tissus en coton est possible grâce à la composition riche en cellulose des fibres de 

coton. La cellulose est le polymère naturel le plus abondant et un candidat idéal pour la fabrication 

d’hydrogels dotés d’une résistance mécanique, d’une capacité de rétention d’eau et d’une stabilité 

thermique robustes. Cette étude met en évidence le potentiel de l'utilisation d'hydrogels à base de 

cellulose produits à partir de déchets de coton comme alternative prometteuse au liquide de 

refroidissement alimentaire avec une résistance élevée à la compression, une bonne propriété de 

rétention d'eau, une chaleur latente de fusion élevée et une production réduite d'eau de fonte par 

rapport aux glaçons conventionnels, donc résolvant ainsi les problèmes de contamination croisée 

et de gaspillage alimentaire. Dans le chapitre 2, les recherches récentes sur le développement 

d'hydrogels à base de cellulose sont passées en revue en mettant l'accent sur les aspects suivants : 

(1) préparation d'hydrogels de cellulose par des méthodes de réticulation physiques et chimiques, 

et (2) applications récentes des hydrogels de cellulose dans les domaines de l'emballage 

alimentaire, des additifs alimentaires, des aliments fonctionnels, du traitement/purification de l'eau 

et de l'agriculture durable. Le chapitre 3 s'est concentré sur le développement d'hydrogels à base 

de cellulose avec une structure noyau-coquille spéciale obtenue par la technique de revêtement par 

immersion et a étudié leurs caractéristiques structurelles, mécaniques, de rétention d'eau et 

thermiques. Parmi les hydrogels obtenus, l'hydrogel C2A10Cl présentait une résistance à la 

compression de 144,7 kPa, une chaleur latente de fusion élevée de 272,5 J/g et une capacité de 
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rétention d'eau de 72,2 %. De plus, les études comparatives ont révélé que la courbe de 

décongélation de l’hydrogel C2A10Cl présentait un schéma similaire à celui des glaçons 

conventionnels, sans génération d’eau de fonte. Les performances de refroidissement des 

hydrogels C2A10Cl étaient comparables à celles des glaçons conventionnels utilisant les myrtilles 

comme modèle, qui ont été refroidies de 22°C à 3,9°C en 32 minutes par des hydrogels C2A10Cl 

et en 26 minutes par des glaçons conventionnels. Le chapitre 4 visait à conférer des propriétés 

antimicrobiennes aux hydrogels à base de cellulose afin de garantir davantage la sécurité 

alimentaire. Dans cette étude, les hydrogels de cellulose oxydée recouverts d’ALG/CaCl2 ont été 

développés à l’aide de périodate de sodium, puis incorporés chimiquement à des composés 

antimicrobiens, à savoir la nisine et les lysozymes. La nature hydrophile de la nisine et du lysozyme 

a remarquablement amélioré les capacités de rétention d’eau des hydrogels OXCL-N et OXCL-L 

et a contribué à une diminution notable de la production d’eau de fonte. Les hydrogels OXCL-N 

ont démontré la résistance à la compression la plus élevée de 142,8 kPa. L'efficacité 

antimicrobienne des hydrogels a été confirmée, car les hydrogels OXCL-N et OXCL-L 

présentaient de grandes zones d'inhibition de 3,66 mm et 4,06 mm contre S. aureus, respectivement, 

et un léger effet d'inhibition contre E. coli. Dans l’ensemble, cette étude présente une méthode 

simple pour développer des hydrogels à base de cellulose avec des applications potentielles comme 

liquides de refroidissement alimentaires durables. 
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CHAPTER 1. INTRODUCTION 

The textile industry is one of the oldest, tracing back to 5000 B.C. with multifaceted production 

sectors primarily occupied by small-scale enterprises [1,2]. In recent years, the textile industry has 

experienced a drastic increase in clothing production and consumption, due to the increasing 

population and high global demand [3]. Since the ancient era, there has been a high utilization of 

natural fibers as a source of raw materials in the textile manufacturing industry [4]. Compared to 

1995-1996, there has been a higher utilization (70%) of cotton in 2017-2018, with a remarkable 

inclination of 75.86% towards its production, import, and export in the last 23 years. [5]. However, 

the clothing sector is a primary cause of soil pollution from the landfill accumulation, and its 

incineration causes nearly 2-8% of annual greenhouse gas emissions, [6] such as methane (50%) 

and carbon dioxide (45%), leading to global warming and air pollution [7]. Hence, the textile 

industry is positioned as the second-largest contributor to carbon emissions of about 10% globally, 

with high wastewater effluent generation [8-10]. A statistical analysis by the World Bank has 

predicted a 70% increase in global municipal solid waste, escalating from 1.3 to 2.2 billion tons 

annually by 2025 [11]. A substantial percentage of waste textiles are disposed of in landfills, with 

only 15% being recycled. [12]. As mentioned above, the lack of efficient waste management poses 

a significant environmental issue, creating health hazards, hence, effective handling of cotton 

textile waste is essential. Cotton is known for its high cellulose content (approximately 95%), 

which has a linear polysaccharide chain of β (1 → 4) linked d-glucose units [13,14]. Cellulose can 

be obtained from many renewable sources and has great advantages such as biodegradability and 

eco-friendliness, and is known to be one of the safest materials [15]. The unique features of 

cellulose include the presence of numerous hydroxyl groups, high hydrophilicity, and adjustable 

properties in response to pH, time, temperature, and chemical reactions [16]. This renders cellulose 
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an attractive choice for various hydrogel-related applications, thereby serving as an efficient 

strategy for recycling the waste cotton textiles and reducing environmental pollution.   

Temperature conditions significantly influence the quality of chilled and perishable food products. 

Frequent unexpected temperature changes may occur in the food supply chain, jeopardizing 

consumer confidence and increasing food wastage [17]. Mismanagement of temperature in the 

food chain has evidenced substantial food loss and wastage, estimated at up to 35% [18]. In the 

developed nations, nearly 22% of food ends up as household waste [19]. According to the United 

Nations Environment Program’s Food Waste Index Report, about 931 million tons of food waste 

was generated in 2019 [20]. The FDA’s food code mandates foods to be stored at or below 41 °F 

(5 °C), as the high temperature can result in poor food quality and increased food safety risks and 

wastage due to the increased enzymatic and microbial activity [21]. Microorganisms responsible 

for foodborne illnesses are stated to multiply within the temperature range of 5 °C to 57 °C, [22] 

with elevated temperatures fostering rapid bacterial proliferation [23]. Particularly, 

Staphylococcus aureus (S. aureus), a gram-positive bacterium, is one of the most common 

foodborne pathogens. S. aureus is estimated to cause nearly 241,000 illness cases annually in the 

United States [24]. Moreover, Escherichia coli (E. coli) is a major bacterium causing foodborne 

infections, prevalent in food and environmental samples [25,26]. In 2020, an outbreak of Shiga 

toxin-producing E. coli occurred in Germany, with 3,785 illness cases reported and linked to 

contamination of sprouted seeds [27]. 

Over the years, conventional water-based ice cubes have been widely employed to maintain the 

temperature of food products, valued for their cost-effectiveness, efficiency, and convenience [28]. 

However, they hold certain disadvantages that warrant consideration of their usage such as the 
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generation of meltwater from the ice cubes, causing microbial cross-contamination of food 

products and leading to substantial food loss and wastage [29]. Moreover, they aggravate excessive 

utilization of water resources and plastic packaging, posing a major environmental threat [30]. 

There has been exploration for alternatives such as antibacterial stoned-based and certain 

hydrogel-based coolants, but due to their own limitations, an inevitable requirement exists for the 

development of an efficient and cost-effective coolant system without any compromise in food 

safety and cooling efficiency.  

To summarize, the purpose of this study is to develop an environment-friendly cellulose-based 

hydrogel from waste cotton as a sustainable and robust food coolant. The two main objectives of 

this study include: (1) To develop cellulose-based hydrogels from waste cotton fabrics with a 

unique core-shell structure and investigate their properties and cooling performance; and (2) To 

impart antibacterial property to the cellulose-based hydrogels and study their mechanical strength, 

water retention, and antibacterial effectiveness against S. aureus and E. coli. 
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CHAPTER 2. LITERATURE REVIEW 

2.1 ABSTRACT 

Hydrogels are three-dimensional crosslinked materials whose versatile applications have attracted 

the attention of food industry. Cellulose is the most abundant natural organic polymer on earth. It 

is inexpensive, biodegradable, and non-toxic, and has excellent mechanical properties and 

adjustable hydrophilicity, making it a potential material for constructing hydrogels. Feasible 

methods of fabricating cellulose hydrogels can be classified as physical crosslinking and chemical 

crosslinking methods. The resultant cellulose hydrogels have been used for food packaging, food 

additives, functional foods, wastewater treatment, and sustained agriculture. This review provides 

an overview of the fabrication of cellulose hydrogels, their applications in food and agriculture, 

and the prospective avenues and opportunities for future research. 

Keywords: Hydrogel; Cellulose; Crosslinking; Food; Applications.  
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2.2 INTRODUCTION 

Hydrogels are a three-dimensional network that can absorb large amounts of water. The first 

attempt at synthesizing hydrogels was reported in 1960 for use as soft contact lenses [1]. 

Nowadays, they are valued for their versatility and easy preparation in industrial applications 

including biosensors, wound dressing, drug delivery, surface coating, cosmetics, personal care, 

water purification, food, etc. [2,3]. Recently, hydrogels made from biomaterials have been 

proposed as a solution to the problem of environmental pollution caused by conventional plastics. 

For such applications, various biopolymers such as cellulose, chitosan, gelatin, and carrageenan 

have been explored to produce hydrogels [4]. 

Cellulose, being one of the most common natural polysaccharides, is predominantly found in 

plants, animals, and some bacteria. It has drawn a lot of attention as a food supplement due to its 

abundance, biodegradability, non-toxicity, and excellent mechanical properties [5]. The 

development of various cellulose solvents including N-methylmorpholine-N-oxide, Lithium 

chloride/N,N-Dimethylacetamide, ionic liquids, alkali/urea solutions, etc, has led to an efficient 

and environmentally friendly method of dissolving cellulose and producing cellulose-based 

hydrogels [6]. In recent years, cellulose-based hydrogels have been synthesized using cellulose 

and/or its derivatives such as carboxymethyl cellulose (CMC), hydroxypropyl cellulose, 

hydroxypropylmethyl cellulose, and methyl cellulose [7]. Compared with other biopolymer-based 

hydrogels, cellulose-based hydrogels have numerous striking features including good swelling 

ability, flexibility, and responsiveness to time, pH, and temperature [8]. According to the Web of 

Science search result, 3,565 research papers on cellulose-based hydrogels have been published 

from 2018 to 2023, with applications in biomedicine, agriculture, water purification, tissue 

engineering, batteries, etc., but only 400 (11.22%) of them are related to food applications. The 
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development of cellulose-based hydrogels for food packaging and food additives is promising and 

has a huge potential. Several reviews have summarized the concepts, classifications, and 

preparation methods of cellulose-based hydrogels, but without the focus on food related 

applications [9,10]. Therefore, this review focuses on recent advances in cellulose hydrogels and 

presents the preparation of cellulose-based hydrogels by physical and/or chemical crosslinking 

methods, as well as recent applications of cellulose-based hydrogels in the food-related sectors.  

2.3 SYNTHESIS OF CELLULOSE HYDROGELS 

The synthesis of cellulose-based hydrogels can be achieved by physical and chemical crosslinking 

methods. The hydrogels crosslinked by physical interactions are based on reversible non-covalent 

bonds such as hydrophobic interactions, hydrogen bonds, van der Waals forces, and chain 

entanglements [9,11]. On the other hand, the chemical crosslinking of hydrogel is based on the 

addition of crosslinkers such as esterifying agents and etherifying agents to form -COOR and R-

C-R moieties, respectively, leading to an irreversible network [12]. The preparation methods of 

recently reported cellulose hydrogels are summarized in Table 2.1. 

Table 2.1 Preparation methods and applications of recently reported cellulose hydrogels 

Materials Preparation 

methods 

Applications  Major Properties Refs 

CMC/gelatin  Glutaraldehyde 

as a crosslinker 

Food 

packaging 

Improved thermal stability and 

mechanical properties. High 

antibacterial and antioxidant 

properties. 

[13] 
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CMC 

 

Freeze-thaw 

induced 

crosslinking 

Food 

packaging  

Excellent stretchability, 

adhesion, self-healing, UV 

shielding, gas barrier properties, 

antioxidant, and antibacterial 

properties. 

