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ABSTRACT 

Polymer composites have witnessed increased research interest in the last 

decades, and the applications of these materials include drug delivery, tissue engineering, 

and wound bandages and dressings. Numerous polymers have been studied to fabricate 

the ideal wound dressing. Making these polymer composites biocompatible, porous, and 

bioactive with high absorption capabilities is critical to guide cell growth and 

differentiation and limit their detrimental effects on incorporated therapeutic molecules. 

This research work aims to address shortcomings of available wound dressings by 

fabricating a biocompatible, porous, bioactive, and antimicrobial dressing using chitosan 

(CTS) and carboxymethyl cellulose (CMC) polymers incorporated with zinc-doped 

halloysites (ZnHNT). In line with the points mentioned earlier, three distinct objectives 

are proposed in this research that involve using natural biopolymers and nanomaterials. 

The first objective involves the fabrication and characterization of 

chitosan/carboxymethylcellulose composite incorporated with zinc-coated halloysites 

(HNTs) via the solution-gel method, without the use of chemical crosslinkers. Here, the 

individual biomaterial components used in this research were tested for their inherent 

antibacterial properties while determining the minimum inhibitory concentration of each 

constituent biomaterial. A modified physical crosslinking method was used to fabricate a 

hydrogel biocomposite comprising CTS, CMC, and zinc-coated HNT. The physical 

characteristics of the hydrogel were assessed via rheological studies. SEM and digital 
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microscopy were used to observe zinc-coated halloysites and the character of the 

hydrogel produced. Additional characterization tests carried out in this study include 

Fourier transform infrared (FTIR) spectroscopy, thermogravimetric analysis, x-ray 

fluorescence, and x-ray diffraction (XRD). The results showed that zinc doped HNTs, 

when loaded with a low dose of gentamicin sulfate, stagnated the growth of gram-

positive and gram-negative bacteria for extended hours, suggesting the possibility of less 

dependence on the use of antibiotics. The results also demonstrate the feasibility of 

fabricating a CTS/CMC polymer conjugate via a simple physical crosslinking method 

devoid of harsh crosslinking chemical agents. 

The second project involved in vitro assessment of the effect of the fabricated 

chitosan-based composite on wound closure and cell migration. These properties were 

evaluated via in vitro assays, including proliferation and live/dead assays for cytotoxicity 

assessment, antimicrobial tests, alizarin red staining and scratch assay. The results 

suggested that the chitosan polymer conjugate had improved functionalities of 

biocompatibility, non-toxicity, and antimicrobial properties against gram-positive and 

gram-negative bacteria. In addition, the fabricated chitosan/CMC composite also showed 

an improved cell migration effect on human skin dermal fibroblast. This result suggests 

that the chitosan-based fabricated conjugate could serve as a new promising candidate for 

wound healing applications. 

In a closely related third study, the use of solvent casting method to fabricate 

CTS/CMC film membranes bearing added functionality for biomedical applications is 

reported. Material characterization tests were carried out to confirm the presence of the 

constituted biomaterials. The tests include microscopy imaging and SEM analysis to 
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determine the physical and surface topography of the fabricated biomaterial. Additional 

tests carried out include, thermogravimetric analysis (TGA), tensile strength, cell 

proliferation, cytotoxicity (live/dead), and antibacterial studies. The results of this project 

showed that the prepared biomaterial was relatively hydrophobic and non-toxic with 

improved thermal stability. Additional tests will be performed in future studies to obtain 

the ideal film membrane. 
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CHAPTER 1 

 

INTRODUCTION 
 

1.1 Research Description 

1.1.1 Long Term Goals 

The long-term goal of this project is to develop a new polymeric wound healing 

and biomedical application composite that possesses modular components for target-

specific applications. The carrier system in the form of halloysite nanotubes serves as a 

delivery tool (nano container) for various drugs and antibiotics embedded within the 

lumen, as well as a point of attachment for metal nanoparticles for additional 

functionality. The successful implementation of the project will serve as the basis for 

developing polymer conjugates with additional properties that will enhance the 

manipulation of cellular microenvironments for wound healing, regenerative medicine, 

and tissue engineering applications. 

1.1.2 Hypothesis 

Composites used for wound dressings, regenerative medicine, and tissue 

engineering applications ideally should be able to provide an environment that is suitable 

for mechanically supporting the area of trauma, providing surface area for the cells to 

attach, and forming interconnecting pores to allow the migration of cells and growth 

factors to the injury site. We hypothesize that the nanocomposites fabricated in this work 

possess the above properties due to the inclusion of carboxymethyl cellulose, chitosan, 
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and halloysite/drug-doped halloysite. In addition, incorporating halloysite nanotubes 

(HNTs) and metalized (zinc) halloysite nanotubes will provide mechanical properties and 

additional functionalities such as antibacterial, tissue regeneration, and sustained 

antibiotic release. 

1.1.3 Scientific novelty and significance   

Most patients admitted to a wound care center are typically referred to treat 

chronic wounds. In most patients, these have been present for months or years, and for 

many patients, they also have multiple attendant medical problems that can impair or 

delay wound healing [1]. A chronic wound is difficult to heal and requires a complex 

treatment plan [1], [2]. Wound bed preparation through debridement and granulation 

tissue promotion is required to encourage proper wound closure in such complex wounds 

[3]. Negative pressure wound therapy or advanced wound dressings, such as oxidized 

regenerated cellulose (ORC)/collagen/silver-ORC dressings (among others), are often 

used to promote the development of granulation tissue in the wound bed [4]. In wounds 

requiring further treatment, skin substitutes or epidermal grafting may be necessary to 

promote re-epithelialization, especially in large chronic wounds [5], [6]. Wound 

dressings are topical materials applied to the surface of wounds to enhance the healing 

process by reducing healing times and preventing complications due to bacterial 

infections [5]–[7]. An ideal wound dressing must keep moist at the injury interface and 

have desirable biocompatibility and gas permeability [7]. Biodegradable composites such 

as bandages, coatings, hydrogels, films, mats, and sponges have been developed and 

formulated for treating wounds and dressing burn sites [8]–[11]. A bioengineered 

scaffold for wound healing and tissue regeneration should mechanically support the area 
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of trauma, provide a surface area for the cells to attach, and contains a network of 

interconnecting pores to allow cell migration, proliferation, and differentiation [12]. 

Making the materials bioactive to guide cell growth and differentiation is critical for its 

effectiveness. Cells are guided by chemical cues and their interaction with the 

surrounding substrate and its physicochemical properties [13]. 

Chitosan, cellulose, collagen, and gelatin have been widely studied as wound 

dressings because of their hydrophilicity and non-cytotoxicity [14]. Polymers are the 

most suitable materials that could potentially be engineered to possess most of the 

properties of an ideal wound dressing. Polymers are increasingly being used in the 

fabrication of smart wound dressings, that is materials with an ability to respond to 

biochemical and biophysical stimuli such as pH, temperature, enzymes, magnetic force, 

and light [15]. For the development of these smart wound dressings, natural polymers 

such as chitosan are preferred to synthetic polymers owing to their non-immunogenicity 

and biomimetic capabilities [14].  

Chitosan (CTS) is a polymer obtained by deacetylation of chitin [16]. It is 

biocompatible, biodegradable, non-cytotoxic, readily undergoes degradation, and can be 

structurally modified using simple chemical modifications. One mechanism to improve 

chitosan functionality is by subjection to modifications through covalent crosslinking 

with other compounds [17]. 

Applications of cellulose have attracted increasing attention in recent years. As 

one of the most abundant natural polymers, cellulose, and its derivatives show excellent 

biocompatibility, thus being considered viable for biological and medical applications 

[18]. Cellulose is currently one of the most promising bio-based polymeric resources. 
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Due to the increasing demand for sustainable and biocompatible products, a number of 

functional varieties of cellulose have been developed for different biomedical 

applications [19]. CMC has been used in the food processing and cosmetics industries as 

a thickener, edible film and coating agent, emulsion stabilizer, and a carrier of functional 

materials [20], [21]. 

Carboxymethyl cellulose (CMC), as a representative water-soluble cellulose 

derivative, is manufactured by reacting sodium monochloroacetate with cellulose in 

alkaline. It contains abundant hydroxyl groups so that it can easily form hydrogels with 

decent structures [8], which retain water molecules in a 3D gel structure, and this 

property contributes to tuning the flow behavior of aqueous suspensions and solutions 

[10]. However, the antibacterial and mechanical properties of CMC are not satisfactory 

[22] and its application in the form of CMC-based films is limited owing to the 

hydrophilic nature and rather inferior mechanical properties [21]. Reinforcement with 

nanoparticle fillers such as nano clays [23] and nanometals have increased their material 

properties [24]. 

Despite advancements in tissue regeneration, wound dressings that possess all the 

relevant properties for enhancing wound healing are yet to be fabricated. Therefore, this 

research developed a novel polymer composite as a hydrogel, film and a patch/textile 

suitable for wound dressing with improved wound healing properties. 
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1.2 Objectives 

 

In lieu of all the above-mentioned points, this dissertation has three distinct 

objectives: 

• Objective 1: Fabrication and characterization of sol-gel 

chitosan/carboxymethyl cellulose composite incorporated with zinc-doped 

halloysites (HNTs) and characterization of its physical and chemical 

properties. 

• Objective 2: In vitro assessment of the effect of the fabricated chitosan-

based composite on wound closure and cell migration. 

• Objective 3: Biofabrication and material characterization of 

Chitosan/Carboxymethyl cellulose solution casted membranes for various 

biomedical applications. 



6 

 

CHAPTER 2 

 

LITERATURE REVIEW 
 

2.1 Evolution of Biomaterials 

Biomaterials are commonly described as materials that serve as modes of contact, 

mostly with biological systems. This term, up until approximately 70 years ago, was 

nonexistent. Today, it encompasses synthetic and natural materials used in medical and 

nonmedical fields, including chemistry, biology, mechanics, material science, and 

bioengineering [25]. The field of biomaterial had continued to expand since its inception, 

which can be traced to 32,000 years before the common era, where mummified remains 

of ancient Egyptians showed sutures made using fibers, tendons, wool threads, and 

animal sinew [26], [27]. The use of gold and silver for dental repair traces back to the 

16th century in Europe, with technological advances such as X-ray, the discovery of 

anesthesia, and the emergence of scientific societies and journals furthering this field up 

into the 1960s. A biomaterials symposium was held in 1969 at Clemson University; that 

book marked the start of an integrated effort between medicine and engineering to 

enhance the field of biomaterial research, with the first International Congress of 

Biomaterials taking place in 1978 [28]. 
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Arguably, a pre-advanced era of biomaterial was pioneered by Harold Ridley, 

who noticed the self-healing capability of canopy plastic, poly(methyl methacrylate), for 

use as lenses, Charnley, who focused on hip implants and Kolff whose worked 

revolutionized kidney dialysis. Their works served as foundation for evolving the field of 

biomaterials, particularly birthing the idea of biomaterials releasing toxic substances thus 

making them non biocompatible. 

Knowledge of wound healing biology is a force driving the new generation of 

biomaterials termed biologically inspired biomaterials. As a result, novel biomaterials 

with enhanced properties and the ability to perform desired functions mimicking in vivo 

processes continue to emerge. These properties are conferred to biomaterials via various 

approaches, including surface modification by additive manufacturing, 3D printing, finite 

element modeling, and nanotechnology [28].  

2.1.1 Polymers and Polymer composites 

Polymers, long chains of covalently bonded natural or manmade molecules, 

makeup the largest class of biomaterials [1]. The units in a polymer are referred to as 

monomers and can be made of the same molecule or can have more than one type.   

Reflecting this diversity, polymers are commonly called plastic, rubber, proteins, 

peptides, oligonucleotide, and other names that allude to the type of monomers in the 

polymer.  Thousands to hundreds of thousands of monomers are typically crosslinked to 

form long polymer chains for various biomedical applications.  

DNA, RNA, and proteins are a few examples of natural polymers (bio-based) that 

continue to be manipulated and genetically engineered, leading to the discovery and 

development of biological functions. The inherent properties of these natural polymers 
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have been employed to form unnatural materials, a prime example being the formation of 

molecular screens from grids of DNA due to the ability of this molecule to form double 

strands.  