[14] 

Alginate/CMC Free radical 

polymerization  

Nutrients 

delivery 

Increased drug diffusion 

resistance, delayed drug release, 

and good stability. 

[15] 

Starch/magnetite

/CNC 

Radical 

polymerization 

Wastewater 

purification 

 

Improved salt sensitivity and 

thermal and magnetic properties.  

[16] 

Cellulose/benton

ite  

 

Epichlorohydrin 

as a crosslinker 

Sustained 

agriculture 

Improved textural properties and 

water retention capacities. 

[17] 

CMC/polyacryla

mide  

Methylene 

bisacrylamide as 

a crosslinker 

Wastewater 

purification 

 

Superior adsorption capacity and 

catalytic activity. 

[18] 

CMC Citric acid as a 

crosslinker 

Nutrients 

delivery 

Maintained water absorption, 

delayed thermal degradation, 

enhanced thermal stability, and 

no phytotoxicity. 

[19] 

Cellulose 

 

Carbodiimide as 

a crosslinker 

Sustained 

agriculture 

Increased water retention 

capability of the soil. Sustained 

[20] 
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release of water to the plants for 

a longer time. 

Cellulose  

 

Glycine as a 

crosslinker 

 

Wastewater 

purification 

Enhanced swelling, mechanical 

strength, porosity, stability, 

thermodynamic durability, and 

reusability. 

[21] 

CMC/tamarind 

gum  

Citric acid as a 

crosslinker 

Functional 

foods 

High antioxidant property. [22] 

Methylcellulose  Citric acid as a 

crosslinker 

Functional 

foods 

Improved barrier properties. 

Less affinity for water. 

[23] 

2.3.1 Physical crosslinking of hydrogels 

Physical interactions such as hydrogen bonds and electrostatic interactions have drawn much 

attention in food industry due to their ability to induce crosslinking of hydrogels without the need 

for any catalysts or chemical crosslinkers. Appropriate selection of the hydrocolloid type, polymer 

concentration, and pH is essential, as it leads to the development of a wide variety of hydrogels.  

2.3.1.1 Freeze-thaw-induced crosslinking  

Freeze-thaw process comprises a series of cycles of freezing and thawing that result in the 

formation of microcrystals of frozen solvent and the crosslinked insoluble polymer chains, leading 

to a crosslinked hydrogel with elastic and porous characteristics. The processing parameters 

including thawing time, temperatures, freeze-thaw cycles, and the concentration of polymers 

determine the properties of the produced hydrogels [24]. The increased freezing time and the 

number of cycles were reported to enhance the formation of the crosslinked network and improve 
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the mechanical properties of the hydrogels. However, the optimal freezing time for the different 

cellulose hydrogels should be determined case by case to avoid excessive growth of ice crystals, 

which could lead to a reduction in mechanical strength [25]. 

Sekine et al. prepared CMC nanofiber (CMCF) hydrogels by freezing CMCF solutions at -20 ℃ 

for 12 hours and then thawing at -4 ℃ for 12 hours [26]. The resultant hydrogels had a rigid porous 

structure with a pore diameter of approximately 80 μm, water content of >94%, compressive 

strength of >80 MPa, and strain of about 80% after three cycles of compression tests. Besides, the 

faster freezing process led to a higher compressive strength but lower compressive recovery of the 

produced hydrogels, which was attributed to the different sizes of ice crystals. Liu et al. fabricated 

a hydrogel based on cellulose nanocrystals (CNC), xylan, and polyvinyl alcohol (PVA), which 

was frozen at -20 ℃ for 12 hours, thawed at room temperature for 1 hour, and repeated twice [27]. 

During the freeze-thaw process, an irreversible crosslinked structure was formed between the PVA 

molecules with the microcrystalline structure as the crosslinking point, and the increased 

concentration of PVA (20 wt%) formed the denser network structure of the hydrogels, resulting in 

the improved mechanical properties and reduced swelling ratio. The maximum compressive 

strength and strain of the nanocomposite hydrogel were 1.56 MPa and 771%, respectively, and its 

swelling rate was 3.41 g/g. Moreover, abundant uncrosslinked hydroxyl groups within the 

hydrogel formed reversible crosslinking through hydrogen bonding after the thawing process, 

which enabled the hydrogel to be self-healable with a self-healing efficiency of approximately 

25%. A highly stretchable hydrogel film with a thickness of 550-600 μm and a honeycomb internal 

structure was prepared by Zhao et al. using CMC, PVA, poly(ethylene imine), and tannic acid 

frozen at -20 ℃ for 12 hours and then thawed at room temperature [14]. The incorporation of 0.6% 
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of tannic acid led to a maximum tensile stress of 502.12 kPa and a strain of 397.65% of hydrogel 

film with about 100% UV-shielding ability.  

2.3.1.2 Electrostatic interactions induced crosslinking 

The gelation of polyelectrolyte solutions with oppositely charged multivalent ions is the main 

principle for the fabrication of crosslinked hydrogels based on electrostatic interactions [9]. 

Cellulose with highly reactive hydroxyl groups on the surface has gained great interest in the 

modification of cellulose into charged derivatives such as CMC and quaternized cellulose to form 

polyelectrolytes [28]. These polyelectrolyte complexes can be modified by various factors such as 

the quantity and ratio of the polymers used, charge density, and the net charge of the complex that 

influences its solubility and precipitation. Tuan Mohamood et al. produced a CMC-based hydrogel 

from biomass waste of oil palm empty fruit bunch using CaCl2 as the crosslinking agent and 

investigated the effect of CMC concentration, CaCl2 concentration, and reaction times on the 

properties of hydrogels [29]. The authors suggested 20% (w/v) of CMC as the optimal 

concentration to obtain the highest gel content of 28.11% with the lowest swelling ratio of 46.78 

g/g. However, CaCl2 with a concentration above 1% (w/v) caused decreased flexibility and 

aggregation of CMC chains. Li et al. synthesized a semi-interpenetrating hydrogel based on Krasch 

polysaccharide and CNC crosslinked by ferric ions [30]. The incorporation of CNC into the 

polysaccharides reinforced the rigidity of the network, leading to improved fracture strength of 

2449.40 Pa and decreased swelling ratio of 21.17 g/g. An antimicrobial CMC hydrogel crosslinked 

by divalent zinc ions and incorporated with zinc oxide nanoparticles was manufactured by 

Priyadarshi et al [31]. CMC served as a matrix of the hydrogel and was crosslinked with Zn2+. The 

pH of the reaction mixture was increased to 8.5, leading to the precipitation of zinc hydroxide and 

the formation of zinc oxide nanoparticles under heating process. The resultant CMC/zinc oxide 
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hydrogel had around 2,800% water absorption capacity and excellent antibacterial efficacy against 

L. monocytogenes and E. coli after 12 hours of exposure. 

2.3.2 Chemical crosslinking of hydrogels 

In the chemical crosslinking method, covalent bonds between polymer chains are induced to 

develop a permanent hydrogel, where there is an addition of small crosslinker compounds or by 

inducing enzyme-catalyzed reactions [32]. The most used crosslinking agents are citric acid, 

epichlorohydrin, and glutaraldehyde [33]. To enhance crosslinking efficiency, optimize the 

characteristics of crosslinked materials, assess the long-term performance and stability of 

materials, and investigate new applications, the following factors such as alterations in 

crosslinking conditions and mixed crosslinking agents could be considered to take the merit of 

positive features of each crosslinker. In general, hydrogels generated via chemical crosslinking 

have stronger mechanical characteristics, greater stability, and longer durability, in comparison 

with the physically crosslinked hydrogels. However, it is also important to consider their 

biodegradability and behavior in the environment after they are discarded [34]. 

2.3.2.1 Citric acid mediated crosslinking 

Citric acid (CA) is a polycarboxylic acid with three hydroxyl groups extracted from citrus fruits. 

It has advantages such as inexpensiveness, nontoxicity, hydrophilicity, and the ability to form 

strong hydrogen bonds to enhance thermal and water stability [35]. CA can stabilize cellulose 

hydrogels by forming covalent intermolecular di-ester bonds with the hydroxyl groups of cellulose. 

With all these attractive features, CA has been established as a cross-linking agent in the formation 

of cellulose hydrogels that have been designated as safe to use by the Food and Drug 

Administration. CA has been widely employed in food industry as a food additive and has 
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anticoagulant and antiviral properties [36]. Nguyen et al. fabricated a gellan 

gum/cellulose/polyethylene glycol (PEG) hydrogel crosslinked with CA and investigated the 

effect of component concentration on the properties of hydrogels [37]. It was mentioned that the 

crosslinking of the polymer matrix did not significantly contribute to the final mechanical integrity 

of the hydrogels due to the acid-catalyzed depolymerization. However, the addition of PEG 

increased the number of hydroxyl groups and enhanced the bonding with CA groups, thus, 

improving the ex-situ crosslinking and mechanical properties of the materials. Moreover, the 

highest swelling ratio (around 750%) of hydrogel was found at 5% CA compared to 10% and 15% 

CA, which was attributed to excess crosslinking at high concentrations. Similar results were found 

in the hydrogel constructed from CMC and poly(ethylene oxide), where 10% CA was found to be 

the optimal concentration to obtain the highest swelling ratio (25%) of the hydrogel [38]. In 

addition, the curing temperature and time are adjusted to 70 ℃ and 150 minutes, respectively, to 

prevent the destruction of the hydrogel and to obtain the highest swelling rate. Lungu et al. 

compared the nanocellulose-based hydrogel crosslinked by CA and Ca2+ [39]. The hydrogel 

stabilized by CA had a highly porous structure and Ca2+-crosslinked hydrogel showed internal 

laminar structuring, separated by generous interlayer spaces. Besides, CA-crosslinked hydrogel 

had better gel fraction, swelling ratio, and elasticity compared to Ca2+-crosslinked one. 

2.3.2.2 Epichlorohydrin (ECH) mediated crosslinking 

The reaction between cellulose and epichlorohydrin (ECH) is generally catalyzed by a base, and 

the mechanism is governed by both physical and chemical interactions, where both ether bond 

formation and chain entanglement occur simultaneously [40]. ECH regulates the degree of 

swelling of hydrogels while modulating other mechanical qualities like compressive strength. It is 

generally known that viscosity increases with the increase in resistance to the motion of molecules, 
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showing a relationship between viscosity and the quantity of cross-linking in the network [9]. The 

double crosslinking technique has been proven to be successful in mitigating the negative effects. 

Han et al. prepared a CMC/polyacrylamide hydrogel, and the addition of ECH decreased the 

density of the hydrogels from 0.25 ± 0.02 cm3/g to 0.14 ± 0.01 cm3/g, leading to denser and 

smoother surface texture, and the compression force was enhanced from 23 kPa to 70 kPa [41]. 

Chen et al. constructed a cellulose-based hydrogel by dissolving cellulose and sodium alginate in 

NaOH/urea solution, followed by cross-linking with ECH in the presence of attapulgite at 50 ℃ 

for 4 hours [42]. The nanocomposite hydrogel had the porous structure and rough inner surface 

morphology. Besides, the swelling degree of nanocomposite hydrogel increased from 36.9 times 

to 42.8 times with the increase of sodium alginate, and the incorporation of attapulgite enhanced 

the dye adsorption capacity in comparison with the hydrogels without attapulgite to 24.3 mg/g. 

Nguyen et al. proposed a facial method to synthesize the cellulose hydrogels based on direct 

dissolution of cellulose in tetrabutylphosphonium hydroxide followed by ECH crosslinking [43]. 

Increasing cellulose concentrations and ECH ratio resulted in shorter gelation time and stronger 

and stiffer hydrogels, which were due to the higher chemical crosslinking density. The highest 

compressive stress (44.02 kPa) was found in the hydrogel with 10% cellulose and 3% ECH. 

2.3.2.3 Glutaraldehyde-mediated crosslinking 

Glutaraldehyde has been used as a crosslinking agent as it is inexpensive, easy to process, less 

toxic, and highly soluble and reactive [9], and can react with the hydroxyl groups of cellulose [44]. 