Proteins another large class of natural polymers, are comprised of sequentially 

added amino acids held together by covalent bonds in a linear chain [2]. This 

arrangement gives rise to the primary structure of the protein. The secondary structure of 

proteins is a result of the natural folding of proteins into patterns due to the electrical 

charges of the constituent amino acids. A protein will continue to fold into a more 

complex, tertiary structure because of natural attraction and repulsion of amino acids in 

the secondary structure and with the help of chaperone proteins inside the cell. Some 

proteins are made of two or more proteins. In this case each of the proteins is known as a 

subunit. When this occurs, it is known as quaternary structure [3]. Polymer chains of 

proteins are assembled mostly via condensation reactions, where the reaction produces 

water [2].  

Due to the repetitive nature of proteins, they serve as ideal candidates for 

understanding how single unit changes via genetic engineering could result in the 

production of biomaterials with unique desirable material properties such as self-

assembly, mechanical strength, adhesion, and thermal responsiveness. 

Natural biomaterials can be classified into protein-based biomaterials, 

polysaccharide-based biomaterials, glycosaminoglycan-derived biomaterials and tissue-

derived biomaterials [4]. Polysaccharide-based, protein-based, and glycosaminoglycan-

derived biomaterials, particularly chitosan, cellulose and its derivatives, Hyaluronic acid, 
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and collagen, continue to be actively researched for biomedical and tissue engineering 

applications as they have been found to better mimic the biological and mechanical 

function of the native extracellular matrix (ECM) in both repair and replacement cases of 

body tissue [5]–[7].  

 

 

 

Figure 2-1 SEM images of pore structures obtained from collagen-GAG copolymers, 

adapted from Ratner et al 2004. 
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The extracellular matrix (ECM) is the non-cellular component that forms a porous 

scaffold withing which biochemical and biomechanical process occur. It is primarily 

made of water, proteins, and polysaccharides. The ECM is ubiquitous, but unique to each 

tissue [8]. The ECM is fundamental to wound healing and tissue regeneration with it 

playing roles in cell adhesion and cell behavior. Components of ECM are increasingly 

being studied in attempts to reconstruct damaged ECM during injury. Blomback and co-

authors discussed in detail the use fibrin to fabricate a natural biodegradable scaffold [9]. 

Despite the huge strides made, there remains the need for well-defined 

microenvironments that would augment and supplement the native environments for 

wound healing and tissue regeneration.  

Chitosan (CTS) 

Chitin, a polysaccharide like cellulose, is mainly extracted from the exoskeleton 

of crustaceans, insects, and fungi and is characterized by a β-(1-4) glycosidic bond and 

can be transformed into the water-soluble chitosan following deacetylation in robust 

alkaline solutions. The structure of chitosan is similar to that of cellulose, except at 

carbon-2, where an amino group replaces the hydroxy group of cellulose. Although the β-

(1-4) anhydro-glycosidic bond of chitosan is also present in cellulose, the characteristic 

properties are not the same as cellulose. Thus, chitosan is made of repeating units of N-

acetyl-D-glucosamine and D-glucosamine copolymers with a degree of acetylation of at 

least 60%. It is obtained from chitin by chemical hydrolysis under alkaline/acidic 

conditions or by enzymatic treatment [36]. 

Molecular weight and FA (acetylation) value are major factors implicated in the 

solubility of chitosan at neutral pH. At this pH, highly chitosan has been shown to be 
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soluble when its molecular weight is lowered close to the degree of polymerization. High 

molecular weight chitosan on the contrary is soluble at neutral pH when the degree of 

acetylation is above 40% [10]. The insolubility of chitosan in aqueous solutions affects an 

important property as antimicrobial efficacy likely because its positive charge is 

neutralized at higher pH thus, limiting its interaction with negative charges in the 

bacterial cell wall and membrane [11] [12]. This linear natural polymer is also 

structurally similar to glycosaminoglycans that play crucial roles in cell-to-cell adhesion 

within the extracellular matrix (ECM).  

Chitosan’s physical properties can be tuned by changing its degree of 

deacetylation, molecular weight, degree of depolymerization, and by modifying its 

interactions with both hydroxyl and amine groups that are present in its molecular 

backbone for added functionality. These modifications can be classified into physical 

modifications, chemical modifications, and molecular imprinting [13]. 

 

 

 

 

 

 

 

 

 

 



12 

 

Chitosan has been shown to possess various biological properties, including it 

being biocompatible: since it is of a natural origin, it is safe and non-toxic to mammalian 

cells but selectively binds to and destroys microbial cells, enhances tissue regeneration, 

accelerates the formation of osteoblasts, hemostatic, fungistatic, bactericidal, antitumor, 

or anticancer, anti-cholesteric, central nervous system depressant, immunoadjuvant. It is 

also very abundant and is obtained from various sources compared to other natural 

polysaccharides [17].  

These properties, among others, increase the use of chitosan for various 

biomedical applications. For example, chitosan has been shown to possess strong 

hemostatic activity independent of the host coagulation pathway in wound healing, as 

shown by multiple studies [40], [41]. 

Table 1 Properties improved by modification of chitosan. 
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Chitosan has also increasingly been used in the industrial space. A promising 

technology involves the use of chitosan as edible coatings in the food manufacturing 

industry for extending the shelf life of fruits and vegetables. Chitosan has been used to 

create protective films around fruits and vegetables, thus limiting water evaporation and 

subsequent dehydration of these produce. The thin film membrane formation typically 

involves dipping, air brushing, casting [14], or spraying chitosan directly unto the food 

produce. Abhijeet Bhimrao Muley et al prepared a chitosan and whey protein isolate 

conjugate film for encapsulating strawberries which significantly extended their shelf life 

[14]. Similarly, Gianfranco Romanazzi et al identified and described the recent 

applications of chitosan on other fruits including the potential of chitosan preventing 

fungal decay and reducing product waste [15]. The cosmetic industry has witnessed the 

use of chitosan for various purposes [16]. Researchers in a recent study combined 

chitosan with hyaluronic acid and collagen for fabricating thin films via solvent 

evaporation. The fabricated films were shown to possess enhanced mechanical properties 

capable of improving hair thickness [17]. Chitosan and its derivatives have also been 

used in the paper industry, the textile industry, and agriculture [18]. 

The environmental application of chitosan has seen it being used a flocculating 

agent, where small colloidal particles in wastewater are destabilized and further 

aggregated into larger flocs for subsequent removal [19] Chitosan is also used as a 

chelating agent for trapping heavy metals [20], [21] for removing pollutants organic in 

nature [22]. 
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Carboxymethyl Cellulose (CMC) 

Cellulose is mostly modified by making chemical alterations to the hydroxyl groups 

in the cellulose backbone resulting in a cellulose ester or a cellulose ether [23]. 

 

 

Carboxymethyl cellulose (CMC) is one of such cellulose derivatives, specifically 

a cellulose ether which is an anionic, linear, water-soluble polymer of anhydro-glucose 

with each unit held to the next by β-1-4-glycosidic bonds. The sources of CMC have 

gradually evolved from the typical wood-based plants to other low-cost and greener 

alternatives including recyclable materials such as waste paper [24] and waste textile [25] 

at laboratory scale. On a commercial scale the main sources of cellulose for CMC 

production are cotton linters and wood. CMC is ultimately obtained from cellulose in a 

two-step process that involves suspending cellulose in an alkaline medium followed by 

Figure 2-2 Chemical structure of cellulose derivatives 
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reacting it with monochloroacetate [26]. Manipulations of cellulose and cellulose 

derivatives including carboxymethyl cellulose via hydrolysis or mechanical treatment 

result mainly in the formation of nano whiskers and nanofibers respectively [27].  

Similar to chitosan, the applications of CMC and CMC-based hybrid materials 

encompass a wide range of fields: biomedical, pharmaceutical, cosmetics, construction, 

food, plastics, paper, and textile industries.  

Researchers in the field of biomedical science successfully designed a composite 

film comprising of carboxy methyl cellulose/poly vinyl alcohol doped with magnesium 

oxide nanoparticles for skin tissue engineering. The fabricated film possessed improved 

properties such as cell adhesion, desired swelling, controlled degradation, and tensile 

strength among others [28].  

Another group of scientists in the pharmaceutical field found a multi-component-

crosslinked carboxymethyl cellulose composite to be a safe carrier of antibiotics for the 

oral delivery of gentamicin [29]. With regards to textile digital printing, Javed Sheikh and 

his co-authors recycled cellulosic waste into carboxymethyl cellulose and subsequently 

used it as a thickener for textile printing. The authors demonstrated that there was no 

decline in color and strength properties of the printed textile [30].  

The food industry is in constant need of odorless and physiologically inert 

thickeners, emulsion, and adhesive stabilizers for packaging and other purposes and in 

this regard, Gregorova et al fabricated a PVP-CMC film as a packaging material that 

fulfilled several of the above-mentioned objectives [31]. Additionally, researchers found 

that the stability of acidified milk drinks increased when CMC with decreased degrees of 
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substitution at positions C-2 or increased degrees of substitution at position C-6 was used 

as a stabilizer [32].  

Despite the numerous advantages associated with the use of CMC in the above-

mentioned fields, the prospect of utilizing CMC for in vivo bio-sensing, developing 

CMC-based composites for stimuli-responsive applications, developing novel CMC-

based biomaterials for 3D and 4D bioprinting processes remains to be fully explored [33]. 

Hyaluronic Acid (HA) 

 This molecule, a major component of connective tissues, comprises repeating 

disaccharide units of N-acetyl-d-glucosamine and d-glucuronic acid. This structure is 

highly modifiable to serve for the creation of varying forms of this molecule, thus 

providing versatility of the use of HA in the various fields while satisfying the required 

characteristics for each field of use. Hyaluronic acid possesses numerous bodily 

functions, including but not exclusive to cell signaling, cell migration, and wound repair. 

HA has been employed in biomedical for making hydrogels [33], [62], fibers via 

electrospinning and blow spinning [63], scaffolds [64], and nanoparticle-containing 

solutions. 

Polymer composites comprise of two or more polymer materials held together in a 

dispersed or matrix phase for the purpose of attaining a novel, improved characteristic 

from those of their individual components. Considering the concept of matrix phase, 

polymer composites are divided into metal matrix composites, ceramic matrix composites 

and polymer matrix composites. Another classification based on reinforcing material 

categorizes polymer composites into Fibrous, particulate, and laminate polymer 

composites [34]. Composite materials were sub-classified by Zhago et al iton metals, 
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ceramics and polymers (based on matrix material), as well as fibrous, particulate and 

luminate (based on reinforcing material) [29]. 

Biodegradable and non-biodegradable composites as well as a combination of the 

two (hybrid) when used for mimicking living materials, make up a group of fibrous 

composites classified as natural or synthetic biocomposite. These materials tend to have 

excellent biocompatibility, improved mechanical strength and better environmental 

degradation, thus enhancing their safe application in many fields [35].   

2.2 Synthesis of Polymer Composite Biomaterials 

The use of polymer composites for specific biomedical applications is directly or 

indirectly influenced by the techniques used for fabricating such polymer composites. A 

few of the fabrication techniques include solution blow spinning, electrospinning, melt-

extrusion, solution mixing, cast molding and in situ methods [36].    

2.2.1 Solution blow spinning 

This is a facile technique for fabricating non-woven polymer fibers from a 

concentrated polymer solution subjected to a high-pressure gas source. For this process, it 

is important that the polymer is dissolved in a volatile solution. Unlike electrospinning, 

solution bow spinning does not require sophisticated apparatus; cosmetic airbrushes have 

efficiently been used to make fibers with varying parameters [37].  

As an alternative to electrospinning, precise and site-specific in situ deposition of 

uniform layers of nanofiber meshes and scaffolds directly over large areas and areas 

where conventional suturing may not be possible become feasible via solution blow 

spinning [38], [39]. Recently a group of researchers used the blow spinning technique 

thus, overcoming the limitations of conventional electro spun fiber fabrication to generate 
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gelatin-based nanofibers that exhibited excellent biocompatibility and supported stem cell 

growth [40].  

Blow spinning technique is a low cost, high throughput technique with a plethora 

of advantages over alternative fabrication methods and a growing demand in the global 

nanofiber market. However, reproducibility and alignment of micro-and nanofibers 

remain a few of the challenges associated with this technique. 

2.2.2 Electrospinning 

This fabrication technique allows the processing of with great precision (2 nm to 

several micrometers) via high electric field resulting in polymers and composites with 

larger surface area, mechanical strength, and ease of functionalization [41]. The 

electrospinning process involves an electric field formed between a syringe and a 

grounded collector in either a coaxial or near field setting [42]. 

 

 

Figure 2-3 Diagram of electrospinning apparatus (a) Coaxial electrospinning (b) near-

field electrospinning, adapted from Liu et al [77] 
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A direct current is applied to a polymer solution, or a solution containing a 

mixture of polymers and evaporated to produce fibers which are collected on the 

collector. With respect to wound healing and tissue engineering electrospinning results in 

easily modified materials that mimic the native extracellular matrix. This technique also 

allows for flexibility with choosing suitable components for controlled delivery of drugs 

and other biologically active additives [43]. 

2.2.3 Melt-extrusion 

This is an additive manufacturing that involves the use of an extruder with nozzle 

for melting and extruding polymer and polymer composite filaments. These filaments are 

subsequently used in various fields that require simple layer by layer deposition in 

bottom-up procedures as well as 3D layer deposition at the nano, micro and macro scales 

[44]. Fengze Wang and co-authors carried out a solvent-free fabrication of 

polycaprolactone (PCL) and hydroxyapatite (HA) composite filament for 3D printing a 

scaffold with increased compressive strength, surface roughness, porosity, and elastic 

modulus, using melt-extrusion technology [45]. 

2.2.4 Solvent casting 

This composite fabrication method is a simple, wet manufacturing process that 

involves minimal non-sophisticated equipment. The process requires the mixing 

individual polymer components and any additive material in the appropriate solvent 
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(typically water or a volatile solvent), mechanical agitation, followed by casting and 

subsequent drying to remove the solvent [46]. 

 

2.3 Current and Future Applications of Polymer Composites 

The growing demand for new biomaterials has necessitated increased research 

into fabricating new materials with a wide range of properties using both natural and 

synthetic sources. These novel polymer biomaterials are widely used in medical practice 

for fabricating heart valves, artificial joints, ligaments, and tendons, dental implants and 

nerve stimulating implants. The field of wound healing and tissue regeneration has also 

seen increased use of combination biomaterials for fabricating scaffolds that support cells 

and bioactive molecules. 

Synthetic biomaterials in the form of hydrogels have increasingly been fabricated 

owing to their high-water content and tissue-like structure. These hydrogels form 

Figure 2-4 Fabrication of polymer composites by solvent casting method, adapted from 

[81] 
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crosslinked polymer networks that are swellable without dissolving in aqueous 

environments. Since the pioneering fabrication of hydrogels using synthetic poly-2-

hydroxyethyl methacrylate by researchers Lim and Wichterle for biological use [47], 

hydrogels continue to be of interest to researchers.  

Advances in technology mean that new hydrogels with satisfactory cytotoxicity 

and biocompatibility are increasingly being fabricated via modifications in the chemical 

structure of the materials used. Poly(hydroxyethyl methacrylate), a commonly used 

hydrogel polymer was crosslinked with polyethylene glycol di methacrylate via free 

radical crosslinking copolymerization. The resultant hydrogel biomaterial was shown to 

be porous (for controlling permeation of cells and nutrients), with a favorable drug 

release profile [48].   

Other chemically crosslinked polyethylene glycol hydrogels have been fabricated 

specifically for use in drug delivery systems for carrying drugs to disease targets. These 

biomaterials form matrices for controlled biomolecule release of single [49], [50] and 

multiple therapeutics [51] for regenerative purposes. 

Another interesting field of synthetic hydrogel application envelopes around 

injectable implants and soft tissue fillers. Polymer hydrogels and hydrogels from polymer 

composites are modified to polymerize after injection in physiological conditions making 

them attractive for new tissue engineering applications. The crosslinking is feasible either 

under chemical influence with initiators [52] or without [53], or via physical means void 

of any chemicals [54]. 
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 In the experiments carried out by Zhu et al, an initiator complex comprising of 

ammonium persulfate and N,N,N,N-tetramethyl ethylene diamine were used polymerize 

macromers of poly(ethylene glycol) in a redox-initiated reaction. The hydrogel formed 

showed potential for use a tissue engineered material free of porogen techniques and less 

invasive in implantation [52]. 

 Despite visible progress in fabricating hydrogel materials via chemical 

crosslinking, residue initiators and gelation agents remain plausible sources of 

biocompatibility issues. 

2.4 Chitosan and Cellulose Blends 

Multi-component composites possess promising functionalities that typically 

cannot be obtained from the individual components. For instance, the strong hygroscopic 

nature of chitosan, its purity as well as difficulty with miscibility confer multiple 

challenges working with this polymer, hence the decrease in number of chitosan-based 

products on the market [27].  

In chitosan and cellulose polymer blends, the amino groups present in the 

chitosan molecule facilitate an intermolecular interaction with cellulose and its 

derivatives via hydrogen bonding. Specifically, the ionized amino (NH3+) groups of 

chitosan get electrostatically attracted to the carboxylic (COO−) groups of the anionic 

polymer [55]. The resultant composites have been shown in various studies to have 

improved thermal stability and antibacterial effect, [56] 
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2.5 Nanoparticles 

Nanoparticles have seen recent use in fields where biological applications 

intercept with nanotechnology. For example, the emergence of antibiotic-resistant 

pathogens remains one of the biggest threats to global health, food security, and 

development, with the World Health Organization reporting an ever-increasing range of 

infections globally [88]. The estimated number of illnesses caused by these antibiotic-

resistant pathogens in the USA is 2,868,700 annually, as reported by the Centers for 

Disease Control (CDC) [88].  

A promising approach to counteract antibiotic resistance emergence involves 

using nanoparticles with inherent antimicrobial properties. Several studies have 

demonstrated the capacity of metal nanoparticles and metal oxides such as iron oxide, 

magnesium oxide, zinc oxide, copper oxide, silver nanoparticles, gold nanoparticles, and 

titanium oxide to effectively combat bacterial infections via non-specific bacterial 

toxicity mechanisms [89].  

Another existing approach involves using nanocarriers that efficiently deliver 

antibiotics to their targets, thus increasing the effectiveness of the antibiotic agents [90]. 

2.5.1 Copper oxide (CuO) 

Metal oxides of copper, a transitional metal has found several applications as a 

nanomaterial in various fields including energy, biomedical and environment studies. The 

nanomaterials have gained increased interest among researchers for the assessment of 

their biological activities and photocatalytic activities [57]. Others have probed copper 

oxides for their antimicrobial [58] and anticancer [59] properties.  
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In the field of wound healing and tissue regeneration, copper oxide nanoparticles 

have been used as active agents for promoting growth of new blood vessels, and 

regenerating skin which ultimately enhance wound healing [60], [61]. Copper 

nanoparticles are mostly synthesized by physical, chemical, and biological approaches as 

comprehensively reviewed by Manoj B. Gawande and co-authors [62]. 

2.5.2 Zinc oxide (ZnO) 

The enormous physiological functions of zinc in the body makes it an 

nanomaterial especially for biomedical applications [63], [64]. The excellent, broad 

spectrum antibacterial properties of zinc nanoparticles against gram positive bacteria as 

well as its toxicity against cancer cells by apoptosis through lipid peroxidation were 

reported by Premanathan and co-authors. The authors suggested that ZnO toxicity against 

cancerous human myeloblastic leukemia cells was exerted in a dose-dependent manner 

via apoptosis and the generation of reactive oxygen species (ROS). They also found that 

ZnO significantly suppressed the growth of E. coli, P. aeruginosa, and S. aureus [65]. 

Similarly zinc oxide was shown to be effective against gram negative bacteria [66]. 

2.5.3 Silver nanoparticles (AgNPs) 

The medical, pharmaceutical, food, healthcare, cosmetic and many other 

industries are in demand of silver nanoparticles. The physical, chemical, and biological 

properties of these nanomaterials are readily modifiable hence, their increased application 

across the above-mentioned fields as antibacterial agents, components of medical 

devices, and additives in wound dressings [67].  

AgNPs are synthesized via physical, chemical, and biological means. The 

physical and chemical approaches for synthesizing AgNPs have been shown to be costly 
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and not hazard-free. There is therefore an increase in preparation of AgNPs via biological 

means (green synthesis) in conjunction with microorganisms such as Escherichia coli, 

strains of Lactobacillus, Pseudomonas stutzeri, and Fusarium oxysporum [68]. 

Moreover, biological synthesis is advantageous due to ability of controlling 

particle size, the high throughput and stability of AgNPs produced, and this method 

occurs mostly in a single step. The green synthesis method has been used to obtain 

AgNPs from various sources including plants and small molecules such as amino acids 

and vitamins [69].  

Post synthesis, AgNPs are characterized for the elucidating important 

physicochemical aspects regarding size and shape using analytical techniques such as 

XRD, FT-IR, SEM, TEM, and AFM. Typically, SEM together with EDX allow for 

determining the morphology and elemental composition of the nanoparticles [70]. TEM 

analysis produces results similar to SEM but with better resolution since thin slice 

samples are used with electron beams traversing the samples [71]. AFM analytical 

technique, when used for physicochemical characterization of nanoparticles allows for 

assessing the dispersion and aggregation rate of the nanomaterial using scanning modes 

different from SEM and TEM [72]. 

Silver nanoparticles have been shown to be one of the most promising alternatives 

for the treatment of cancer. Its ability for use as nanocarriers in targeted drug delivery 

against tumor cells is discussed by Helena Gomes [73]. Th antibacterial and anti-

inflammatory properties of silver nanoparticles have also been discussed in detail by 

Tamara Bruna and Kenneth Wong respectively [74], [75]. 
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2.5.4 Halloysite 

Halloysite nanotubes (HNTs) are ubiquitous, easily accessible nanomaterials that 

obtained from clay mineral deposits [76]. Structurally, halloysites are hollow and tubular 

in nature with two layers of aluminosilicate (Al2Si2O5(OH)4nH2O). Halloysites exist in 

the sub-micron range with an outer diameter range of 50–80 nm and an inner lumen 

ranging 10-15 nm [77].  With an aspect ratio of approximately 50, HNTs have a 

relatively large surface area and a lumen that can be loaded with various materials, such 

as drugs, metals, and biomacromolecules making it an excellent nanocarrier [78]–[80]. 

The inner lumen of HNTs has successfully be filled with antibiotics, cancer drugs, 

biomolecules, dyes and a wide range of active agents mainly using vacuum as the driving 

mechanism [81]–[84]. The outer surface of halloysites has also been modified with 

nanomaterials using varying techniques for a number  of applications [85], [86]. HNTs 

have increasing been used as filler nanocomposites [87], nanocarriers of drugs [88], 

adsorbent materials [89], and as catalysts [90] due to their tubular microstructure, 

biocompatibility, high mechanical strength, thermal stability, and potential for surface 

modification [86]. 

 Research has shown halloysite nanotubes to be non-cytotoxic on several cell 

types, including chondrocytes, dermal fibroblasts, osteoblasts, and stem cells on 

halloysite-doped composites. These cells proliferated and maintained their cellular 

phenotype after exposure to varying concentrations of HNT [91]–[93].  

The low level of cytotoxicity exhibited by halloysite nanotubes makes them 

optimal candidates for wound healing and polymer-based tissue regeneration applications 

[94]. 
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Surface modification of halloysite nanotubes 

Free radical modification 

The free radical modification of halloysite surfaces is feasible owing to the 

presence of hydroxyl groups on both outer HNT surface and the surface of the inner 

lumen, to which reactive monomers could be attached.  In a radical polymerization 

process Liu and co-authors grafted polymethyl methacrylate (PMMA) unto the surface of 

HNTs with the resultant modified HNTs incorporated into poly(vinyl chloride). This 

significantly improved the toughness, strength and modulus of the PVC [95]. HNTs 

gained added functionality through free radical modification when they were surfaced 

modified by the coating with polymers via atom transfer radial polymerization. The 

authors reported that the resulting composite demonstrated improved wettability 

properties [96].  

 Metal sintering of halloysite nanotubes 

Sintering of halloysite nanotubes is a cost-effective, chemical free process of 

modifying the surface of halloysites at high temperatures under dry conditions. 

Temperature of 300°C and beyond cause the dissociation of most metal acetylacetonates, 

allowing the free metal ions to attach the outer surface of halloysites via strong 

electrostatic interactions [97]. Jammalamadaka and co-authors deposited barium sulfate 

nanoparticles on the surface of HNTs for subsequent use in enhancing the mechanical 

properties of PMMA bone cement [98]. 

Electrodeposition for metalizing HNTs 

The phenomenon of electrolysis where direct current is used to drive an otherwise 

non-spontaneous reaction can be employed for depositing nanoparticles onto halloysites, 
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thus modifying its surface and lumen [99]. This technique is advantageous over other 

existing HNT modification methods owing to the low cost involved. The resultant hybrid 

HNT nanocomposites have found applications in nano-bio sensors, biomedical devices, 

theragnostic systems, radiation adsorption composites, industrial catalytic systems, and 

antibacterial nanomaterials [100]. Humayan and co-authors demonstrated a voltage 

regulated electrophoretic deposition of zinc nanoparticles onto the surface of halloysites 

[85].  