The efficacy of glutaraldehyde crosslinking is influenced by reaction temperature and crosslinker 

concentration. For instance, Rana et al. revealed the effect of glutaraldehyde concentration on the 

properties of cellulose acetate/acrylic acid hydrogel [45]. It was showed that 30 × 10−2 mol/L of 

glutaraldehyde was optimal to obtain the highest grafting percentage (141.5%) of hydrogel, and 
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increased crosslinker content contributed to a decrease in grafting rate, as the high concentration 

of crosslinker provided toughness and stiffness to the polymer structure. Wahid et al. developed a 

bacterial cellulose/chitosan-based semi-interpenetrating hydrogels by crosslinking with 

glutaraldehyde [46]. Both pure bacterial cellulose and chitosan hydrogels had weak mechanical 

properties, but the composite hydrogels with connections between the cellulose and chitosan 

networks showed better stability. By lowering the ratio of cellulose to chitosan, the structure of 

hydrogel became denser, and the storage modulus increased to about 3,850 Pa. The increased 

cellulose concentration limited the miscibility of the polymer in the chitosan network. However, a 

common problem with using glutaraldehyde as a crosslinker is its potential toxicity. The removal 

of possible residues after the reaction must be carefully considered. To address this issue, various 

strategies have been developed to minimize the cytotoxicity such as decreasing the concentration 

that led to the reduced efficiency of crosslinking and adding molecules that have the capacity to 

bind with the excessive unreacted glutaraldehyde molecules.  

2.4 APPLICATIONS OF CELLULOSE HYDROGELS IN FOOD INDUSTRY, 

WASTEWATER TREATMENT AND PURIFICATION, AND SUSTAINABLE 

AGRICULTURE 

The applications of hydrogels are widespread in the food, biomedical, cosmetic, and 

pharmaceutical industries. Due to its unparalleled properties such as unique surface characteristics, 

high mechanical strength, adjustable hydrophilicity, and ease of production, researchers are 

currently developing cellulose hydrogels for various food related applications such as food 

packaging, emulsion stabilizers, functional foods, and sustainable agriculture, as shown in Figure 

2.1. 
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Figure 2.1 Applications of cellulose hydrogels in food-related industries. 

2.4.1 Food packaging 

The use of nonbiodegradable polymers causes environmental problems such as the accumulation 

of plastic and persistent organic pollutants that release harmful chemicals into the environment. 

Food packaging using cellulose hydrogels is an innovative solution to the increasingly serious 

issue of abundant use and misuse of petroleum-based polymeric materials. In addition, they have 

been used as hydrogel matrices to incorporate functional fillers to fabricate smart or antimicrobial 

food packaging and prevent the contamination of food products. For instance, Sutthasupa et al. 

developed a pH-sensitive colorimetric indicator using the alginate-methylcellulose hydrogel with 

Ca2+ as the crosslinking agent for monitoring the freshness of minced pork [47]. The swelling 

index of the hydrogel was directly proportional to the percentage of methylcellulose. During the 
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spoilage of meat, the color of the indicator changed from orange to yellow, and there was a positive 

correlation between the color change and total volatile basic nitrogen produced. Bandyopadhyay 

et al. constructed bacterial cellulose and guar gum-based polyvinyl pyrrolidone–CMC hydrogel 

film as an alternative food packaging material for improving the shelf life of packed fruits [48]. 

Guar gum was incorporated into hydrogel film to increase its mechanical properties. A bagasse 

cellulose nanofibrils hydrogel-based CO2-sensitive colorimetric indicator was developed for 

monitoring fruit spoilage [49]. The carboxylate groups of these 2,2,6,6-tetramethylpiperidine-1-

oxyl radical oxidized cellulose nanofibers (TOCNFs) offered high binding affinity to Zn+ and for 

the colorimetric indication. Bromothymol blue (0.04 wt%) and methyl red (0.04 wt%) were used 

as dyes, and the strength of the hydrogel depended on the concentration of TOCNFs. A simple 

eco-friendly colorimetric freshness indicator was developed for monitoring the freshness of pork 

samples, which is based on TOCNFs hydrogels with Al3+ as crosslinker and anthocyanins for the 

detection of NH3 gas [50]. This hydrogel detected the freshness of pork from medium to high 

warning based on the pH levels of sample both qualitatively and quantitatively and featured the 

development of a 2nd generation low carbon footprint indicator that could distinguish between 

various ammonia types. Rao et al. proposed a simple strategy to design multifunctional bilayer 

bioactive hydrogel membranes by combining CMC complexes containing active microspheres 

onto a carboxymethyl chitosan gel matrix to enable mechanical stability, good gas barrier 

properties, good antioxidant and antimicrobial properties, sustained release of active ingredients, 

and pH responsiveness to epigallocatechin gallate [51]. This multifunctional gel film provided a 

novel insight into eco-friendly food packaging with the option to alter the functional 

characteristics. The antimicrobial cellulose hydrogel was mainly based on the incorporation of 

metallic nanoparticles. For instance, a CMC/gelatin/ZnO nanocomposite hydrogel film was used 
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to reduce photooxidation, authenticate food safety, and increase the shelf life of packaged goods 

[13]. Firstly, ZnO nanoparticles were incorporated into the CMC and gelatin film-forming solution 

by solution casting followed by sonication. The 2.5% ZnO-incorporated composite showed the 

best thermal stability, mechanical properties, and strong antibacterial activity against foodborne 

pathogenic bacteria, E. coli, and L. monocytogenes. Gu et al. produced a composite of 

hyperbranched polyamide-amine/silver nanoparticles and then grafted onto oxidized cellulose to 

form an antimicrobial cellulose hydrogel film [52]. As shown in Figure 2(a), the incorporation of 

Ag nanoparticles significantly inhibited the growth of E. coli and S. aureus, prolonging the shelf 

life of wrapped cherry tomatoes for 9 days. 

 

Figure 2.2 Applications of cellulose-based hydrogels for (a) microbial inhibition, [52] (b) 

stabilization of Pickering emulsions, [53] (c) fat substitution, [54] (d) dye adsorption, [55] and (e) 

controlled release of fertilizers. [56] 
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2.4.2 Food additive 

The incorporation of food additives promotes nutrient balance, extends the shelf life of food 

products, and ensures consumer safety. Cellulose hydrogels can be used as emulsifiers, stabilizers, 

gelling agents, and thickeners. In the research performed by Shahbazi et al., the possibility of 

developing functional food with personalized preference by 3D printing the food hydrogels with 

bioactive compounds using multifunctional biopolymeric ink has been explored [57]. The 

improvement of emulsion stability and bioactivity was investigated using the Pickering emulsion 

hydrogel, which is composed of microcrystalline cellulose conjugated with 3 different types of 

polyphenols such as gallic acid, tannic acid, and cyanidin-3-O-glucoside by the free-radical 

grafting method. The developed emulsion gels displayed great mechanical strength, superior 3D-

printing ability, improved structural stability and lubrication, superlative thixotropic properties, 

enhanced matrix chewability, and antioxidant properties. Among the 3 polyphenols, cyanidin-3-

O-glucoside was determined to potentially enhance the emulsion stability against coalescence and 

decrease the droplet size of the emulsion gel. A 3D-printed meat mimic with more desirable 

sensory properties was fabricated based on soy-based emulsions with surface-active 

microcrystalline cellulose conjugated with gallic acid and lauric arginine, which improved the 

interfacial stability through intra- and intermolecular hydrogen bonding and hydrophobic 

interactions [58]. This micro-biosurfactant-emulsion gel produced a multifunctional ink that 

offered good geometrical characteristics and shape fidelity, viscoelastic behavior, and enhanced 

juiciness of the meat analogue and fibrousness with improved antimicrobial and antioxidant 

effects, offering a potential food-grade 3D printed meat analogue. A thermo-gellable 

polysaccharide curdlan and regenerated cellulose-based emulsion gel was fabricated by Jiang et al 

[59]. The formulated hydrogel showed enhanced storage modulus and loss modulus, shear thinning 
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behavior, and decreased creep compliance under micro-stress. High internal phase Pickering 

emulsions stabilized with various concentrations of CNC were a possible solution to improve the 

compatibility of different materials for printing fidelity, structure, and resolution strength [60]. It 

was also worth noting that this hydrogel displayed good rheological properties, high solid 

viscoelasticity, and processability. The 3D object produced from the hydrogel with 0.5 wt% CNC 

and 50 mM sodium chloride had the best resolution and shape, which was food-grade and had the 

potential application in edible-emulsion manufacturing sectors. The polyacrylamide organic 

hydrogels were subjected to Pickering emulsion template polymerization and the resultant porous 

hydrogels were coated with a combination of Pickering emulsifier (e.g., bromoacetic acid), 

modified amphoteric hydroxyethyl cellulose grafted with 1-bromododecane, and graphene oxide 

to develop functionalized pH-sensitive porous hydrogels [61]. The optimal ratio of this hybrid was 

determined to be 1:1, producing stable emulsion in both the acidic and alkaline environment with 

decreased negative effects of the electrolyte.  

2.4.3 Functional Foods 

Functional foods comprise a variety of healthy compounds such as unsaturated fatty acids, 

probiotics, and bioactive compounds. Cellulose hydrogel can be used in functional foods to 

transport and deliver nutrients and bioactive substances to alleviate various diseases. Sultana et al. 

demonstrated that the calcium alginate-CMC beads had significant effects in preserving and 

delivering tocotrienol-enriched flaxseed oil [62]. Tocotrienol is a beneficial bioactive compound 

derived from vitamin E, a potent antioxidant and antitumor compound with neuroprotective 

properties. Flaxseed oil beads added with tocotrienol were chosen for their excellent stability, 

narrow particle size distribution, and tiny droplet mean diameter. The composite hydrogel 

prevented oxidation of tocotrienol-rich flaxseed oil during storage at 4 and 65 ℃, improving the 
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oxidative stability of the enriched oil. In addition, the loaded beads had better texture, smoother 

morphology, enhanced thermal stability, and improved gastric tolerance, in comparison with the 

unloaded oil. Another research disclosed the release of curcumin from a sustainable 

nanocomposite hydrogel produced from sugarcane bagasse and incorporated with zinc oxide 

nanoparticles [63]. The incorporation of ZnO enhanced the mechanical and swelling properties 

and the drug loading and controlled release of curcumin. The cytotoxicity studies revealed that the 

fabricated hydrogel exhibited anti-cancerous properties and antimicrobial activity against 

Staphylococcus aureus and Trichophyton Rubrum. The cellulose extracted from okara exhibited 

great biodegradability, tensile strength, and zero cytotoxicity [64]. It was stated that the 

fermentation process enhanced the nutrient content of the okara drastically, and this cellulose 

hydrogel could also be employed in nutrient delivery. In another study, pineapple pulp cellulose 

hydrogel was studied for its potential in the controlled delivery of probiotics [65]. The hydrogel 

was developed by using acrylic acid as the crosslinker in combination with the pineapple pulp 

cellulose. The fabricated cellulose hydrogel displayed pH-sensitivity and sustained release 

behavior when incorporated with the probiotics in simulated gastric fluid and simulated intestinal 

fluid with release rates of 25.05% and 87.02%, respectively. Yan et al. revealed the controlled 

release of short-chain fatty acids by using celery cellulose hydrogels as the delivery vector [66]. 

The hydrogel loaded with short-chain fatty acids achieved a maximum loading capacity of around 

80%, and the controlled release was easily triggered by using the ultrasound. Thus, the developed 

hydrogel with high biocompatibility could be used as a promising oral delivery system for 

functional molecules with the capacity to tune the dosage levels. Guo et al. synthesized a bacterial 

cellulose/soy protein isolate hydrogel as a fat substitute in ice cream [54]. As shown in Figure 2(c), 

the incorporation of a low dose of bacterial cellulose (1:20) into soy protein isolate contributed to 
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the hydrogel with improved thermal stability, textural, rheological, and emulsifying properties. 

The resultant ice cream had low calories, melting resistance, and good textural properties. 