Physical Adsorption or Self-Assembly 

Halloysites have been shown to have the tendency of adhering ions onto their 

surfaces through physical interactions between opposite charges. Positively charged 

metal ions were reported to be electrostatically bound to halloysites forming a cluster of 

metals on the surface via an intercalation mechanism [101].  

Direct adsorption of silver acetate onto halloysite clay nanotubes was also shown 

to be feasible through metal ion reduction in aqueous halloysite dispersion based on the 

concentration and particulate size of the silver nanoparticles [102]. Wenjing Yang and 

co-authors designed and fabricated antibacterial and magnetic HNTs by adsorbing Fe3O4 

magnetic nanoparticles onto HNTs via electrostatic adsorption.  

Further manipulations of the modified halloysites conferred additional properties 

such as improvement in cell activity, antibacterial activity, and increased cell 

proliferation [103]. Fabrication conditions such as increased temperature and pH have 

been shown to facilitate the self-assembly of silver ions onto the surface of unmodified 

halloysite in an aqueous solution [104].  

 Solvothermal 
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Modification of halloysites by solvothermal synthesis usually involves subjecting 

HNTs to a solvent-mediated reaction in a vessel capable of withstanding high pressure 

and temperatures surplus of the boiling point of the reaction medium [143]. TiO2 and 

ZnO have been deposited onto Halloysites by solvothermal synthesis for improved 

photocatalytic activity and for improved mechanical and antimicrobial properties 

respectively [144], [145].  

2.6 The Wound Healing Process 

Homeostasis, inflammatory, proliferation and remodeling make up the 

overlapping stages of wound healing. The sequence of physiological events 

immediately after an injury is geared towards restricting or completely halting 

bleeding [105], [106]. These 4 stages of physiological events remain the same 

whether the healing process occurs by primary or secondary intention.  

 

Figure 2-5 Image depicting the wound healing process, Adapted from Silva et al [107]  
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2.6.1 Homeostasis stage 

Hemorrhage or bleeding is characteristic of any wound that penetrates the dermis. 

A natural occurrence that follows is the constriction of blood vessels thus restricting the 

flow of blood to the site of injury [108]. Platelets play a key role by adhering and 

aggregating at the injury site, by so doing sealing the break in the blood vessel. Fibrin 

clots, in the form of a mesh, are subsequently formed serving as a provisional matrix to 

keep the area moist and hydrated [109].  

2.6.2 Inflammatory stage 

This stage of the wound healing process is characterized by the release of cytokines 

and inflammatory mediators leading to inflammation. This results in and infiltration of the 

wound area by neutrophils from the blood [110]. Neutrophils are granulocytic 

polymorphonuclear cells that are also phagocytic. These cells digest bacteria, pathogens, 

and dead necrotic cells at the site of injury thereby, reduce the risk of infection. The 

neutrophils also release cytokines that attract a lot more of the neutrophils and macrophages 

[111].  

2.6.3 Proliferation stage 

Even before the end of the inflammatory stage, macrophages attracted to the site 

of injury release growth factors that stimulate cell proliferation. During this stage, 

fibroblasts migrate to the wound area as a result of the coordinating cytokine-growth 

factor releasing activity of macrophages [112]. Plasminogen, a soluble plasma protein, is 

converted to plasmin that digests and breaks up fibrin strands in a process referred to as 
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fibrinolysis. Fibroblasts also secrete collagen and matrix or ground substance, mostly 

glycoproteins, that fill, contract and cover the wound area [113].  

The wound bed is also filled with collagen fibers and growth factors that enhance 

vascularization via angiogenesis to oxygenate the tissue. Proliferation of B lymphocytes 

causes the infiltration of plasma cells that secrete antibodies (immunoglobin molecules) 

for providing immunity. Adjacent cells increasingly proliferate, with the wound edges 

contracting due to the activity of myofibroblasts (strips of fibroblasts) and components 

that make up the granulation tissue [113], [114]. The latter phase of this proliferation 

stage is characterized by migration of epithelial cells which rapidly form the epithelium 

[115]. 

2.6.4 Maturation phase 

This is the final stage of the wound healing process and is also referred to as remodeling 

stage. Wounds can heal by regeneration or fibrosis. A suitably moist and hydrated wound 

healing environment could heal via regeneration due to increased mitosis and cell 

migration whereas an accumulation of more collagen-based fibrous tissue could result in 

the formation of scar tissue [116]. During this remodeling stage of wound healing 

vascularity of scars is seen to reduce over time, and re-arrangement of collagen is via 

crosslinking is seen to occur resulting in a new tissue with less tensile strength compared 

to unwounded skin [117]. 

2.7 Trends in wound management 

Wound management is primarily focused on preventing scar tissue formation. 

Complications could delay or prevent wound healing if the granulation tissue and re-

epithelization cells are kept relatively moist. Most complications have been attributed to 
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microbial infections. A typical wound management approach is polymeric wound 

dressings, gels, and dermal films [151]. The availability of current state-of-the-art 

technology means that the ideal wound care/management should encompass wound 

treatment using a wound dressing that prevents biofilm formation, prevents hypoxia, 

enhances balancing of the wound healing phases and incorporates cell therapy as well as 

nanocarrier systems for delivery of therapeutics. 

2.8 Cells in Biomaterial Research 

Biomaterials, mechanical stimuli, and cells are the major factors identified in 

tissue engineering [118]. Biomaterials engineered for tissue regenerative purposes should 

mimic the structural and biochemical support provided by the native extracellular matrix 

(ECM).  The extracellular matrix (ECM) is composed of proteins and protein-

polysaccharide complexes such as collagen, fibronectin, and proteoglycan complexes, 

that serve as cues and stimuli via their three-dimensional structure. Receptors in the cell 

plasma membrane react to materials in or on the body. As a result, cells can change 

functions based on the properties of the materials they are in contact with, hence the need 

to consider cells in biomaterial research. Cell types commonly used in biomedical 

research include mesenchymal stem cells (MSCs), induced pluripotent stem cells 

(iPSCs), embryonic stem cells (ESCs) and Schwann cells. These cells are mostly 

obtained from autologous, allogenic, and xenogeneic sources for use in conjunction with 

biomaterials for tissue engineering purposes. 

Mesenchymal stem cells, also known as adult stem cells, are multipotential cells 

that together with hematopoietic stem cells provide the niche and progenitors for bone, 

cartilage, muscle, tendons, and fat. Studies have shown the feasibility of differentiating 
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MSCs into non mesenchymal cell lines including neural cells and epithelial cells. They 

are characterized by their non expression of surface markers such as CD45, CD34 and 

CD14, as well as the expression of CD166, CD105 and CD44 though these molecules are 

not exclusive to MSCs. However, common features of MSCs include plastic adhesion, 

morphology, and differentiation potential into cells with osteogenic, adipogenic and 

chondrogenic phenotypes. In addition to bone marrow, MSCs have been isolated and 

expanded from adipose tissue, umbilical cord, synovium, periosteum, teeth, lung and 

muscle. MSCs have found therapeutic applications in regenerative medicine, where they 

support the local repair of different tissue types. For this purpose, MScs are applied via 

direct loading to infarct zone for the treatment of myocardial infarction, to lung tissue for 

protection against bleomycin-induced lung injury, to the spinal cord for improvement in 

spinal function, and to joints for engraftment to meniscus, fat pad and synovium leading 

to protection of cartilage in an animal model of arthritis [119]. 

Induced pluripotent stem cells (iPSCs) are somatic cells genetically engineered 

into multipotent stem cells that possess the ability to differentiate into all cell types. They 

have found a variety of applications in regenerative since their discovery via transduction 

of regulatory genes in retroviruses and lentiviruses. More potent and recent methods for 

generating Induced pluripotent stem cells include synthesized RNAs [120], proteins [121] 

and plasmids [122]. Two major lines of Induced pluripotent stem cells (iPSCs) 

application have been reported in literature: directed differentiation into specific cell 

lineages or direct reprogramming [123]. Researchers have successfully differentiated 

iPSCs into cardiovascular cells [124], neural cells [125], and hepatocytes [126] via direct 

differentiation. For instance, Mauritz et al differentiated iPS cells in cardiomyocytes that 
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showed typical characteristics of this cell line including contracting embryoid bodies. The 

differentiated cells also expressed multiple marker genes typical of cardiomyocytes 

[127]. Similarly, the use of a neuron growth factor (NGF)-grafted poly(ε-caprolactone) 

(PCL)-poly(b-hydroxybutyrate) (PHB) scaffold was shown to enhance the differentiation 

of iPSCs into neurons by a group of researchers. This research work also showed that 

increased polymer concentration, while increased the adhesion of iPSCs likewise 

decreased the viability of the cells [125]. 

In summary, cells play a crucial role in the use of biomaterials for biomedical and 

tissue regeneration purposes. Mesenchymal stem cells and induced pluripotent stem cells 

are increasingly being studied for their cell-to-cell interactions as well as their cell-to-

matrix (biomaterials and scaffold) interactions. They have the added advantage of being 

patient-specific thus, reducing the risk of immune suppression. 
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CHAPTER 3 

 

METHODS 
 

3.1 Project 1: Fabrication and characterization of Sol-Gel 

Chitosan/Carboxymethylcellulose composite incorporated with zinc-doped 

halloysites (HNTs) and characterization of its physico-chemical properties. 

3.1.1 Overview 

A carboxy-methylcellulose (CMC)/chitosan (CS)/HNT composite was prepared 

via a simple solution-gel transition method, and its material properties and cellular effects 

were investigated. Samples with different CMC/chitosan/HNT ratios were therefore, 

fabricated. The microstructure of the dried composites was analyzed by Scanning 

Electron Microscope (SEM). Molecular interactions between polymers were confirmed 

by Fourier transform infrared (FTIR) spectra and thermal gravimetric analyze (TGA). 

The swelling degree, weight loss, in vitro drug release behavior and antibacterial property 

of the composites were also determined. Gentamicin (GEN) was used as a model 

hydrophilic drug. 

3.1.2 Materials 

Chitosan (MW, deacetylation), carboxymethyl cellulose sodium salt (Lot # 

SLCG5902), were purchased from sigma Aldrich (St. Louis, MO, USA). Halloysite 

nanotubes were purchased from ALFA Chemistry (CAS # 1332-58-7, Lot # 

A20D06061).  Zinc oxide nanoparticles were purchased from Nanostructures & 
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Amorphous Materials Inc (CAS # 1314-13-2, Lot # 581-072011). Zinc sulphate was 

purchased from Eisen Golden laboratories (CAS # 7446-19-7, ID # EG ZNSO4-8). 

3.1.3 Methods 

Zinc-coating of Halloysites (HNTs)  

Zinc and alloys of zinc have found wide application as prospective nanomaterials 

in diverse scientific fields. Zinc-coated HNTs were prepared based on an electrolytic 

method with the setup consisting of titanium meshes held parallel to each other at a 

distance of 2 inches and connected to a DC power input (VWR Accupower 500 

electrophoresis power supply). An ultrasonicated 700 ml aqueous solution of 142 mg zinc 

oxide and 350 mg HNTs was poured in a beaker. Twenty volts (20V) was then be applied 

with switching of polarity at the platinum electrodes every 5 minutes under constant 

stirring. This was done to increase the accumulation of metal ions in the solution. The 

solution was allowed to settle, and the supernatant subsequently decanted after every 

round of washing in three repeats to remove non-adsorbed metal particles. This was 

followed by centrifugation at 5000 rpm for 5 minutes and drying at 37 ºC. The procedure 

is illustrated in Figure 3-1 below. 
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Characterization of HNTs and Zn-doped HNTs 

SEM and EDS 

 The surface topography of HNTs and zinc doped HNTS were analyzed on a 

S4800 Field Emission scanning electron microscope (Hitachi) under high vacuum. For 

improved resolution, samples were made more electrically conductive via sputter-coating 

with a thin layer of gold. 

 Element analysis of HNTs and zinc doped HNTS was further carried out on an 

EDAX dispersive X-ray analyzer coupled to the scanning electron microscope using the 

following parameters: stage distance – 15mm, acceleration voltage – 20kV.  

Figure 3-1 Schematic for doping halloysite nanotubes with metal nanoparticles via 

electrophoretic deposition 
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X-Ray Diffraction (XRD) 

XRD pattern analysis was carried out on HNTS, ZnO and Zinc doped HNTS to 

study the crystal structure of the samples. This was done on a Bruker D8 Venture 

diffractometer (Brunker, Germany) under the following conditions: speed – 2 sec, step 

size – 0.02o. Patterns were detected on a Philips PW 1710 x-ray diffractometer over 2Ɵ 

within 3 ͦ and 85 ͦ. 

X-Ray Fluorescence (XRF) 

Elemental analysis of zinc-doped halloysites in comparison to pristine halloysite 

nanotubes was conducted to confirm the electrophoretic deposition of zinc nanoparticles 

onto the surface of the halloysite nanotubes using x-ray fluorescence. The spectra 

obtained were analyzed on a Wintrace 7.1™ software (Thermo Fisher Scientific, 

Waltham, MA). 

Fourier transform infrared spectroscopy (FT-IR) 

Fourier transform infrared spectroscopy (FT-IR) spectra of HNTs, ZnO, ZnSO4, 

ZnO-doped HNTs and ZnSO4-doped HNTs were recorded on a FT-IR spectrometer in the 

range of 400–4000 cm−1 at a 6 cm−1 resolution and 32 scans using KBr pellets. 

Loading of HNTs and ZnHNTs with gentamicin  

Gentamicin sulphate (2mg) was loaded into HNTs (200 mg) and Zinc-coated (200 

mg) HNTs by vacuum method. The samples were initially sterilized under UV light for 1 

hour and then added to 10 ml of autoclaved ddH20. The suspension was placed in a 

vacuum chamber and subjected to 5 repeats of 75 cm Hg vacuum pressure for 20 minutes 

per cycle and released, with intermittent shaking. The gentamicin-loaded HNTs and zinc-
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coated HNTs were allowed to settle, the supernatant was discarded, and the samples 

washed with distilled water thrice to get rid of any excess gentamicin sulfate. 

Test for minimal inhibitory concentration 

The micro titration method was used to evaluate the minimal concentration of 

anhydrous CS, CMC, HNT, ZnHNT and gentamicin loaded HNTs and Zn-doped HNTs 

capable of inhibiting bacterial growth rate using the microtitration method. Equal 

volumes of all the test materials (200 μl) at three different concentrations 2, 1 & 0.5 

(mg/ml) were used in this study. Three clean colony cultures of gram-positive bacteria – 

S. aureus and gram-negative bacteria – E. coli were chosen with bacterial growth rate 

tests performed in 3 repeats. Bacteria was grown on Luria-Bertani (LB) broth, and the 

test was conducted in Miller Hilton broth. 

Fabrication – chitosan/carboxymethylcellulose composite  

Chitosan/carboxymethylcellulose composites were prepared according to the 

schematic in figure 3-2 below. In order to obtain the desired hydrogel, low molecular 

weight chitosan was dissolved in 4% critic acid solution to form a 2% chitosan 

concentration. For the purpose of this research work, 2% chitosan concentration is 

deemed optimal as shown from our previous study Yangyang et al. [128]. 

Carboxymethylcellulose sodium salt (Sigma Aldrich) was also be obtained and dissolved 

in distilled water to form a 2% CMC solution. Various volume-to-volume ratios of CTS 

and CMS (1:8, 1:4, 1:1, 4:1, 8:1) were prepared by mixing the appropriate volumes of 

each polymer solution. The resultant mixtures were then left at room temperature for 

gelation to occur.  After gelation, the hydrogels formed were washed in distilled water 

and placed in dialysis tubes, and subsequently immersed in a large water container 
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overnight to equilibrate and get rid of residual unreacted organic solvents and chemicals. 

This was followed by lyophilization of the composites via freeze-drying for further 

analyses. 

 

Characterization of physico-chemical properties of fabricated composites 

Rheological measurements 

 Assessment of the mechanical behavior of liquids using a rheometer is one way 

to differentiate between viscous liquids and gels. Two main parameters, that is storage 

modulus (G’), which is a measure of the stored energy representing the elastic portion, 

and loss modulus (G”), which is a measure of the energy dissipated as heat, representing 

the viscous portion, was recorded. These viscoelastic properties of the samples were 

examined in the frequency range of 0.1–10 rs−1. The chitosan to carboxymethyl ratio that 

yielded a hydrogel with the optimal yield strength was used to fabricate groups of 

lyophilized samples for further analyses. The experiment was run on a Bohlin C-VOR 

rheological Instrument. 

Figure 3-2 A schematic diagram depicting the fabrication process of CTS/CMC polymer 

hydrogel. 
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Spreadability test 

A known mass of each CTS/CMC sample was placed on a glass slide and covered 

with a second glass. A fixed weight was placed on the construct for 2 minutes. Upon 

removal of the weight, contact angles of sessile drops of each chitosan-based sample 

were analyzed under a contact angle analyzer equipped with axis symmetric drop shape 

analysis profile as a qualitative measure of the ability of samples to spread. 

 

Fourier-Transform Infrared (FT-IR) characterization 

The structures of CTS, CMC, and lyophilized CTS/CMC composite were 

examined at room temperature on an FT-IR spectrometer (Spectrum 2000, Perkin Elmer 

Co, Norwalk, USA) using the potassium bromide (KBr) disc technique. An average of 16 

scans with a resolution of 2 cm-1 was taken to confirm the intermolecular interaction of 

chitosan and carboxymethyl cellulose.  

Figure 3-3 A schematic diagram depicting the process of assessing sample Spreadability. 
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Assessment of polymer thermo-responsiveness via thermogravimetric analysis 

Chitosan, carboxymethylcellulose, and the resultant lyophilized CTS/CMC 

composite were subjected to thermogravimetric analysis to assess their response to 

fluctuating temperature. This was carried out in an inert nitrogen atmosphere from 40 ºC 

to 600 ºC at a heating rate of 10 ºC per minute using a Q50 TGA system (TA 

Instruments, New Castle, Delaware, USA). 

Scanning Electron Microscopy (SEM) Examination of Freeze-Dried Hydrogels 

Hydrogels were frozen at 80 °C and then lyophilized by a freeze-dried method. 

The resulting dried samples were examined using an S4800 Field Emission SEM, 

HITACHI.  The high magnification attained by SEM allowed for a close assessment of 

the surface morphologies of samples. 

Energy Dispersive Spectroscopy (EDX) 

EDAX dispersive X-ray analyzer attached to the HITACHI S-4800 SEM was 

used to evaluate the elemental composition and weight percentage of Zinc on the HNTs. 

EDS analyses were carried out at distance of 15mm with an acceleration voltage of 20kV 

and the spectra was analyzed using the EDAX Genesis software. 

 Multi BET/Pore Size Testing 

Determining the average pore size is a critical aspect for fabricating biomaterials. 

Microporous, microporous, and mesoporous biomaterials affect the permeability, surface 

area for cell attachment, and the mechanical strength of fabricated biomaterials. A 

MultiBET pore size analyzer (Brunauer-Emmett-Teller) was used to assess the 

differences in pore sizes of freeze-dried CTS/CMC composites fabricated at pH 2, pH 4 

and pH 6. Analysis was done in the presence of helium gas at 60 °C outgas temperature 
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for 24 hours. Additionally, the samples: CTS/CMC, CTS/CMC+1%HNT and 

CTS/CMS+5% HNT were analyzed on the same equipment (NOVA 2200e surface area 

and pore analyzer) to assess the effect of halloysite nanoparticle addition on sample pore 

sizes. 

Determination of Swelling Properties 

The lyophilized chitosan-based samples were weighed (50 mg) and immersed in 

25 mL of water. Samples were retrieved at pre-set time intervals and re-weighed to 

determine their swelling ratios and water content ratios using the formulae below: 

𝑆𝑤𝑒𝑙𝑙𝑖𝑛𝑔 𝑟𝑎𝑡𝑖𝑜 =  𝑀𝑠 𝑀𝑑⁄  

 

𝑊𝑎𝑡𝑒𝑟 𝑐𝑜𝑛𝑡𝑒𝑛𝑡, % =  
(𝑀𝑠 − 𝑀𝑑)

𝑀𝑠⁄ ∗ 100% 

Where Ms is the mass of wet sample and Md is the mass of dry sample. 

Statistical Analysis 

The data obtained from these results will predominantly be qualitative. The data 

obtained was presented as mean ± standard error of the mean value (Mean ± SEM). The 

standard deviations between experimental groups were evaluated using one-way 

ANOVA (one-way ANOVA) followed by Bonferroni criteria of multiple comparison. 

The values were considered statistically valid at p <0.05. The analysis was performed 

using excel statistical software pack. 
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3.2 Project 2: In vitro assessment of the effect of the fabricated chitosan-based 

composite on wound closure and cell migration 

3.2.1 Overview 

It is common that bleeding disorder and cut wound patients are treated with 

chitosan-based hemostatic composites. Wound healing involves a cascade of chemokine 

and cellular activity that leads to the regeneration of damaged tissue. With chitosan, 

halloysites and zinc nanoparticles being associated with different stages of the wound 

healing process [129]–[131], it is necessary to evaluate the combined effect of their 

interaction on cellular response in vitro by conducting antimicrobial tests, proliferation 

tests, cytotoxicity tests and cell migration tests including scratch assay and  trans-well 

migration assay. 

3.2.2 Materials 

Dulbecco’s Modified Eagle’s Medium (DMEM), alpha Minimum Essential 

Medium (MEM α), penicillin-streptomycin sulphate, tryplE, and fetal bovine serum were 

used at various stages of the cell culture process. Human dermal fibroblast cell line, 

Adipose-derived mesenchymal stem cells, pre-osteoblast cells, and bacterial cell lines (E. 

coli & S. aureus) were purchased from ATCC. 

3.2.3 Methods 

Kirby Bauer Disk Susceptibility Test  

E. coli (ATCC 25922) and S. aureus (ATCC 6538) were streaked on agar plates. 

Three similar colonies of the bacteria were identified and transferred with inoculation 

loops into 5ml of Tryptic Soy Broth. The broth cultures were incubated at 35 degrees C. 

to develop a turbidity equivalent to an absorbance of 0.08-0.1 at 630 nm which 
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corresponds to 1 to 2 x 108 CFU/ml. Lawns of these bacteria were then grown on Muller-

Hilton agar plates via spreading of 100 µl of bacterial culture onto the plates using a 

spreader. 

Chitosan-based samples, specifically CTS/CMC, CTS/CMC+1%HNT, 

CTC/CMC+2.5%HNT, CTS/CMC+5%HNT, CTC/CMC+1%LHNT, 

CTC/CMC+2.5LHNT, CTS/CMC+5%LHNT, CTS/CMC+1%ZnHNT, 

CTC/CMC+2.5%ZnHNT, CTS/CMC+5%ZnHNT, CTS/CMC+1%LZnHNT, 

CTC/CMC+2.5%LZnHNT and CTS/CMC+5%LZnHNT were made into discs similar to 

commercially available gentamicin controls discs (15mg weight, 6mm in diameter), and 

were impregnated on the Mueller-Hilton agar plates using aseptic precautions. The plates 

were incubated at 37 degrees celsius. After 18-24 hours of incubation, the plates were 

examined for zones showing inhibition via gross visual inspection, and the diameters of 

the zones of inhibition recorded.  

Cell Culture 

Human dermal fibroblasts and adipose-derived mesenchymal stem cells were 

purchased from ATCC and delivered in cryopreserved vials. The vials were thawed and 

brought to room temperature prior to use. Complete culture medium containing 

Dulbecco’s modified Eagle medium (DMEM), 10% fetal bovine serum (FBS) and 1% 

penicillin/streptomycin antibiotic was prepared for supporting the growth of these cell 

lines at 37°C, 5% CO2. The DMEM used was obtained from GIBCO Invitrogen, the FBS 

was obtained from Neuromics, Cat No. FBS002, Lot No. N21H21 and 

penicillin/streptomycin was purchased from Gibco, REF. 15070-063. Additionally, 

mouse pre-osteoblast cell line (ATCC® CRL-2593™) (MC3T3) was purchased from 
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ATCC (Manassas, VA), thawed, and cultured in Alpha Minimum Essential Media (α -

MEM) supplemented with 10% FBS and 1% penicillin/streptomycin antibiotic. The cells 

were cultured in a humidified incubator at 37°C, 5% CO2. After reaching a confluence 

level of 80-90%, all cells were passaged by detaching with TryplE cell dissociation 

medium. Passaging was carried out at 3000 * rcf for 3-5 minutes, followed by 

resuspension of cells in appropriate amount of complete medium. All cells used for 

experiments were at least passage 3 cells (P3) to ensure stability and viability. Cell 

medium was changed every three days when cells were not confluent, unless stated 

otherwise. 