2.4.4 Water treatment and purification 

The treatment of industrial wastewater is particularly important due to the shortage of water 

resources and the increasing expansion of industrial units. Cellulose hydrogels have been reported 

to adsorb both cationic and anionic dyes from wastewater, leading to an efficient and convenient 

water treatment process. For instance, Wang et al. fabricated a porous CMC/chitosan hydrogel 

crosslinked by ECH as shown in Figure 2(d) [55]. The swelling ratio of hydrogel under different 

pH levels was modulated by different compositions. The swelling of hydrogels under acidic 

condition was largely affected by chitosan content, due to the higher affinity of -NH3
+ to water 

molecules. However, the swelling under neutral and alkaline conditions was regulated by the CMC 

content, which was attributed to an increase in the ionized -COO- content and an increase in the 

repulsive forces between the molecular chains. Besides, the hydrogel showed the adsorption 

capacity of 120 mg/g and 95% desorption for methylene blue and the adsorption capacity of 100 

mg/g and 90% desorption for acid orange II after five cycles. A similar CMC/chitosan-based 

hydrogel crosslinked by graphene oxide was reported by Mittal et al., which could adsorb 99% 

methylene blue at pH 7 and 82% methyl orange at pH 3, corresponding to maximum adsorption 

capacities of 655.98 and 404.52 mg/g, respectively [67]. Kamel et al. constructed a CMC-grafted 

acrylamide hydrogel embedded with modified magnetite nanoparticles and porous carbon, which 

showed maximum adsorption capacity of 294.1 and 222.2 mg/g lead ions and methylene blue, 

respectively [68]. Dai et al. emphasized the effect of temperature on the adsorption capacity of 

CMC/PVA hydrogel for the treatment of methylene blue-contained wastewater [69]. The optimum 

adsorption temperature was 40 ℃ for the capacity of 157.50 mg/g, while the higher temperature 
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caused higher mobility of the dye molecules, leading to a decrease in the adsorption effect. Malatji 

et al. fabricated a reusable magnetic hydrogel nanocomposite composed of CMC, polyacrylic acid, 

and clay, which could adsorb about 98% methylene blue after four cycles of adsorption-desorption 

[70]. Huang et al. proposed an ECH crosslinked hydroxyethyl cellulose/PVA hydrogel for dye 

removal [71]. The obtained hydrogels possessed a swelling rate of up to 1,220 g/g and could adsorb 

large amounts of the positively charged dyes (rhodamine 6G, crystal violet, and methylene blue) 

at 153, 184, and 196 mg/g, respectively. Ao et al. fabricated a citric acid crosslinked hydrogel 

membrane by dip-coating filter paper in a cellulose solution, which could adsorb 73% methylene 

blue at 100 ppm and 95% oil/water separation efficiency after three cycles [72]. 

2.4.5 Sustainable agriculture 

Sustainable agriculture relies on the effective management of fertilizers and plays an important 

role in reducing environmental threats. Cellulose hydrogels can be used in sustainable agriculture 

to control the release of nutrients from fertilizers into the soil environment to combat nutrient 

leaching, enable efficient utilization of water resources, and address the growing global demand 

for food without the concern of environmental pollution caused by non-biodegradable materials. 

Rizwan et al. synthesized a composite hydrogel based on Acer platanoides cellulose using 

methylene bisacrylamide as a crosslinker [73]. Urea and calcium superphosphate as two nutrients 

were sprayed with an epoxy solution in acetone, followed by two coating processes of hydrogel to 

form a composite. The resultant hydrogel showed a swelling ratio of 88.8% in de-ionized water 

and a controlled release behavior described by the Korsmeyer-Peppas model, leading to 80% 

release of the nitrogen content and 72% of the phosphorus within 60 days. Akalin and Pulat 

compared CMC hydrogel crosslinked by iron (III) chloride hexahydrate and carrageenan hydrogel 

crosslinked by glutaraldehyde. CMC hydrogel had better water retention capacity and could 
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increase the water content in the soil from 13% to 76% on the 10th day [74]. Besides, the longer 

release time (30 hours) of loaded zinc-nanoparticles was also found in CMC hydrogel, which 

significantly stimulated the growth of wheatgrass. A biodegradable hydrogel from acid whey and 

CMC crosslinked by citric acid was produced by Čechmánková et al [75]. The incorporation of 

hydrogel increased the water holding capacity by up to 15% without adverse side effects on soil 

properties. Furthermore, the availability of phosphorus and potassium levels was increased to 50 

and 84%, which was beneficial for crop growth. Shaghaleh et al. fabricated a pH-responsive and 

sustained released nitrogen fertilizer hydrogel based on aminated cellulose nanofiber and cationic 

copolymer [76]. Ionic interactions and hydrogen bonding reduced the pore size of the network 

structure and improved sustained-release properties. The produced hydrogel showed the lowest 

release rate in the neutral media while the highest release rate in the acidic condition, which was 

related to the swelling of hydrogel. Sustained releases of ammonium nitrate from hydrogel at pH 

5.5 and 7.4 were 2.69 mg/day and 0.55 mg/day, respectively, leading to a positive impact on rice 

growth. A slow-release fertilizer hydrogel based on hydroxyl propyl methyl cellulose, PVA, 

glycerol, and blended paper was reported by Kareem et al [77]. The swelling ratio of hydrogel was 

15.2 g/g in tap water, which delayed the release of urea in soil from 97% to 87.01% within 4 days. 

Besides, the diffusion process could be described by the first-order kinetic model, which was 

regulated by the concentration of urea and the diffusion pathway of the hydrogel structure.  

2.5 CONCLUSIONS AND OUTLOOK 

The development of cellulose-based hydrogels for food-related applications has become prominent 

due to many desirable properties of cellulose such as biodegradability, eco-friendliness, and 

availability. The network structure and physicochemical properties of cellulose hydrogels can be 

easily manipulated. Cellulose-based hydrogels have been applied in various areas, such as 
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intelligent and antibacterial food packaging, emulsion stabilizers, functional foods, wastewater 

treatment, sustained agriculture, etc. However, future research on cellulose-based hydrogels may 

be required in the following areas: 

1. The application of chemical crosslinkers can lead to the denser network and stable structure 

of cellulose hydrogels. However, the amount of crosslinker residue and their impact on the 

biodegradation of cellulose hydrogels should be evaluated. 

2. The feasibility of cellulose-based hydrogels in food-related applications should be 

evaluated. Processes for mass production should be available and the cross-linking of the 

hydrogels should be economically practical. The selection of cost-effective materials to 

produce hydrogel and a simplified production process will help to reduce the cost of 

cellulose-based hydrogels. 
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CONNECTING STATEMENT I 

Chapter 2 focused on the recent advancements of cellulose-based hydrogels for food-related 

applications. This review provides an overview of the preparation methods involved in the 

fabrication of cellulose-based hydrogels and their diverse applications in food industries, 

wastewater treatment, and agricultural sectors. Chapter 3 involved developing cotton fabric 

derived-cellulose hydrogel coolants with a special core-shell structure formed by the dip-coating 

technique. This study investigated the structural, mechanical, water retention, and thermal 

properties of the cellulose-based hydrogels and comparative analysis of their cooling and thawing 

patterns with the conventional ice cubes.   
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CHAPTER 3. SUSTAINABLE AND ROBUST CELLULOSE-BASED CORE-SHELL 

HYDROGELS RECYCLED FROM WASTE COTTON FABRICS AS HIGH-

PERFORMANCE FOOD COOLANTS  

3.1 ABSTRACT 

Ideal temperature condition is one of the essential determinants that critically impact the quality 

of food products. Conventional methods of employing water-based ice cubes present challenges 

from meltwater being breeding grounds for microorganisms and heightening the risk for cross-

contamination. Hereby, the presented cellulose-based hydrogels crosslinked by epichlorohydrin 

are dip-coated with alginate/calcium chloride to form a core-shell structure for achieving the 

critical benchmarks of an ideal food coolant with limited meltwater production, high-water 

retention capacity, and high mechanical strength. The structures and properties of the hydrogels 

before and after freeze-thaw cycles are characterized by scanning electron microscopy, 

compressive test, water retention test, and differential scanning calorimetry. All formulated 

hydrogels demonstrate promising compressive strength, latent heat of fusion, and water retention 

properties. Notably, the C2A10Cl hydrogel exhibits a maximum compressive strength of 144.7 

kPa and high latent heat of fusion of 272.5 J/g, which are better than previously reported 

sustainable hydrogel coolants. Furthermore, comparison studies reveal that the cellulose-based 

hydrogels demonstrate a similar thawing pattern to conventional ice cubes but without the 

generation of any meltwater. The temperature of blueberries can be cooled down from 22 °C to 

3.9 °C in 32 minutes by the hydrogels and in 26 minutes by ice cubes, respectively. 

Keywords: cellulose hydrogel, food coolant, waste textile, sustainable, core-shell structure 
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3.2 INTRODUCTION 

Temperature is one of the most critical factors that influences the quality and safety of food 

products. Optimal temperature range plays an inevitable role in slowing down moisture loss and 

metabolic activities, thereby improving food sustainability and security. [1] Any fluctuations in the 

temperature led to microbial cross-contamination deteriorate the shelf life of food products, 

resulting in the global challenges of food wastage and economic loss. Every year, nearly one-third 

of the produced food ends up as waste. [2] In developing countries, it has been estimated that food 

wastage during the post-harvest process is about 40%, which is due to technological constraints 

and deficient storage and handling practices. [3] The microbial spoilage of food products and their 

consumption have resulted in about 600 million foodborne illness cases and 420,000 deaths 

annually. [4] To address microbial spoilage-related issues and extend shelf life, water-based cooling 

systems are widely used in the food industry because of their low cost and high heat-absorption 

capacity at the phase-transition temperature (near 0 °C). However, the pressing issue of meltwater 

that can be generated from traditional ice cubes may cause secondary contaminations. Other 

efficient cooling methods such as refrigerated trucks and containers, insulation boxes, etc., still 

have cost- and/or energy-related drawbacks. [5,6] Consequently, it can be inferred that there is an 

evident gap in the development of sustainable and reliable food coolants. 

Hydrogels are fabricated by the crosslinking of polymer molecular chains, which endows them 

with the ability to absorb and withhold a large amount of water within their porous polymeric 

networks. [7] Physical interactions such as hydrogen bonds, [8] electrostatic interactions, [9] and 

hydrophobic interactions, [10] and chemical crosslinking enabled by forming covalent bonds 

between the functional groups of the polymers are the most commonly used strategies. [11-16] 

Hydrogels have many applications in the food and pharmaceutical industries, specifically in food 
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packaging, hydrogel-based sensors indicating food spoilage, and encapsulation of bioactive 

compounds for sustained release systems. [17, 18] Cellulose is a biopolymer with linearly arranged 

glucose units linked by the β-1,4-glycosidic bonds. [19] It is of great research value attributing to 

its abundance in nature and numerous hydroxyl groups, and it can be utilized for the fabrication of 

hydrogels with fascinating characteristics such as great mechanical strength, adjustable swelling 

ability, and possible responsiveness to time, pH, and temperature. [20] Cellulose-based hydrogels 

are also a promising biomaterial that can contribute to sustainable development. [21] 

Cotton is one of the main natural sources of raw materials, and cotton fibers are composed of about 

95% cellulose. [22] Nearly 25 million tons of cotton fabrics are produced annually with increasingly 

higher levels of waste being generated on a global scale. [23] About 95% of post-consumer cotton 

products are either incinerated or dumped into landfills, leading to the production and release of 

greenhouse gases. [24] In our previous works, cellulose films and hydrogels have been fabricated 

from waste cotton fabrics by dissolution and regeneration in ‘green’ aqueous solvent systems. [25, 

26] It was worth noting that, Zou et al. and Zheng et al. recently highlighted the potential of 

hydrogels made by gelatin and corn starch as a promising choice for the development of an ideal 

food coolant. [27-29] Based on our current understanding, there has been no prior exploration to 

develop hydrogel-based food coolants from post-consumer waste materials. Herein, waste cotton 

textiles were used as the raw materials for constructing the cellulose-based coolants with the focus 

on strategizing the potential recycling of waste cotton fabrics into sustainable products. 

 It has been previously stated that an ideal coolant system is anticipated to exhibit good mechanical 

strength to bear the load of food products during transportation, heat absorbing capacity and 

cooling efficiency through multiple freeze-thaw cycles, water retention with minimal meltwater 

production, and stability after several freeze-thaw cycles. [27-29] Hence, we hypothesize that the 
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chemically crosslinked cellulose-based hydrogels coated with alginate can act as a strong core-

shell matrix for water retention, so as to fulfill the critical characteristics of the envisioned 

hydrogel-ice cubes. The obtained cellulose-based hydrogels were tested before and after 5 freeze-

thaw cycles to investigate the morphology, compressive strength, water retention, and latent heat 

of fusion. The optimized sample was compared with conventional ice cubes to evaluate the 

thawing behavior and cooling efficiency. 