Sample conditioning 

Chitosan-based samples were weighed (150 mg) and sterilized under UV light for 

2 hours. The sterilized samples were then used to condition cell culture media by placing 

them in 5 mL of complete DMEM at 4°C for 24 hours. The mixture was then centrifuged, 

and the supernatant further diluted in 5 mL of a fresh complete medium. 

Cell Proliferation assay  

A suspension of cells in pre-conditioned media was made and seeded into wells of 

a 96-well plate at a density of 1000 cells/well. The cell culture plates were then pre-

incubated in a humidified incubator at 37°C, 5% CO2. CCK-8 reagent was thawed in a 

water bath at 37°C, 10 μl of it was added to each well of the plate and incubated for 2 

hours in the incubator. At given times, the absorbance was measured at 450 nm using a 

microplate reader (BioTek Instruments, Inc., REF 800TS). The proliferation assay was 

conducted on day 1, 2, 3, 4, and 5. 
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Cytotoxicity Testing 

The cytotoxicity of chitosan-based composites was analyzed via live/dead assay 

using human dermal fibroblast cells. Dulbecco’s Modified Eagle’s Medium 

supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin was pre-

conditioned via the method described above. The human dermal fibroblast cells were 

seeded in 500 µL of the pre-conditioned media at a density of 1000 cells/well on 48 well 

plates and cultured at 37°C, 5% CO2.  Additionally, a staining solution containing 5 µL 

of 4mM Calcein, 20 µL of 2mM EthD, and 10 mL PBS was prepared. On given days 1, 3 

and 5, the culture medium was aspirated, the cells were washed three times with 

phosphate buffered saline (PBS) and stained in 200 µL of the staining medium. This was 

followed by a 30–45-minute incubation at room temperature. Fluorescence images were 

taken on ECHO microscope with live and dead cells counted using Image J software.  

Alizarin Red Staining 

Alizarin red staining and quantification assay (ScienCell Research Laboratories 

Cat. #8678) was used to assess matrix mineralization via evaluation of calcium deposits 

in cell culture post-osteogenic differentiation. Cells were cultured in appropriate sample-

conditioned cell media for different time periods (1, 7 and 14 days) and subsequently 

fixed using 4% formaldehyde for 15 min at room temperature. The cells were then 

stained with 1 mL of 40mM alizarin red stain for 30 min with gentle shaking, washed 5 

times with deionized water and observed under a microscope.  A monolayer of cells 

cultured pristine culture medium served as control cell group. The alizarin dye was 

extracted and quantified on a plate reader (BioTek Instruments, Inc., REF 800TS) at 405 
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nm to calculate the staining concentration by comparing it to optical density readings of 

alizarin red staining standards of known concentrations. 

Dye Extraction 

Plates containing cells stained with alizarin red dye were tilted at an angle for 2 

mins to remove excess water from them. They were then stored overnight at -20°C prior 

to dye extraction. Acetic acid (10%) was added to wells of a 24-well plate containing 

stained cells in a volume of 200 µL/ well. The plates were then incubated for 30 minutes 

at room temperature with gentle shaking. The cells were detached into the acetic acid 

solution using a cell scraper, collected into 1.5 mL Eppendorf tubes., and vortexed for 30 

seconds. This was followed by sample heating at 85°C for 10 minutes and 5 minutes 

incubation on ice. Subsequent steps involved centrifugation of the slurry at 20,000 g for 

15 minutes, transferring 200 µL of the supernatant to new 1.5 mL Eppendorf tubes and 

increasing the pH of the solution to between 4.1 and 4.5 using 75 µL of 10% ammonium 

hydroxide. Fifty (50 µL/well) microliters of each sample were aliquoted into wells of a 

96-well plate in triplicates, and the absorbance reading was taken at 405 nm on a plate 

reader (BioTek Instruments, Inc., REF 800TS).   

Standard Preparation  

Alizarin red stain (ARS) was added to a standard dilution solution in volumes of 

100 µL and 900 µL respectively in a 1.5 mL Eppendorf tube. Next, microcentrifuge tubes 

were labeled #1 through #8, with 500 µL/tube of standard dilution solution added to 

them. 500 µL of the first mix was added to tube #1 and then serially diluted through #7. 

Tube #8 served as a control tube (blank). Absorbance readings were then taken at 405 nm 

using a plate reader (BioTek Instruments, Inc., REF 800TS). 
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S-β-Galactosidase Staining 

A senescence cell histochemical staining kit (Sigma-Aldrich Cat. #CS0030-1KT) 

was used to assess the expression of β-galactosidase according to the manufacturer’s 

protocol. Pre-osteoblast cells were grown in the presence of conditioned samples and 

fixed in 1X fixation buffer at room temperature for 6-7 minutes, followed by the addition 

of the staining mixture to stain the cells, incubated at 37°C overnight. The ratio of blue-

stained cells was used to calculate the senescent cells (the percentage of cells expressing 

β-galactosidase). 

Scratch assay 

A scratch assay protocol was designed to measure cell migration in vitro after 

exposure of human dermal fibroblasts to chitosan-based composites in comparison with 

control unexposed cells. Confluent fibroblasts were detached from cell culture flasks, 

resuspended in DMEM supplemented with 10% fetal bovine serum and 1% 

penicillin/streptomycin, and plated on 48 well cell culture plates at a density of 1000 

cells/well. The plates were kept at 37 ºC, 5% CO2 until confluent. Once confluent, the 

cell monolayers were scraped in a straight line in each group with a p20 pipet tip. The 

debris was removed via washing with 1 ml of complete growth medium. Two (2) 

milliliters of fresh growth medium were added to the control group and the experimental 

group of cells contained 2 ml of media pre-conditioned with the appropriate chitosan-

based composites supplemented with 10% fetal bovine serum and 1% 

penicillin/streptomycin. Phase contrast images were taken at given time periods (0-12 

hours). 
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3.3 Project 3: Biofabrication and material characterization of 

Chitosan/Carboxymethyl cellulose solution casted membranes for various 

biomedical applications. 

3.3.1 Overview 

Over the years, polymer composites are increasingly being researched for their 

ability to supplement or replace conventional materials. Section 3.1 of this dissertation 

research was focused on synthesizing CTS/CMC composites reinforced with halloysites 

and zinc-doped halloysites via solution-gel synthesis method. Inconclusive results were 

obtained with regards to possible zinc toxicity to mesenchymal stem cells and human 

dermal fibroblast cells. This was suggested and attributed to the CTS/CMC fabrication 

method, which involved the dissolution of chitosan in an acidic environment as well as 

the undesirable cellular response to zinc (zinc toxicity) arising due to its concentration or 

Figure 3-4 Schematic of scratch wound assay 
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the buffer conditions (pH) of the cell culture media as reported by other studies [132]–

[135]. 

Chitosan/carboxymethyl cellulose composites reinforced with halloysites and 

copper-doped halloysites were therefore, fabricated via solvent casting method and 

investigated for their mechanical, chemical, and morphological properties as well as in 

vitro cellular response. 

3.3.2 Materials 

Water-soluble chitosan was purchased from Matexcel (10-30mpa.s, cat. # NAT-

0033), carboxymethyl cellulose sodium salt was purchased Sigma Aldrich (St. Louis, 

MO, USA), while halloysite nanotubes were purchased from ALFA Chemistry (CAS # 

1332-58-7). Copper oxide (CuO) nanoparticles were also purchased from Alpha 

Chemicals. Additionally, Dulbecco’s Modified Eagle’s Medium (DMEM), penicillin-

streptomycin sulphate, tryplE, and fetal bovine serum were used at various stages of the 

cell culture process. Human dermal fibroblast cell line, Adipose-derived mesenchymal 

stem cells, and bacterial cell lines (E. coli & S. aureus) were purchased from ATCC.  

3.3.3 Methods 

Copper-coating of Halloysites (HNTs)  

In a process similar to the coating of halloysites with zinc, copper nanoparticles 

were attached to the surface of HNTs via electrodeposition. An ultrasonicated 700 ml 

aqueous solution of 139 mg copper (II) oxide and 350 mg HNTs was poured in a beaker. 

Twenty volts (20V) was then be applied with switching of polarity at the platinum 

electrodes every 5 minutes under constant stirring. This was done to increase the 

accumulation of copper ions in the solution. The solution was allowed to settle, and the 
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supernatant subsequently decanted after every round of washing in three repeats to 

remove non-adsorbed copper nanoparticles. This was followed by centrifugation at 5000 

rpm for 5 minutes and drying at 37 ºC. 

SEM and EDS 

Similar to the SEM and EDS processes in section 3.1.3. the surface topography of 

copper doped HNTs sputter-coated with a thin layer of gold were analyzed on a S4800 

Field Emission scanning electron microscope (Hitachi) under high vacuum.  Element 

analysis of the sample was further carried out on an EDS dispersive X-ray analyzer 

attached to the scanning electron microscope using the following parameters: stage 

distance – 15mm, acceleration voltage – 20kV.  

X-Ray Diffraction (XRD) 

XRD pattern analysis of pristine halloysites, copper oxide and copper-doped 

halloysites was carried to study the crystal structure of the samples using a Bruker D8 

Venture diffractometer (Brunker, Germany) under the following conditions: speed – 2 

sec, step size – 0.02º. Patterns were detected on a Philips PW 1710 x-ray diffractometer 

over 2Ɵ within 3º and 85º. 

Fourier transform infrared spectroscopy (FT-IR) 

Fourier transform infrared spectroscopy (FT-IR) spectra of HNTs, CuO and CuO-

doped HNTs were recorded on a FT-IR spectrometer in the range of 400–4000 cm−1 at a 

6 cm−1 resolution and 32 scans using KBr pellets. 

Loading of HNTs and CuOHNTs with gentamicin  

Gentamicin sulphate (2mg) was loaded into HNTs (200 mg) and copper doped 

(200 mg) HNTs by vacuum method. The samples were initially sterilized under UV light 
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for 1 hour and then added to 10 ml of autoclaved ddH20. The suspension was placed in a 

vacuum chamber and subjected to 5 repeats of 75 cm Hg vacuum pressure for 20 minutes 

per cycle and released, with intermittent shaking. The gentamicin-loaded HNTs and 

copper-coated HNTs were allowed to settle, the supernatant was discarded, and the 

samples washed with distilled water thrice to get rid of any excess gentamicin sulfate. 

Fabrication of chitosan-based membranes 

The solution casting/solvent casting approach was adopted from Kavitha et al 

with some modifications [136]. Water-soluble chitosan (4g) was dissolved in 400 ml of 

distilled water by stirring at 500 rpm to obtain a 1% chitosan solution. Similarly, 

carboxymethyl cellulose (4 g) was also dissolved in 500 ml distilled water to obtain a 1% 

CMC solution. CTS/CMC solutions were prepared by mixing 20 ml of the 1% CTS 

solution with 40 ml of the 1% CMC solution. CTS/CMC+1% HNT, CTS/CMC+5%HNT, 

CTS/CMC+1% CuHNT and CTS/CMC+5% CuHNT samples were made by 

incorporating the appropriate amounts of HNT and CuHNT (w/v) and mixing the 

components together by stirring at 1000 rpm for 1hour. The mixtures were subsequently 

poured into plastic petri dishes and dried at 40 º C overnight. 

Characterization of membranes by FT-IR 

Post-fabrication, the chitosan-based membranes were subjected to transmission 

FT-IR analysis to the interactions occurring between the constituent components, 

specifically, chitosan, carboxymethyl cellulose, CTS/CMC and halloysites using a 

Mattson Genesis II FTIR spectrometer.  



54 

Scanning Electron Microscopy (SEM) 

The pure chitosan/carboxymethyl cellulose film membranes as well as 

membranes reinforced with HNTS and copper oxide HNTs were examined for their 

surface structure using an S4800 Field Emission SEM, HITACHI.  The high 

magnification attained by SEM allowed for a close assessment of the surface 

morphologies of the samples. 

Themo-gravimetric analysis 

Similar to the thermo-gravimetric procedures carried out in the previous section, 

the fabricated CTS-based film membranes were assessed for their response to 

temperature. This was done via thermos-gravimetric analysis in an inert nitrogen 

atmosphere from 40 ºC to 600 ºC at a heating rate of 10 ºC per minute using a Q50 TGA 

system (TA Instruments, New Castle, Delaware, USA). To study the weight gain or loss 

properties of the samples with increasing temperature, an empty pan was placed on a high 

precision scale and zeroed to serve as standard. The samples were then simultaneously 

place in a pan and placed on the scale and then run on the Q50 TGA equipment until a 

temperature of 600 ºC was reached. 