3.3 RESULTS AND DISCUSSION 

3.3.1 Cellulose-based hydrogel morphology 

The surface and cross-sectional area of cellulose-based hydrogels were observed by SEM. As 

shown in Figure 1, all the samples had a thin coating layer (marked by the doted lines) and similar 

porous structures. The large holes in the structure were beneficial to the storage of water, and no 

obvious changes were observed after 5 cycles of freeze-thaw treatment, suggesting the good 

stability of chemically crosslinked hydrogel networks. [30] It was worth noting that the addition of 

20% alginate in the hydrogel forming solutions did not alter the porous structure. The surface 

morphology of cellulose-based hydrogels is shown in Figure 2. The shell layers were very 

compact due to the chelation between alginate and CaCl2. 
[31] Neither the freeze-thaw treatment 

nor the concentration of CaCl2 in the dip-coating solution affected the intactness and thickness of 

the shell layers. This thin layer was expected to provide mechanical support; at the same time, it 

did not affect the overall water content of cellulose-based hydrogels too much. [32] 
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Figure 3.1 SEM images of cross-sections of cellulose-based hydrogels before (upper) and after 

(below) five cycles of freeze-thaw treatment. *The dotted lines indicate the shell layers. Scale bar: 

1 mm. 

 

Figure 3.2 SEM images of surface morphology of cellulose-based hydrogels before (upper) and 

after (below) five cycles of freeze-thaw treatment. Scale bar: 1 mm. 
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3.3.2 Cellulose-based hydrogel properties 

3.3.2.1 Mechanical Properties 

The effects of hydrogel matrix composition, Ca2+ ion concentration in coating solution, and freeze-

thaw cycles on the compressive strength of cellulose-based hydrogels were investigated. As shown 

in Figure 3, the presence of alginate in the matrices resulted in relatively weaker hydrogels. The 

compressive strength of C2A5Cl was 93.1±7.3 kPa, which reduced to 83.0±2.7 kPa for CA2A5Cl, 

and C2A10Cl and CA2A10Cl followed the same trend. It was because cellulose acted as the 

structural framework, effectuating the formation of hydrogels, and the decrease in the compressive 

strength could be due to the weakening of cellulose networks upon the inclusion of alginate, as 

demonstrated in a previous study. [33] On the other hand, the increase in Ca2+ ion concentration 

from 5% to 10% generated stronger hydrogels. [34] The C2A10Cl hydrogel exhibited the highest 

compressive strength of 144.7±5.5 kPa. This increase in the compressive strength of C2A10Cl, in 

comparison to C2A5Cl, could be attributed to the higher intensified cross-linking effect with more 

Ca2+ ions that supported the polymeric networks. [35] 

It was worth noting that a drastic drop in the compressive strength of all the hydrogels occurred 

after the first freeze-thaw cycle. The hydrogels possessed a compressive strength between 24.0 

±2.0 to 43.3 ± 2.0 kPa, and C2A5Cl, C2A10Cl, and CA2A5Cl even broke before withstanding 

60% strain. Similar phenomena have been reported by previous literature, [27, 28, 32, 36] and it could 

be explained by the development of various large/medium-sized ice grains that disturbed the 

polymer networks. [37-39] The compressive strength of cellulose-based hydrogels was partially 

restored after more freeze-thaw cycles. The C2A10Cl hydrogel possessed a compressive strength 

of 87.1±1.7 kPa after 5 freeze-thaw cycles and displayed a good shape recovery to its original 
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height after the compression. This could be due to the physical crosslinking phenomenon that 

increased the density and stiffness of the hydrogels. [40] During the freezing step, the rearrangement 

of polymer chains enhanced the physical crosslinking by increasing the number of hydrogen bonds 

and higher establishments of ionic bonds between Ca2+ ions and negatively charged polymers. [41] 

Once the thawing process was completed, the newly formed interactions remained and integrated 

with the pre-existing networks, giving additional elasticity and stability to the hydrogels as the 

number of freeze-thaw cycles increased. [42,43] 

Compared to other previously reported hydrogel coolants, the mechanical performance of the 

cellulose-based hydrogels was remarkable. For instance, the compressive strength of gelatin 

hydrogels showed a significant drop from 67.9 kPa to 11.03 kPa after one freeze-thaw cycle and 

remained between 10-16 kPa after 5 freeze-thaw cycles. [28] A drastic drop of the compressive 

strength from 143.3 kPa to 12.7 kPa was observed in the gelatin/menadione sodium bisulfite 

hydrogels, which remained low in the consecutive cycles. [32] Similarly, the gelatin/menadione 

sodium bisulfite hydrogels and photo-crosslinked ones showed compressive strengths of 41.3 kPa 

and 91.93 kPa before freeze-thaw treatments and reduced to 29.3 kPa and 69.9 kPa after 5 freeze-

thaw cycles respectively. [44] In conclusion, the robust performance of the core-shell structured 

cellulose-based hydrogels during consecutive freeze-thaw cycles emphasizes their reusability in 

coolant applications. 
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Figure 3.3 Compressive stress-strain curves of cellulose-based hydrogels before and after freeze-

thaw cycles: (A) C2A5Cl, (B) C2A10Cl, (C) CA2A5Cl, and (D) CA2A10Cl. 

3.3.2.1 Water retention capacity on rehydration 

The water retention capacity of cellulose-based hydrogels after freeze-thaw cycles was analyzed. 

All the presented hydrogels were hydrophilic in nature and possessed the innate ability to rehydrate 

in water for reuse. As shown in Figure 4, with the increase in the number of freeze-thaw cycles, 

the water uptake in all the hydrogels gradually reduced, which might be attributed to the formation 

of denser matrices with more physical crosslinks. As expected, the addition of alginate in the 

hydrogel networks enhanced the water retention capacity. The CA2A10Cl hydrogel possessed the 

highest water-uptake of 97.4% after 1 freeze-thaw cycle and remained to be of 88.8% after 5 
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freeze-thaw cycles. Similarly, CA2A5Cl also had a higher water content of 80.1% compared to 

those of C2A5Cl (68.9%) and C2A10Cl (72.2%) hydrogels. This was due to the presence of the -

COO- groups of alginate that enhanced the ability of the hydrogels to absorb and retain more water. 

[45, 46] In comparison with other hydrogel coolants, the cellulose-based hydrogels demonstrated 

comparable water retention capacity. The previously reported gelatin-based hydrogel displayed a 

decrease in the average total water content from 89.38% to 84.46% after 5 freeze-thaw cycles. [27] 

In another study, the water contents of both gelatin and gelatin/menadione sodium bisulfite 

hydrogels ranged between 84.9-88.6% before freeze-thaw treatments and retained 82.3- 86.5% 

after 10 freeze-thaw cycles. [44]  

Figure 3.4 Water retention capacity on rehydration of cellulose-based hydrogels after freeze-thaw 

cycles. *Different letters on the top of columns represented the significant difference after freeze-

thaw treatment (p < 0.05). 
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3.3.2.3. Latent heat of fusion 

The heat-absorbing capacity of cellulose-based hydrogels before and after freeze-thaw treatment 

was studied. The characteristic peaks at about 0 °C mark the phase transition from ice to water, 

which is an important aspect for understanding the behavior of the hydrogels as a coolant in 

maintaining food at optimal temperature. The freezable water content is correlated with the 

endothermic region at around 0 °C, [47] and it has been reported that the conventional ice cubes had 

a latent heat of fusion of 334.5 J/g at 0 °C. [48] As shown in Figure 5, all the formulated hydrogels 

demonstrated the similar phase transition profiles. The C2A5Cl hydrogel, possessed the transition 

temperature of -0.47 °C and the latent heat of fusion of 305.9 J/g, while C2A10Cl, CA2A5Cl, and 

CA2A10Cl hydrogels had the lower transition temperatures and latent heat values. It might be due 

to the disrupted hydrogen bonding by the presence of polymer matrix, which could reduce the 

energy required for phase transition from solid to liquid state. [49, 50] In addition, higher crosslinking 

degree of hydrogels could contribute to the reduced latent heat of fusion, [51, 52] so the increase in 

Ca2+ ion concentration in the coating solution led to the reduced latent heat values. After 5 freeze-

thaw cycles, the C2A5Cl, C2A10Cl, CA2A5Cl, and CA2A10Cl hydrogels showed a slight 

decrease in the latent heat of fusion by 10.7%, 12.3%, 7.0%, and 6.6%, respectively. This could 

be due to the loss of freezable water content within the hydrogels as it was revealed in the water 

retention test. The cellulose-based hydrogels demonstrated higher latent heat of fusion values than 

the other reported hydrogels. For example, the cornstarch hydrogels possessed a latent heat of 

fusion of 254.6 J/g before freeze-thaw treatments, [29] while the gelatin hydrogels experienced a 

substantial decrease in latent heat from 265.4 J/g to 171.9 J/g after five freeze-thaw cycles. [27]  
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Figure 3.5 Latent heat of fusion (LHF) of cellulose-based hydrogels (A) before and (B) after 5 

freeze-thaw cycles. 

3.3.3 Comparison study of conventional ice cubes and C2A10Cl hydrogels 

Understanding the thermal characteristics of hydrogel coolants is critical for optimizing their 

functionalities and their applicability in various fields. The thawing behavior of a coolant system 

plays a vital role in influencing the cold chain and food storage management. The C2A10Cl 

hydrogel had the best overall properties including mechanical strength, water retention, and latent 

heat value, so it was selected to compare with the conventional ice cubes. As shown in Figure 6 

(A), conventional ice cubes and C2A10Cl, both frozen at -20 °C and placed at room temperature, 

presented similar thawing patterns, reflecting the comparable capacity of C2A10Cl to retain and 

release thermal energy. Also, it is noteworthy that the C2A10Cl hydrogel did not generate any 

meltwater when thawed, in converse to the conventional ice cubes. Hence, this attractive feature 

could provide a safer environment that is crucial for limiting microbial cross-contamination.   
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The effectiveness of cooling perishable goods to below 4 °C (referred to the safe food handling 

temperature boundary), is a significant factor that influences the freshness and spoilage rate of 

food. [53] Both the conventional ice cubes and C2A10Cl displayed a similar cooling trend by 

gradually reducing the temperature of the blueberries. The conventional ice cubes could chill the 

blueberries to 4 °C within 26 minutes, whereas the same amount of C2A10Cl hydrogel achieved 

the threshold temperature of below 4 °C within 32 minutes. 

 

Figure 3.6 (A) Thawing curves and (B) cooling curves of conventional ice cubes and C2A10Cl 

hydrogels. 

3.4 CONCLUSION 

The waste cotton fabrics were successfully recycled into cellulose-based hydrogels with a special 

core-shell design to be used as a sustainable and effective food coolant. All resultant cellulose-

based hydrogels displayed desirable characteristics such as good water retention property, high 

latent heat value, good reusability, and especially high compressive strength owing to their core-

shell structures. Notably, the C2A10Cl hydrogel had mechanical strength of 144.7 kPa and 
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efficient water retention that were better than the previously reported sustainable coolants, while 

their thawing and cooling performances were comparable to the conventional ice cubes without 

any meltwater generation. Therefore, this work reveals the potential to recycle cellulosic waste 

into sustainable products and suggests a feasible strategy to rationally design high-performance 

food coolants. 

3.5 EXPERIMENTAL SECTION 

3.5.1 Materials 

Waste cotton clothes were kindly provided by Renaissance (Montreal, Canada). Sulfuric acid 

(95.0%−98.0%), epichlorohydrin (≥99.0%), and sodium alginate were purchased from Millipore-

Sigma (Oakville, ON, Canada). Sodium hydroxide (≥97.0%), urea (≥99.6%) and calcium chloride 

anhydrous (93%) were purchased from Fisher Scientific (Ottawa, ON, Canada).  

3.5.2 Preparation of cellulose-based hydrogels 

A desired amount of cotton fibers from the collected waste cotton cloths was immersed in (30 

wt%) H2SO4 solution and stirred at 200 rpm and 25℃ for 48 h to decrease the molecular weight 

of cellulose. After that, the fibers were washed with deionized water and dried in the oven at 50 

℃ for 24 h. [54] Cellulose fibers and alginate were added to NaOH (7 wt% )/ urea (12 wt%) aqueous 

solutions precooled at -12 °C and stirred at 2,000 rpm for 8 minutes. [55] Subsequently, 

epichlorohydrin (10 wt%) was added dropwise into the solutions, stirred for 10 minutes, and heated 

at 60 °C until gelation. The hydrogels were washed in distilled water and then immersed in alginate 

(2 w/v%) solution for 12 hours, and then transferred into CaCl2 (2 w/v%) solution for another 12 
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hours to form the core-shell structure. The compositions of cellulose-based hydrogels and coating 

solutions are listed in Table 1.  

Table 3.1 Compositions of cellulose-based hydrogels. 

Samples Core composition Shell composition 

Cellulose 

content (wt %) 

Alginate content 

(wt %) 

Alginate content 

(wt %) 

CaCl2 content 

(wt %) 

C2A5Cl 5 0 2 5 

C2A10Cl 5 0 2 10 

CA2A5Cl 4 1 2 5 

CA2A10Cl 4 1 2 10 

3.5.3 Characterization 

3.5.3.1 Cellulose-based hydrogel morphology 

Scanning electron microscopy (SEM) was employed to study the morphology of cellulose-based 

hydrogels. The samples were freeze-dried and subjected to 4 nm gold-platinum sputtering through 

the Leica EM ACE200 low vacuum coater (Vaughan, ON, Canada). The surface and cross-section 

of cellulose-based hydrogels were observed by a SEM Hitachi TM-1000, Japan.  

3.5.3.2 Cellulose-based hydrogel properties 

3.5.3.2.1 Mechanical strength 

The compressive tests of cellulose-based hydrogels before (FT-0) and after each freeze-thaw cycle 

(FT-1 to FT-5) were carried out utilizing a compact tabletop universal tester (ADMET eXpert 



52 
 

7601, Norwood, MA, USA) equipped with a 250 lb load cell. Each cylindrical hydrogel sample 

(diameter of 1.3 cm and height of 5.0 mm) was compressed at a rate of 0.5 mm/min to 60% of 

sample height. The compressive strength was recorded, and each test was repeated three times. 

3.5.3.2.2 Water retention capacity 

The water retention test was carried out to study the stability of cellulose-based hydrogels after the 

freeze-thaw cycles. Before subjecting to freeze-thaw treatment, the initial weights (W0) of 

hydrogels were measured. After each freeze-thaw cycle, the hydrogels were rehydrated in distilled 

water for 30 minutes and wiped gently to remove the surface water. Their weights (Wt) were 

measured, and the water retention capacity was calculated according to the following equation: 

𝑊𝐿 % =
(𝑊0 −  𝑊𝑡)

𝑊0
∗ 100 (1) 

𝑊𝑅 = 100 − 𝑊𝐿 (2) 

where, WL is defined as the water loss %, and WR is the water retention % after rehydration.  

3.5.3.2.3 Latent heat of fusion 

The cellulose-based hydrogels before and after freeze-thaw treatment were sealed inside the Tzero-

aluminum pans with hermetic lids and tested by DSC 2500 discovery (TA Instruments, New 

Castle, Delaware) from -30 °C to 10 °C with a 1 °C/min heating rate under a 50 mL/min protective 

nitrogen flow.  
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3.5.4 Comparison study of conventional ice cubes and cellulose-based hydrogels 

3.5.4.1 Thawing behavior 

The conventional ice cubes and C2A10Cl hydrogel, both with the same cylindrical measurements 

of 1 cm height and 1.3 cm diameter were frozen at -20 °C. Equal amounts (13 grams) of ice cubes 

and C2A10Cl hydrogel were placed at the bottom of two identical insulation boxes (4.5 cm × 5.8 

cm × 3.8 cm). The temperature of the atmosphere inside the insulation boxes was monitored by 

thermometers and recorded. 

3.5.4.2 Cooling effect on blueberries 

The conventional ice cubes and C2A10Cl hydrogel, both with the dimensional measurements of 1 

cm in height and 1.3 cm in diameter, were frozen at -20 °C. Equal amounts (13 grams) of ice cubes 

and C2A10Cl hydrogels were placed evenly to cover the entire bottom of two identical insulation 

boxes 4.5 cm × 5.8 cm × 3.8 cm. Blueberries (13 grams) were placed on the coolants, and the 

temperature of the blueberries was measured by positioning the thermometers at the top of the 

blueberries. The cooling curves of the blueberries were recorded. 

3.5.5 Statistical Analysis 

The statistical assessment was conducted by analysis of variance (ANOVA), along with multiple-

comparison tests using Duncan’s multiple-range test at the 95% confidence level. All the analyses 

were performed by using SPSS statistical software (version 22.0, IBM, New York, USA) with a 

probability of p < 0.05 considered to be significant. 
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CONNECTING STATEMENT II 

In Chapter 3, the dip-coated cellulose-based hydrogels displayed notable mechanical strength, 

good water retention, and remarkable latent heat of fusion characteristics. It was significant to note 

that the cooling and thawing behaviors of the C2A10Cl hydrogel resembled the conventional ice 

cubes, suggesting similarity in their performance as a coolant. In Chapter 4, the cellulose-based 

hydrogels were further modified by the incorporation of antibacterial agents such as nisin and 

lysozyme. The effects of nisin and lysozyme on cellulose-based hydrogel properties were 

investigated to evaluate the potential as antibacterial coolants.  
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CHAPTER 4. DEVELOPMENT OF NOVEL ANTIBACTERIAL-INFUSED CELLULOSE 

HYDROGELS AS SUSTAINABLE FOOD COOLANTS FOR MICROBIAL 

CONTAMINATION REDUCTION 

4.1 ABSTRACT 

Microbial contamination of food products is a major challenge to food industry, leading to food 

spoilage and wastage, thus, there is a demand for the development of an ideal coolant. While the 

previously fabricated cellulose-based hydrogels reduced the generation of meltwater, they still 

could pose risks of microbial contamination. In this study, novel antibacterial cellulose-based 

hydrogels with a special core-shell configuration were synthesized as potential food coolants with 

high water retention and antibacterial properties. Sufficient mechanical and high-water retention 

properties of the unique core-shell designed-hydrogels were achieved by using cellulose hydrogel 

crosslinked with epichlorohydrin as the core and alginate/calcium chloride (ALG/CaCl2) as the 

shell. The structure and properties of the synthesized hydrogels were characterized by Fourier 

transform infrared spectroscopy (FTIR), scanning electron microscopy (SEM), and compressive 

test. The antibacterial compounds, nisin (N) and lysozyme (L), were embedded in the oxidized 

cellulose (OXCL) hydrogels to eliminate the bacterial proliferation and potentially reduce cross-

contamination issues of food products. The antibacterial activities were tested through the disc 

diffusion method against Escherichia coli and Staphylococcus aureus. Therefore, this newly 

developed antibacterial cellulose-based hydrogel derived from biomass waste offers a sustainable 

solution to food spoilage, having the potential to act as an efficient food coolant. 

Keywords: Cellulose hydrogels, nisin, lysozyme, antibacterial property, meltwater. 



62 
 

4.2 INTRODUCTION 

Food insecurity remains a major global challenge, with nearly 1/9th of the population being food 

insecure, despite the exponential growth in food production. [1] One of the important factors 

influencing food wastage is the temperature at which the food products are maintained. Due to the 

lack of proper storage conditions, approximately 12% of food wastage occurs in the USA. [2] With 

the rapid increase in food production, there is a parallel amplification in the magnitude of food 

safety concerns. Inefficient temperature management, poor cold storage, and microbial 

contamination are some of the pivotal factors contributing to the loss of fresh produce [3]. As 

mentioned in the previous chapter, the main issue with the usage of conventional ice cubes is the 

cross-contamination and spread of harmful microbes to the fresh foods occurring through the 

meltwater transfer. Other drawbacks include the inability of the ice cubes to support optimal 

temperature to the food products after they melt, rendering them non-reusable, as well as 

increasing the wastage of water resources. 

Hydrogels are intricate three-dimensional polymeric frameworks, known for their exceptional 

hydrophilicity, which can be constructed by both physical and chemical crosslinking techniques 

[4]. Hydrogels have gained significant interest among researchers and have been extensively 

investigated in the applications of functional food, food packaging, drug delivery, food safety, and 

other industrial applications [5-7]. Currently, there is a rising awareness regarding the importance 

and mounting demand for using biodegradable materials procured from renewable sources [8]. 

Cellulose is a predominant natural polymer with abundant hydroxyl groups and remarkable 

features such as affordability, renewability, sustainability, and non-toxicity [9]. The escalating 

consumption of cotton textiles has led to the simultaneous accumulation of waste cotton fabrics, 
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and most of them are disposed into landfills or incinerated, which not only generates environmental 

pollution but also results in significant resource wastage [10,11].  

In our previous work, cellulose-based hydrogels with robust compressive strength, good water 

retention ability, rehydration capacity, and efficient latent heat property have been developed, 

which demonstrated good physical resilience to freeze-thaw treatments. It will be more useful if 

the hydrogels can be endowed with antibacterial attributes for protecting both the hydrogel and its 

surrounding environment from microbial contamination. Nisin is a natural peptide produced by 

Lactococcus lactis subsp. with high antibacterial activity against Gram-positive bacteria and is 

widely used in food industry as a preservative, approved by the European Food Safety Authority 

and accepted as a food additive by both the US Food and Drug Administration and the World 

Health Organization [12]. Additionally, lysozyme, a monomeric protein, used in pharmacology 

and food industry, has relatively narrow antibacterial spectrum with instability and easy 

inactivation, making the practical application of free lysozyme quite limited [13]. Thus, chemical 

crosslinking of the antibacterial compounds such as nisin and lysozyme to the cellulose-based 

hydrogels through the Schiff base reaction could result in sustained release of the antibacterial 

agents, reducing their desorption and providing a long-term antibacterial activity [14]. In this 

study, a facile method to develop nisin and lysozyme anchored cellulose-based hydrogels, sourced 

from the post-consumer cotton textile, with a potential application as food coolants with reduced 

meltwater occurrence is presented. The properties of the antibacterial coolants were investigated 

by Fourier transform infrared spectroscopy (FTIR), scanning electron microscopy (SEM), 

compressive test and water retention test. Further, the antibacterial activity of the modified 

cellulose-based hydrogels were tested against both the Gram-positive bacteria, Staphylococcus 

aureus and the Gram-negative bacteria, Escherichia coli. 
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4.3. MATERIALS AND METHODS 

4.3.1 Reagents and Materials 

Waste cotton clothes were kindly provided by Renaissance (Montreal, Canada). Sulfuric acid 

(95.0%−98.0%), epichlorohydrin (≥99.0%), and sodium alginate was purchased from Millipore-

Sigma (Oakville, ON, Canada). Sodium hydroxide (≥97.0%), sodium periodate (≥ 99.0%), urea 

(≥99.6%), anhydrous calcium chloride (93%), nisin, and lysozyme were purchased from Fisher 

Scientific (Ottawa, ON, Canada).  Phosphate-buffered saline (10× PBS) was obtained from VWR 

International (Mississauga, ON, Canada). 

4.3.2 Preparation of Antibacterial Hydrogels 

The pretreatment of the waste cotton fabrics was performed by using 30 wt% sulfuric acid aqueous 

solution for 48 hours and stirred at 2000 rpm [15]. The cellulose fibers were then washed with 

distilled water until neutral pH was attained and oven-dried at 50 ℃ for 24 hours [16]. Cellulose 

fibers were dissolved in precooled NaOH (7 wt%)/ urea (12 wt%)/ distilled water (81 wt%) and 

stirred at 2,000 rpm for 8 mins. Epichlorohydrin was added and heated at 60 °C until cellulose 

hydrogels were formed [17]. The formed hydrogels were washed using distilled water and 

immersed in alginate (2 w/v%) solution for 12 hours, and then transferred into CaCl2 (2 w/v%) 

solution for another 12 hours to form the core-shell structure. Further, the core-shell cellulose 

hydrogels were immersed in 5% (w/v) sodium periodate for 30 minutes to form oxidized hydrogels 

[18]. Finally, these hydrogels were immersed in either 2.5 mg/ml nisin PBS solution (pH 7.4) or 

2.5 mg/ml lysozyme PBS solution (pH 7.4) [19,20]. The compositions of antibacterial cellulose-

based hydrogels are listed in Table 4.1.  
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Table 4.1 Compositions of antibacterial cellulose-based hydrogels. 

Samples Core 

composition 

Shell composition Sodium 

periodate 

(w/v%) 

Antibacterial compound  

(mg/ml) 

Cellulose 

content  

(wt %) 

Alginate 

content 

(wt %) 

CaCl2 

content 

(wt %) 

OXCL 5 2 10 5 0 

OXCL-N 5 2 10 5 2.5  

OXCL-L 5 2 10 5 2.5 

4.3.3 Characterization 

4.3.3.1 Cellulose Hydrogel Structure 

4.3.3.1.1 Fourier transform infrared spectroscopy 

FTIR analysis is used to determine the functional groups present in the hydrogels. The structure 

of the OXCL, OXCL-L, and OXCL-N hydrogels were characterized by FT-IR spectrometer (Cary 

630, Agilent Technology, Santa Clara, CA, USA). The wavenumber range was 800-4000 cm−1 

with a resolution of 2 cm−1. To quantitatively analyze the data, the software Origin 2024 was used 

to normalize the spectra obtained and graphically represent them. 