Tensile strength measurement 

The fabricated CTS-based membranes were subjected to a pulling force (2000 N) 

at a displacement rate of 0.2 mm per second using a tensile strength analyzer (Cellscale 

biomaterial testing, USA). All samples were analyzed in 3 repeats and the results 

averaged. From the data obtained, a stress displacement-curve was generated, and the 

tensile strength of each film was determined as the stress at the break point.  
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Kirby Bauer Disk Susceptibility Test  

The fabricated film membranes were tested for their antimicrobial properties 

against E. coli and S. aureus using the Kirby Bauer Disk Susceptibility test as described 

above in Kirby Bauer Disk Susceptibility Test procedure explained in previous section. 

Sample conditioning 

Chitosan-based film membranes were sterilized under UV light for 2 hours and 

then used to condition cell culture media by placing them in 5 mL of complete DMEM at 

4°C for 24 hours. The mixture was then centrifuged, and the supernatant further diluted 

in 5 mL of a fresh complete medium. 

Cell Proliferation assay  

Similar to the Cell Proliferation assay procedure in the previous section, a 

suspension of cells in pre-conditioned media was made and aliquoted into wells of a 96-

well plate at a density of 1000 cells/well. This was followed by pre-incubation of the 

plates containing the cells in a humidified incubator at 37 ° C, 5% CO2. CCK-8 reagent 

was thawed in a water bath at 37°C, 10 μl of it was added to each well of the plate and 

incubated for 2 hours in the incubator. At given times, the absorbance was measured at 

450 nm using a microplate reader (BioTek Instruments, Inc., REF 800TS). The 

proliferation assay was conducted on day 1, 2, 3, 4, and 5. 

Cytotoxicity test (live/dead assay) 

The biocompatibility of the chitosan-based film membranes was assessed using a 

Biotium cytotoxicity/viability assay for animal cells (cat# 30002) on days 3, 5 and 7. 

Calcein and EthD dyes were prepared according to the manufacturer's protocol and added 

to cells in a 24-well plate exposed to the different chitosan-based film membranes. 
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Medium conditioning was done by sterilizing equal masses of the thin film membranes 

under ultraviolet light and adding them to 50 ml of DMEM supplemented with 10% FBS 

and 1% penicillin/streptomycin (complete medium). The cell culture media were then 

incubated for 24 hours at 4 degrees Celsius followed by centrifugation to precipitate the 

debris. The supernatant was then collected into fresh 50 ml Eppendorf tubes and used for 

subsequent cell culturing. The control group of fibroblasts were cultured in pristine 

complete medium. 
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CHAPTER 4 

 

RESULTS 
 

4.1 Project 1: Fabrication and characterization of Sol-Gel 

Chitosan/Carboxymethylcellulose composite incorporated with zinc-doped 

halloysites (HNTs) and characterization of its physico-chemical properties. 

4.1.1 Evaluation of halloysite coating with zinc oxide nanoparticles 

SEM and EDX 

Zinc metal nanoparticle adsorption on the surface of halloysites is explained by 

applied voltage likely driving the cathodic reduction of Zn2+ to Zn2+NPs, thus making the 

nanoparticles available for deposition on the surface of the halloysite nanotubes present 

in solution. Deposition of Zn Nanoparticles of HNTs was confirmed by SEM image 

analysis. Plain HNTs served as control. 

 

Figure 4-1 SEM images of A. Plain HNTs and B. Zn-coated HNTs. 
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The occurrence of halloysites as small cylindrical or rod-like structure is shown in 

the above figures 4 A and B. In figure 4A HNTs are seen to have a plain and smooth 

surface topography, whereas in 4B their appearance in seen to differ with the occurrence 

of tiny clusters and granules suggesting the successful deposition of metal nanoparticles. 

 

 

Figure 4-2 The quantitative elemental analysis of pristine HNT showing the wt% of 

carbon [C], aluminum [Al], silicon [Si], oxygen [O] 
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In figure 4-2 above, the elemental analysis of pristine halloysites showed the 

presence of the expected elements, specifically carbon, oxygen, aluminum, and silicon, 

whereas Figure 4-3 showed the presence of zinc in addition to the above-mentioned 

elements. As seen from the EDS of the zinc-doped HNT sample, a defined peak 

attributed to zinc is seen wth a corresponding percentage mass of 1.52, thus confirmimg 

the success of the electrodeposition method. 

FT-IR Analysis 

The transmission FT-IR spectrum of HNT showed characteristic bands at 748, 

903, 1000, 3620 and 3690 cm-1. These bands are assigned to Si-O stretching vibrations, 

vibrations of inner hydroxyl groups (O-H), in-plane Si-O stretching, inner groups 

vibrations and inner surface O-H group stretching respectively. FTIR determination of 

functional groups of ZnO NPs in figure showed a characteristic broad absorption peak 

Figure 4-3 The quantitative elemental analysis of zinc doped HNTS, showing the wt% of 

carbon [C], aluminum [Al], silicon [Si], oxygen [O] and Zinc [Zn]. 
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withing the range of 400 - 500 cm-1 which is attributed to Zn-O stretching vibration. The 

additional peak 3417 cm-1 is attributed to hydroxyl group stretching. FTIR analysis of the 

ZnO-doped HNT samples showed characteristic band absorptions attributed to Zn-O 

stretching as well as peaks specific to components of halloysite nanotubes. Absorption 

bands of various functional groups characteristic to ZnSO4 were also observed at the 

range of 400 – 4000 cm-1. A broad absorption band representing stretching water 

vibration was visible at approximately 3000 -3700 cm-1 in accordance with literature 

[137] with an additional medium band at approximately 1616 cm-1 attributed to bending 

vibration of water molecules. Fundamental vibrations of free SO42- were observed at 613, 

981 and 1104 cm-1. FTIR analysis of ZnSO4-doped HNTs exhibited absorption bands 

specific to ZnSO4 as well as peaks characteristic of HNTs (Jewel-BJAS). Additionally, 

figure shows the interpretation of FTIR data confirming that the test sample is composed 

of Kaolin clays/alumina-silicates. 
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Figure 4-4 Transmission FTIR analysis of HNTs, ZnO and ZnO-doped HNTs displaying 

the characteristic FTIR absorption bands. 

Figure 4-5 Transmission FTIR analysis of HNTs, ZnSO4 and ZnSO4-doped HNTs 

displaying the characteristic FTIR absorption bands. 
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X-ray Fluorescence (XRF) was used to further confirm the presence of Zn and the 

successful coating of HNTs with Zn respectively. The result is shown in Figure 4-7 

below. 

Figure 4-6 Interpretation HNT peaks 
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Results of the XRF study showed a very intense peak for Zn, suggesting the 

presence of Zn in the ZnO-coated HNT sample after several wash steps. 

XRD 

With respect to XRD patterns attributed to HNT, secondary peaks are detected in 

Figure 6 at 2 theta angle of approximately 22º and 26.27º suggestive of phases such as 

cristobalite and quartz. Distinct peaks were detected at 2 theta angles of 12.12º, 20.08º, 

24.59º and 35º, characteristic of some HNT lattice points: 001, 110 and 002. Sharp 

diffraction peaks were seen for ZnO suggesting the good crystallinity of the 

nanoparticles. There were distinct peaks characteristic of ZnO at 2 theta angles of 31.8 

(100), 34.5 (002) and 36.33 (101). The XRD pattern for zinc doped HNT showed 

subdued peaks of HNT likely due to the presence of zinc nanoparticles on the surface of 

the halloysite nanotubes. 

Figure 4-7 XRF analysis of samples showing peaks attributed to zinc. 
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Minimum Inhibitory concentration 

E. coli 

The micro titration test results showed that 2 mg/µl, 1 mg/µl and 0.5 mg/µl 

concentrations of all the test sample stagnated E. coli growth in culture medium for up to 

36 hours in comparison to the negative control sample (untreated E. coli bacterial culture) 

and the positive control sample (E. coli cultured in medium containing 2, 1 & 0.5 mg/µl 

gentamicin sulfate) as seen in figure. Zn-doped HNT loaded with gentamicin sulphate 

showed bacterial growth inhibition properties similar to the positive control sample at all 

three concentrations. 

Figure 4-8 XRD graph image of HNT (black), ZnO (red)and Zn doped HNT (blue). 
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Figure 4-9 Graph depicting the inhibitory effect of 2 mg test samples against E. coli 

growth. N=3 

Figure 4-10 Graph depicting the inhibitory effect of 1 mg test samples against E. coli 

growth. N=3 
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S. aureus 

Similar to results of the test carried out using E.coli, the micro titration test results 

using S.aureus showed that 2 mg/µl, 1 mg/µl and 0.5 mg/µl concentrations of all the test 

sample stagnated S.aureus bacterial growth in culture medium for up to 36 hours in 

comparison to the negative control sample (untreated S.aureus bacterial culture) and the 

positive control sample (S.aureus bacteria cultured in medium containing 2, 1 & 0.5 

mg/µl gentamicin sulfate) as seen in figure. Zn-doped HNT loaded with gentamicin 

sulphate showed bacterial growth inhibition properties similar to the positive control 

sample at all three concentrations. 

Figure 4-11 Graph depicting the inhibitory effect of 0.5 mg test samples against E. coli 

growth. N=3 
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Figure 4-12 Graph depicting the inhibitory effect of 2 mg/ml test samples against S. 

aureus growth. 

Figure 4-13 Graph depicting the inhibitory effect of 1 mg/ml test samples against S. 

aureus growth. 
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4.1.2 Fabrication and characterization of chitosan/carboxymethylcellulose 

conjugate 

VHX microscopy 

Electrostatic interactions between the cationic amine groups of chitosan and the 

anionic carboxyl groups of carboxymethyl cellulose resulted in a hydrogel as seen in 

Figure 4-15 at magnifications of 20 X, 40X and 80X with resolutions of 2000 µm, 1000 

um and 500 µm respectively. 

Figure 4-14 Graph depicting the inhibitory effect of 0.5 mg/ml test samples against S. 

aureus growth. 
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Gelation was seen to occur within 5 minutes of mixing Chitosan with 

carboxymethylcellulose at a volume-to-volume ratio of 1:1.  

Rheological studies 

The rheological properties of the various volume-to-volume ratios of CTS and 

CMS (1:8, 1:4, 1:1, 4:1, 8:1) were examined by using an oscillatory shear force applied to 

the samples. This is one way to differentiate between a gel and a highly viscous liquid. 

Initial amplitude sweep tests were carried out at a fixed frequency of 1Hz followed by 

frequency sweep tests at room temperature. Results of the amplitude sweep test for the 

various volume-to-volume ratio CTS/CMS hydrogels are presented below in the graphs 

below (figure 4-16), with strain plotted on the x-axis and elastic modulus on the y-axis. 

This was done to determine the linear viscoelastic region that represents the safe range 

Figure 4-15 VHX Microscopy images of fabricated hydrogel. 
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for carrying out the rheological tests without causing damage to the structure of the 

hydrogels. This optimal strain value was determined to be 0.01 for all the hydrogel 

variants. 

 

 

The results expressed as graphs below in Figure 4-17 below show the frequency 

sweep experiments that were carried out using the different volume-to-volume ratios of 

CTS and CMS (1:8, 1:4, 1:1, 4:1, 8:1) at a strain of 0.01. 

Figure 4-16 Variation of Elastic Modulus profile with shear strain at a) 1 Hz b) 10 Hz c) 

100 Hz for 1:1 volume-to-volume CTS/CMC blend. 
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For most of the formulation ratios, specifically 1:1, 1:4, 1:8 CTS/CMC the 

frequency sweep experiment with frequency range of 0.1-10 Hz and a strain of 0.5 

showed G’ to be larger than G’’.  The values of G’ and G’’ were seen to increase in all 

formulation ratio variants with increasing frequency, demonstrating the formation of a 

true gel with elements of robustness. This also suggests the existence of electrostatic 

interactions between chitosan and carboxymethylcellulose. For formulations 1:4 and1:8 

Figure 4-17 Variation of G and ´ G with frequency for a) 1:1 CTS/CMC b) 4:1 

CTS/CMC c) 8:1 CTS/CMC d) 1:4 CTS/CMC e) 1:8 CTS/CMC 
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CTS/CMC, overlaps are seen in both graphs suggesting a transition from gel state to 

solution.  