4.3.3.1.2 Scanning electron microscope 

The morphology and structure of hydrogels were investigated by using scanning electron 

microscopy (SEM). Initial preparation involved cutting the samples into small parts and then 

freeze-drying them via lyophilization. Prior to observation, the samples were coated with a 4 nm 
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gold-platinum sputtering process using the Leica EM ACE200 low vacuum coater (Vaughan, ON, 

Canada). Finally, the morphology of the shell and the cross-section were observed using SEM 

(Hitachi TM-1000, Japan). 

4.3.3.2 Cellulose Hydrogel Properties 

4.3.3.2.1 Mechanical strength 

The compressive tests of hydrogels were performed by the texture analyzer (ADMET eXpert 7601, 

Norwood, MA, USA) equipped with a 250 lb load cell at a rate of 0.5 mm/min. The hydrogels 

with a radius of 6.5 mm and a height of 5.0 mm were compressed until 60% of the original height, 

and each sample was characterized using triplicates.  

4.3.3.2.2 Water-retention capacity 

The water retention of hydrogels during the freeze-thaw treatment was investigated. The original 

weight of the hydrogels (W0) was measured before freeze-thaw treatment. After each freeze-thaw 

cycle, the hydrogels were rehydrated in distilled water for 30 minutes. The excess water on the 

surface was gently removed, and the weight (Wt) was measured. The water retention capacity after 

each cycle was calculated based on the following formula:  

𝑊𝐿 % =
(𝑊0 −  𝑊𝑡)

𝑊0
∗ 100 (1) 

𝑊𝑅 = 100 − 𝑊𝐿 (2) 

where WL is the water loss %, and WR denotes water retention % after rehydration.  
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4.3.4 Antibacterial assay 

The antibacterial assay was performed according to previous studies with some modifications [21-

25]. The antibacterial activity of the hydrogels was evaluated against the Gram-positive bacteria 

Staphylococcus aureus ATCC 25923 and the Gram-negative bacteria Escherichia coli ATCC 

25922. Each bacterial strain was revived using the Tryptic Soy Broth (TSB) at 37 °C for 24 hours. 

Then, the activated bacterial strains were cultured in TSB for 24 hours and diluted to 108 CFU/mL. 

Further, a disc diffusion assay was performed by spreading 100 uL of bacterial suspension on the 

petri plates containing the Tryptic Soy Agar (TSA) and incubating at 37 °C for 10 mins. The wells 

(diameter of 1.3 cm- size of the hydrogels) were carved using a sterile borer and hydrogels were 

placed in the wells.  The OXCL hydrogel without any antibacterial compound was employed as 

the control. The diameter of the bacterial inhibition zone was measured after 24 hours of incubation 

at 37 °C.  

4.3.5 Statistical Analysis 

The statistical analysis was carried out by employing analysis of variance (ANOVA) alongside 

Duncan’s multiple-range test at a 95% confidence level to ascertain significance. SPSS statistical 

software (version 22.0, IBM, New York, USA) was employed for all analyses with statistical 

significance defined as p < 0.05. 
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4.4 RESULTS AND DISCUSSION 

4.4.1 Cellulose Hydrogel Structure 

4.4.1.1 Fourier transform infrared spectroscopy 

As depicted in Figure 4.1, the FTIR spectra showed the characteristic infrared peaks of the shell 

layer - ALG/CaCl2 coating, and the core structures of cellulose, OXCL, OXCL-N, and OXCL-L 

hydrogels, identified based on their specific functional groups. Firstly, in the shell layer, the main 

peak observed at around 3300 cm−1 was due to the O─H stretching of alginate [26]. The peaks 

related to asymmetric and symmetric stretching vibrations of free carboxyl (COO−) groups 

occurred at 1595 cm−1 and 1420 cm−1, respectively [27]. The peak vibration observed at 1020 cm−1 

was due to the carboxylate (C−O−C) group stretching [28]. In the core structure of CL hydrogels, 

a broad spectrum at 3338 cm-1 was observed that corresponds to stretching vibration of a large 

number of hydroxyl groups, while peaks at 2874 cm−1 were attributed to C─H stretching [29]. A 

strong and sharp peak characterized as C=O appeared at 1594 cm−1 and the small peak of C−OH 

occurred at 1411 cm−1 [30]. The C−O−C pyranose ring skeletal vibration was characterized at 1018 

cm−1 [31]. In OXCL hydrogel, the peak at 3350 cm–1 was attributed to stretching vibrations of the 

hydroxyl groups, [32] which was weaker than that in cellulose hydrogels due to the replacement 

of OH groups by the aldehyde groups, confirming the cellulose oxidation. The characteristic peak 

of C=O stretching vibration occurred at 1725 cm-1 [33]. The strong absorption peak at 1032 cm–1 

might be due to the C–O stretching vibration in secondary alcohol, and the peak at 843 cm-1 was 

observed due to the presence of hemiacetal band [34]. The occurrence of the hemiacetal band was 

due to the interaction between aldehyde and hydroxyl groups [35]. Further, after oxidation, the 

aldehyde groups of OXCL could anchor with the amino groups of antibacterial compounds through 
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the Schiff base reaction [36,37]. The confirmatory spectral region for the incorporated antibacterial 

compounds, nisin and lysozyme, was in the range of 1580-1720 cm–1 [38]. Compared to OXCL, 

two peaks with increased intensities were observed at 1614 cm−1 and 1644 cm−1  in OXCL-N and 

OXCL-L hydrogels, which were assigned to the C=N bands combined with N–H deformation, 

confirming the adherence of nisin and lysozyme [39-42]. The slight increase in the peak intensity 

at around 3000-3500 cm–1 could be due to stretching vibrations of N–H and O–H, attributed to the 

binding of nisin and lysozyme to OXCL [43], and the absorption peaks at 1732 cm-1 and 1736 cm−1 

could be due to the reduced aldehyde groups [44]. Finally, the slight variation in the absorption 

peaks at around 1100 cm−1 could be ascribed to the C–N band of OXCL-N and OXCL-L hydrogels 

[45]. 

 

Figure 4.1 FTIR spectra of the dip-coated shell layer and core structures of CL, OXCL, OXCL-

N, and OXCL-L hydrogels. 
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4.4.1.2 Morphology  

Scanning electron microscopy (SEM) was employed to investigate the morphology of OXCL, 

OXCL-N, and OXCL-L hydrogels. A clear core-sheath morphology of the hydrogels was 

observed. Before freeze-thaw treatment, the OXCL hydrogels had a compact structure with very 

few large pores. The less pores in OXCL hydrogels could be attributed to the oxidation of cellulose 

with sodium periodate and the subsequent replacement of hydroxyl groups in the original cellulose 

structure by the aldehyde groups [46]. However, the morphology of OXCL-N and OXCL-L 

hydrogels appeared quite different with more pores due to the cross-linking of nisin and lysozyme 

with OXCL hydrogel via the Schiff base reaction. In OXCL-N hydrogels, the addition of nisin 

appeared as filament/small porous structures as indicated by the yellow marks which was also 

reported in the previous literature [47,48]. These additional filament/small pores in OXCL-N 

hydrogels could be due to the configuration of the OXCL hydrogels and the nisin molecules, 

causing less shrinkage of the network structure [49]. Similarly, the porous structure of OXCL-L 

hydrogels with lysozyme deposition indicated by the yellow marks was also due to the 

immobilization of lysozyme onto the OXCL hydrogel through the Schiff base reaction [50].  

The shell layer appeared to be uniform with even morphology before and after the freeze-thaw 

cycles. The freeze-thaw treatments and the number of cycles had some influence on the core-shell 

structure of the hydrogels due to the syneresis phenomenon [51-53]. After the freeze-thaw 

treatment, the core structure of the hydrogels appeared to be considerably changed based on the 

composition of the hydrogels. Due to the growth of ice grains during freezing, OXCL hydrogels 

possessed more large pores, whereas the OXCL-N and OXCL-L hydrogels still retained the 

filamentous structure and small pores without much damage, which could be due to the additional 

Schiff-base interaction between nisin, lysozyme, and the OXCL hydrogels.  
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Figure 4.2 SEM images of cross-sections and surface morphology of OXCL, OXCL-N, and 

OXCL-L hydrogels before (upper) and after (below) five cycles of freeze-thaw treatment. *The 

doted lines indicate the shell layers, and the yellow marks represent deposition of nisin and 

lysozyme on their respective hydrogels. Scale bar: 1 mm. 

4.4.2 Cellulose Hydrogel Properties 

4.4.2.1 Mechanical strength 

The effects of the incorporation of nisin and lysozyme, Ca2+ ion concentration and freeze-thaw 

treatment on the compressive strength of cellulose-based hydrogels were investigated. As observed 

in Figure 4.3 and Figure 4.4, the compressive strengths of OXCL, OXCL-L, and OXCL-N 

hydrogels before freeze-thaw treatment were 116.6 kPa, 127.1 kPa, and 142.8 kPa, and their 

compressive strains were around 52%, 45%, and 52%, respectively.  

The freeze-thaw treatment exhibited a considerable effect on the mechanical properties of OXCL, 

OXCL-L and OXCL-N hydrogels. The compressive strengths of OXCL, OXCL-L, and OXCL-N 

hydrogels were 28.9 kPa, 32.7 kPa and 48.3 kPa respectively after a single freeze-thaw cycle. This 
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might be due to the ice grain development and low physical crosslinking after the first cycle [42]. 

After 5 freeze-thaw cycles, the stability of the hydrogels improved with no breakage until 60% 

strain limit, and the compressive strengths of OXCL, OXCL-L, and OXCL-N hydrogels were 52.5 

kPa, 79.1 kPa and 92.6 kPa respectively. This improvement could be ascribed to the Schiff base 

reaction, where the amine groups of nisin and lysozyme attached to the aldehyde groups presented 

in OXCL hydrogel network [39]. Also, the addition of nisin and lysozyme provided additional 

cohesion to the hydrogels and contributed to their improved strengths [49]. These results indicated 

that the increase in the number of freeze-thaw cycles provided a better stability to the network 

structure of hydrogels due to the generation of more physical crosslinking [49,52,53].  

 

Figure 4.3 Compressive stress-strain curves of antibacterial cellulose-based hydrogels before and 

after freeze-thaw cycles: (A) OXCL, (B) OXCL-N, and (C) OXCL-L hydrogels.  
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Figure 4.4 Compressive strength of antibacterial cellulose-based hydrogels before and after 

freeze-thaw cycles. *Different letters on the top of columns represents the significant difference 

between different samples for freeze-thaw treatments (p < 0.05). 

4.4.2.2 Water retention capacity 

One of the main prerequisites for hydrogels to function efficiently as a food coolant is their ability 

to retain a significant volume of water within their network and possess rehydration capacity over 

successive freeze-thaw cycles. Figure 4.5 demonstrates the water retention capacity of the OXCL, 

OXCL-N, and OXCL-L hydrogels. The OXCL hydrogel displayed the least water retention 

capacity of about 87.9% after 1 cycle, which could be due to the small pores and dense network 

[54]. The water retention of the OXCL was significantly reduced to 66.7% after 5 cycles. It could 

be explained that, with successive freeze-thaw cycles, syneresis occurred and altered the 

hydrogel’s structure, resulting in compromised structural integrity and diminished water retention 

capacity [55]. The OXCL-N hydrogel possessed the highest water retention of about 81.1% after 
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5 cycles, which might be due to the incorporation of nisin [56,57]. During the rehydration process, 

the hydrophilic segments of nisin could interact with the water molecules and bind them [58]. 

Similarly, the water retention capacity of the OXCL-L hydrogels was 97.0% after freeze-thaw 

cycle 1, and was largely retained to 80.2% after 5 cycles, probably due to the hydrophilicity of 

lysozyme, that better trap the water molecules in the hydrogels [59,60].  

 

Figure 4.5 Water retention capacity on rehydration of antibacterial cellulose-based hydrogels after 

freeze-thaw cycles. *Different letters on the top of columns represented the significant difference 

between different samples after freeze-thaw treatment (p < 0.05). 

4.4.3 Antibacterial Properties 

The disc diffusion method was used to evaluate the antibacterial properties of OXCL, OXCL-N, 

and OXCL-L hydrogels. It was clearly observed that the OXCL-N and OXCL-L hydrogels 

exhibited high antibacterial activity against S. aureus. The mechanism involves the binding of 

nisin to lipid II of the Gram-positive bacteria, which results in pore formation and the outflow of 
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the cell constituents [29]. Similarly, lysozyme is more active against Gram-positive bacteria, as it 

is capable of breaking down the β-1,4-glycosidic bond which acts as a linkage between N-

acetylmuramic acid and N-acetylglucosamide in the polysaccharide backbone of the 

peptidoglycans of the cell walls [30].  As shown in Figure 4.6, the zone of inhibition of OXCL-N 

and OXCL-L hydrogels against S. aureus were 3.66 mm and 4.06 mm, respectively. Whereas only 

a small inhibition zone was observed for OXCL-N and OXCL-L hydrogels against E. coli (1.1 

mm and 1.2 mm, respectively). This might be due to the presence of a protective 

lipopolysaccharides layer in the gram-negative bacteria, which prevents nisin from reaching the 

lipid layer [61]. Similarly, the lysozyme was blocked from the entry into the outer polysaccharide 

frameworks of the gram-negative bacteria [62]. The OXCL hydrogels showed no inhibitory zone 

against E. coli or S. aureus. This indicated that the antibacterial effects were caused by nisin and 

lysozyme only [48]. 

 

Figure 4.6 Antibacterial activity of OXCL-N (N), OXCL-L (L), and OXCL (NC) hydrogels 

against (A) S. aureus and (B) E. coli. 
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4.5 CONCLUSION 

In the present study, antibacterial cellulose-based hydrogels configurated with a unique core-shell 

design were developed from waste cotton textiles using the NaOH/urea system, and then 

chemically conjugated with nisin and lysozyme. Based on FTIR analysis, successful oxidation of 

cellulose and the incorporation of antibacterial compounds through Schiff base reactions were 

confirmed. The SEM analysis, mechanical test, and water retention test revealed that OXCL-L and 

OXCL-N hydrogels possessed superior characteristics supporting food coolant application. 

Furthermore, quantitative assessment performed by the disc diffusion method confirmed the 

antibacterial efficacy of OXCL-N and OXCL-L hydrogels, indicating their effectiveness in 

combating against the bacterial pathogens. Henceforth, the novel antibacterial cellulose-based 

hydrogels derived from waste cotton textiles have the potential to address food spoilage issues 

caused by undesirable microbial contamination from the meltwater and enhance food storage and 

preservation practices. 
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CHAPTER 5. A COMPREHENSIVE SCHOLARLY DISCUSSION OF ALL THE 

FINDINGS 

In this thesis, we developed novel cellulose-based hydrogels from the waste cotton textiles with a 

unique core-shell structure for the potential applications as food coolants. In Chapter 3, feasibility 

and suitability of the cellulose-based hydrogels as a food coolant were determined. This was done 

by characterizing the cellulose-based hydrogels for critical parameters such as their morphology, 

compressive strength, water retention capacity, reusability, and latent heat of fusion. Further, the 

cooling efficiency test was performed between the conventional ice cubes and C2A10Cl hydrogel 

by investigating their cooling curves using blueberries and thawing curves under controlled 

conditions. The results showed that the specialized core-shell structure of the hydrogels evidently 

influenced their compressive strength, water retention, and latent heat of fusion properties. The 

higher Ca2+ ion content in the coating layer was instrumental in offering a high protectiveness to 

the hydrogel, which could have aided in reducing the effect of mechanical stress in the core layer 

during the freeze-thaw treatments. Notably, CA2A10Cl hydrogels achieved the highest water-

retention capacity of 97.4% after freeze-thaw cycle 1 and 88.8% after 5 cycles, while C2A10Cl 

exhibited the highest compressive strength of 144.7 kPa before freeze-thaw treatment and 87.1 

kPa after freeze-thaw cycle 5 due to the high Ca2+ ion concentration in the coating solution. The 

latent heat of fusion of all the cellulose-based hydrogels was comparable to the conventional ice 

cubes even after freeze-thaw cycle 5. Particularly, C2A5Cl hydrogel demonstrated the highest 

latent heat of fusion of 305.9 J/g at freeze-thaw cycle 0 and with a slight decline to 273.3 J/g after 

5 cycles. The comparative analysis was conducted between conventional ice cubes and C2A10Cl 

to study the thawing curves and cooling effectiveness on blueberries. The C2A10Cl hydrogel 

demonstrated similar thawing behavior in retaining and releasing thermal energy to the 
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conventional ice cubes. Both conventional ice cubes and C2A10Cl hydrogel effectively cooled the 

blueberries to below 4°C within 26 mins and 32 mins, respectively. The notable cooling efficiency 

and high-water retention capacity of the C2A10Cl hydrogel suggested its potential for preserving 

the freshness of perishable foods while acting as a viable coolant. Further research is needed to 

optimize the hydrogel composition, enhance the cooling efficiency, and test for food preservation. 

In Chapter 4, the aim was to reduce the susceptibility of microbial proliferation during food storage 

and transportation by applying antibacterial hydrogel coolants. Based on the findings of Chapter 

3, the cellulose-based hydrogels were oxidized using sodium periodate and then combined with 

the GRAS approved antibacterial compounds, namely nisin and lysozyme, through Schiff base 

reaction. These hydrogels were characterized using fourier transform infrared spectroscopy, 

scanning electron microscopy, compressive strength test, water retention test, and disc diffusion 

assay. Nisin is a natural antibacterial peptide with regulatory approval in food applications due to 

the broad spectrum of antibacterial activity against gram-positive bacteria at low concentrations. 

Conversely, lysozyme is also a GRAS-safe natural enzyme, effective for food preservation with 

good heat stability and high potency against gram-positive bacteria. The water retention capacities 

of the OXCL-N (81.1%) and OXCL-L (80.2%) hydrogels were higher than OXCL hydrogels, 

which might be due to the hydrophilic nature of nisin and lysozyme. The cellulose-based hydrogels 

exhibited certain reusability after successive freeze-thaw cycles. The assessment of the mechanical 

properties of the hydrogels offered insights into the structural integrity and durability. The OXCL-

N (142.8 kPa) and OXCL-L (127.1 kPa) hydrogels displayed higher compressive strengths than 

OXCL (116.6 kPa) hydrogel. It was due to the Schiff base reaction in which amine groups of 

antibacterial compounds bound with the aldehyde groups of cellulose-based hydrogels. After 1- 

freeze-thaw cycle, OXCL, OXCL-L, and OXCL-N hydrogels displayed the compressive strength 
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of 28.9 kPa, 32.7 kPa, and 48.3 kPa, respectively. After 5 successive freeze-thaw cycles, improved 

stability of the OXCL (52.5 kPa), OXCL-N (79.1 kPa), and OXCL-L (92.6 kPa) hydrogels was 

observed, which might be due to the physical crosslinking, i.e., the growth of ice grains during 

freezing step and the subsequent polymer rearrangement during the melting process. To study the 

antibacterial properties of OXCL, OXCL-N, and OXCL-L hydrogels, a disc diffusion method was 

performed. The control sample, OXCL hydrogel displayed no antibacterial effect, but remarkably, 

the OXCL-N and OXCL-L hydrogels exhibited obvious inhibition zones measuring 3.66 mm and 

4.06 mm against the Gram-positive bacteria, S. aureus respectively, confirming the successful 

antibacterial modification. Conversely, the relatively lower inhibition capacity against E. coli by 

OXCL-N (1.1 mm) and OXCL-L (1.2 mm) could be attributed to the existence of the outer 

membrane of Gram-negative bacteria.  

On the other hand, certain limitations of the methodology employed for the development of 

cellulose-based hydrogels must be addressed. The sulfuric acid pretreatment should be well 

controlled. Optimizing the concentration of sulfuric acid and the duration of pretreatment is 

necessary to prevent excessive hydrolysis and over-degradation of cellulose that can impact the 

overall hydrogel-quality. Also, the residue of chemical crosslinker epichlorohydrin should be 

completely removed to ensure the safety in food contact applications.  

Impact of this research 

As per our knowledge, for the first time, this study reports the development of a food coolant 

system from a waste resource as a potential alternative to conventional coolants, hence 

contributing to global efforts in reducing waste and minimizing environmental impact by utilizing 

waste products and repurposing them into value-added products. Moreover, it also contributes to 



89 
 

understanding the functional material design and its properties for improved performance. This 

study addresses the practical applications by assessing the stability and durability of the cellulose-

based hydrogels over successive freeze-thaw cycles, and gave insights into the feasibility and 

performance of the hydrogels in sustained real-world applications. Further, comparative studies 

provided novel perspectives into the viability of the obtained hydrogels with no meltwater 

generation, while demonstrating similar cooling and thawing patterns with the conventional ice 

cubes. The antibacterial cellulose-based hydrogels could contribute to a better food safety practice 

by effectively preventing microbial contamination during food storage and transportation.  
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CHAPTER 6. GENERAL SUMMARY AND CONCLUSION 

6.1 GENERAL SUMMARY 

While the conventional ice cubes have numerous advantages such as high latent heat of fusion 

(334 J/g), non-toxicity, accessibility, and low cost, they have also caused problems such as cross-

contamination of food products and excessive consumption of water. Therefore, it is imperative to 

develop a food coolant with excellent water retention ability sourced from renewable resources 

that can effectively reduce the contamination issues arising from meltwater. In the literature 

review, the preparation methods and various food-related industrial applications of cellulose 

hydrogels have been summarized. In particular, the synthesis of hydrogels using physical and 

chemical crosslinking techniques and their numerous applications in the fields of food industry, 

wastewater treatment, and sustainable agriculture were reviewed. Herein, we focused on the 

development of cellulose-based hydrogels with high performance from waste cotton textiles, using 

the NaOH/urea/water system, to address the meltwater-related cross-contamination issues. The 

results showed that the C2A10Cl hydrogels had good mechanical strength of 144.7 kPa, water 

retention capacity of 72.2%, and high latent heat of fusion of 272.5 J/g. The thawing curve of the 

C2A10Cl hydrogel displayed good similarity to the conventional ice cubes, observed over a period 

of 330 minutes, and the cooling behavior of C2A10Cl on blueberries was comparable to that of 

the conventional ice cubes. Furthermore, as cellulose is not inherently antibacterial in nature, nisin 

and lysozymes were incorporated into the cellulose-based hydrogels to endow them with 

antibacterial properties. The study on OXCL-L and OXCL-N hydrogels revealed the improved 

water retention capacity of 80.2% and 81.1% and the higher mechanical strength of 127.1 kPa and 

142.8 KPa after the incorporation of antibacterial compounds. The antibacterial test demonstrated 
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the zone of inhibition of 4.06 mm and 3.66 mm for OXCL-L and OXCL-N hydrogels against S. 

aureus respectively, as well as slight inhibition effect against the Gram-negative bacteria, E.coli.  

6.2 SUGGESTIONS FOR FUTURE WORK 

This study provides a promising approach for the development of cellulose-based hydrogels with 

a distinctive core-shell design that exhibit high performance and cooling efficiency. In particular, 

the exceptional mechanical strength, noteworthy latent heat of fusion, and high water retention 

ability offered the possibility of the cellulose-based hydrogels as a potential eco-friendly 

alternative. Since this research work focused mainly on the water retention, mechanical and 

thermal properties, and the reusability of cellulose-based hydrogels after consecutive freeze-thaw 

cycles, further research should focus on i) optimizing the dip-coating technique by involving 

various compositions for improved water absorption and retention properties, ii) taking into 

consideration the temperature conditions applied during freeze-thaw treatments for the improved 

structural integrity of hydrogels with repeated freeze-thaw cycles, iii) new strategies to enhance 

the water retention capacity of cellulose-based hydrogels, iv) aligning cooling and thawing kinetics 

of the hydrogels to that of the conventional ice cubes without any negative effects on the 

mechanical and latent heat of fusion characteristics; v) testing the antimicrobial activity for other 

types of bacteria, and vi) focusing on the compatibility of the hydrogel coolants with various food 

products along with a careful consideration of the consumer acceptance. Hence, it would be 

compelling to implement these cellulose hydrogel coolants in real-life applications to further 

optimize the coolant technology, ultimately aiming for a safe and sustainable food system with 

reduced microbial contaminations. 
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