Furthermore, a graph of stress versus strain was plotted for all the samples with 

different formulation ratios and presented in figure below. This was done to determine 

the Elastic modulus, also called the Young’s modulus or elastic constant (E), of all the 

hydrogels. From the graphs, it was seen that most of the CTS/CMC polymer composites 

had an elastic region comprising of three or more points including the origin that were 

linear. The slopes of straight lines of the linear regions of the graph, which was 

determined by the stress divided by the strain at that higher point on the line were 

calculated. The yield strengths of the various hydrogels on a stress-strain plot were 

determined by identifying the points at which the elastic region slope begins to curve. 

The Elastic modulus values for 4:1, 8:1, 1:4, and 1:1 CTS/CMC hydrogel formulations 

were determined to be 433, 570, 103.89, and 564.7 MPa respectively.  

The yield strength values for 4:1, 8:1, 1:4, and 1:1 CTS/CMC hydrogel 

formulations were determined to be 13.65, 16.12, 13.86, and 23.56 MPa respectively. 

Some polymers deform so easily that they do not have an elastic region. In that regard, 

1:8 CTS/CMC did not have a noticeably lower slope, hence there was no yield point to 

calculate. 
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From the results obtained, the optimum CTS/CMC ratio for fabricating the ideal 

composite was found to be 1:1. 

Classification of Samples into Control and Experimental Groups 

Samples were subsequently fabricated based on a 1:1 CTS/CMC volume-to 

volume ratio and classified into 7 distinct groups and freeze-dried for further analyses. 

• Group 1: CTS/CMC  

• Group 2: CTS/CMC with 1% wt. HNT 

• Group 3: CTS/CMC with 2.5% wt. HNT 

• Group 4: CTS/CMC with 5% wt. HNT 

• Group 5: CTS/CMC with 1% wt. Zn-HNT 

• Group 6: CTS/CMC with 2.5% wt. Zn-HNT 

• Group 7: CTS/CMC with 5% wt. Zn-HNT 

Figure 4-18 Stress versus strain curves for a) 4:1 CTS/CMC b) 8:1 CTS/CMC c) 1:4 

CTS/CMC d) 1:8 CTS/CMC e) 1:1 CTS/CMC. 
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Transmission Fourier Transformation Infrared Spectroscopy (FT-IR) 

The Transmission FTIR spectra for nonmodified chitosan showed distinct peaks 

at 564 cm-1 and 711 cm-1 which are attributed to out-of-plane bending vibrations of C-O 

and NH. Additionally, vibrational peaks corresponding to bending vibrations of a primary 

amino group and the C-O stretching vibration (amide I) are observed at 1593 cm-1 and 

1643 cm-1 respectively. O-H stretch peak was also noticed at 3400-3600 cm-1. 

 

With respect to the FTIR spectra for CMC, peaks that are characteristic of CMC 

are observed at 1415 cm-1 and 1595 cm-1 corresponding to symmetric -COO and 

asymmetric -COO respectively. There is a broad absorption band observed at 3337 cm-1 

corresponding to stretching vibrations of OH group. The peaks at 2948 cm-1 and 2134 

cm-1 are attributed to C-H stretching vibrations and vibrations of -CO groups 

respectively. 

Figure 4-19 Transmission FT-IR showed expected peaks attributed to CTS, CMC, and 

CTS/CMC blend. 
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The CTS/CMC blend showed a distinct peak at 1703 cm-1 signifying the presence 

of carbonyl groups. This, together with the broadening of the peak at 3300-3600 cm-1 

suggest the presence of intermolecular bonding between CTS and CMC.  

Attenuated Total Reflectance Fourier Transformation Infrared Spectroscopy (ATR FT-

IR) 

ATR FTIR technique was used for confirming the characteristic peaks for CTS, 

CMC and CTS/CMC blends as seen below. 

 

Results obtained for the spectra of CTS, CMC and CTS/CMC blend using ATR-

FTIR spectroscopy were similar to those obtained using the transmission FTIR 

spectroscopy for all three samples as described in previous sections above. 

Figure 4-20 ATR FT-IR showed expected peaks attributed to CTS, CMC, and CTS/CMC 

blend. 
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Scanning Electron Microscopy analysis 

The morphology and surface topography of the freeze-dried CTS/CMC blend was 

analyzed via scanning electron microscopy at different magnifications with the results 

presented in Figure 4-21 below. 

 

These results are suggestive of the formation of a CTS/CMC blend with good 

microstructure and complex fiber network as seen in figure 3a. The surface was seen to 

be relatively smooth. 

X-Ray Diffraction analysis 

Figure 4-22 below shows the XRD results for chitosan, carboxymethyl cellulose 

and a blend of chitosan and carboxymethyl cellulose. The characteristic peaks for 

Figure 4-21 Scanning electron microscopy images of cross sections of CTS/CMC 

composite at a) 100 um b) 10 um c) 5 µm. 
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chitosan are seen with crystalline structure at 2 theta values of 20º. Similarly, CMC also 

exhibited a broad peak at 2 thetas equaling 20º. 

 

Thermogravimetric analysis  

The thermogravimetric curve for pristine HNT showing the percentage mass loss 

at increasing from 40 ºC to 600 ºC is shown in figure 4-23 below.  The thermally 

activated occurrence seen starting from 450 ºC to 600 ºC is attributed to the loss of water 

in a dehydration process. Similar to data obtained from literature [176], weight-loss 

occurrences at temperatures beyond 450–600 °C are attributed to the loss of structural 

Figure 4-22 XRD graph image of CTS (black), CMC (red) and CTS/CMC blend (blue). 
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water owing to degradation of clays like halloysite. The absence of initial weight loss is 

indicative of the anhydrous nature of HNTs. 

 

The thermogravimetric curve of the CTS/CMC composite showed a significant 

weight-loss stage at 40–113 °C. This could be attributed to the loss of water molecules 

that are bound to the composite as well water molecule that were adsorbed onto the 

biomaterial during the various stages of preparation and storage. A second weight loss 

Figure 4-23 Thermogravimetric curve of pristine HNT sample. 
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step is observed at 275–480 °C, which could depict the point at which thermal 

degradation is initiated. Approximately 60% of the total weight was lost up until 600 ºC. 

 

The thermogravimetric curve of the CTS/CMC incorporated with 5% w/v zinc-

doped HNT composite showed weight loss patterns similar to that of the CTS/CMC 

polymer blend. A significant weight-loss stage attributed to the loss of adsorbed and 

structural or bound water molecules is seen at 40–113 °C. A second weight loss step is 

observed at 300–480 °C, which could depict the point at which thermal degradation is 

initiated. Approximately 35% of the total weight was lost up until 600 oC. 

Figure 4-24 TGA curve for CTS/CMC composite blend 
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MultiBET/pore size testing 

The freeze-dried samples were purged of all gases and cooled using liquid 

nitrogen. An inert nitrogen gas was then used to probe the samples by absorbing it onto 

the sample surface. With the outgas temperature kept constant at 60 ºC, the system 

pressure was increased to allow adsorption of more gas molecules. The BJH adsorption 

summary for actual surface area and pore radius of each sample was then deduced by the 

analyzer based on the number of adsorbed gas molecules. 

The results showed that CTS/CMC polymer composite had an average pore of 

radius 12.092 E. The polymer composites incorporated with 1% HNT had an average 

pore radius of 13.147 E and the polymer composite doped with 5% HNT had an average 

pore radius of 14.027 E. There was no significant difference between the pore sizes of 

Figure 4-25 TGA curve for CTS/CMC composite blend incorporated with 5% w/v zinc 

doped HNT. 
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CTS/CMC and CTS/CMC reinforced with 1% HNT. However, incorporation of 5% HNT 

into CTS/CMC significantly increased the pore size. 

 

Analysis of the total surface area of the samples anlyzed showed that CTS/CMC 

polymer composite had an average surface area of 13.025 mІ/g, polymer composites 

incorporated with 1% HNT had an average surface area of 16.665 mІ/g and polymer 

composites doped with 5% HNT had an average surface area of 46.978 mІ/g. Therefore, 

both pore sizes and total surface area seemed to increase with increasing concentrations 

of HNTs. 

Figure 4-26 Average Pore radius of freeze-dried polymer composites based on percentage 

of HNT incorporated. N=3 
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Controlling the porosity microarchitecture of hydrogel-based biomaterials via pH 

adjustment is a feasible process in tissue engineering. Ananlyses of the pore size and total 

surface area of the fabricated biomaterial based on pH was carried out and the results 

presented in figure 4-28 and figure 4-29 below. CTS/CMC freeze-dried test samples 

fabricated at pH 2, pH 4 and pH 6 had pore radiuses of 12.092 E, 12.159 E and 13.04 E, 

and total surface areas corresposponding to 30.032 mІ/g, 13.025 mІ/g and 9.102 mІ/g 

respectively. 

Figure 4-27 Average surface area of freeze-dried polymer composites based on 

percentage of HNTs incorporated. N=3 
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Generally, pore size was seen to increase with increasing pH while the total total 

surface of the samples decreased with increasing pH. 

 

 

Figure 4-28 Average Pore radius of freeze-dried polymer composites based on % HNT 

incorporated. N=3 

Figure 4-29 Average surface area of freeze-dried polymer composites based on pH. N=3 
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Spreadability test 

Figure 4-30 below shows the results of the Spreadability test carried out using 

chitosan, carboxymethyl cellulose and a blend of the two polymers. From the results, it 

can be deduced that the CTS/CMC composite showed the highest spreadability with a 

contact angle of approximately 45 degrees, making it the most hydrophobic. 

 

Figure 4-30 (A) Contact angle image of CTS (B) Contact angle image of CMC (C) 

Contact angle image of CTS+CMC, (D) Graphical representation of polymer 

spreadability. N=3 
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Assessment of swelling properties and water content 

The swelling test using the fabricated composites was carried out to establish the 

amounnt of water the composites could absorb. The results illustrated in figure 4-32  and 

figure 4-33 below show that the incoporation of different proportions of halloysites and 

zinc doped halloysites significantly reduced the swelling properties of the composites 

compared to the pure chitosan/carboxymethyl cellulose composite. The swelling ratios of 

all the composites spiked sharply from 0 minuutes to 20 minutes with no further increase 

in swelling until the 100th minute. The pure CTS/CMC composite exhibited the highest 

swelling ratio (2000). Relatively equal amount of water was absorbed by the The amount 

of water absorbed by chitosan-based composites incorporated with 1% HNT, 5% HNT, 

Figure 4-31 (A) Contact angle of composite + 2.5% HNT, (B) Contact angle of 

composite + 1% HNT (C) Graphical representation of spreadability of composites + 

HNT. N=3 



86 

1% ZnHNT and 5% ZnHNT post submession in water. The water content remained 

content of these components remaind relatively the same for the duration of the test 

(approximately 94%). On the contrary, the pure CTS/CMC composite had the highest 

water content after 100 minutes of submerssion in water (approximately 98%). 

 

 

Figure 4-32 Average swelling ratios of CTS/CMC composites. N=3 
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Figure 4-33 Average water content of CTS/CMC composites. N=3 
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4.2 Project 2: In vitro assessment of the effect of the fabricated chitosan-based 

composite on wound closure and cell migration 

4.2.1 Kirby Bauer Disk Susceptibility Test  

Figure 4-34 below shows the successful serial dilution of E. coli and S. aureus 

bacteria culture prior to their use for the Kirby Bauer Disc susceptibility test for the 

assessment of bacterial growth inhibition. 

 

Figure 4-35 and Figure 4-37 below depict the images of the zones of inhibition 

formed against E. coli and S. aureus. The graphical representations of the results obtained 

for this test post measurement are presented in Figure 4-36 and Figure 4-38 below for E. 

coli and S. aureus respectively. From the results obtained, it is seen that the standard 

gentamicin disc significantly inhibited the growth of E. coli and S. aureus after 24 hours 

and 18 hours respectively. CTS/CMC and CTS/CMC discs doped with different HNT 

concentrations did not show any significant inhibition of E. coli growth compared to the 

gentamicin control discs. On the contrary, CTS/CMC discs doped with gentamicin loaded 

HNTS and CTS/CMC discs doped with gentamicin loaded ZnHNTs showed 

Figure 4-34 E. coli and S. aureus bacteria grown on plates containing growth media. 
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antimicrobial effects similar to the control discs. The highest zones of inhibition against 

E. coli were formed by CTC/CMC discs doped with 5% gentamicin loaded ZnHNTs. 

 

Figure 4-35 Image of E. coli bacteria culture plates with (A) Gentamicin disc (B) 

CTS/CMC (C) CTS/CMC+1%HNT (D) CTS/CMC+2.5%HNT (E) CTS/CMC+5%HNT 

(F) CTS/CMC+1%LHNT (G) CTS/CMC+2.5%LHNT (H) CTS/CMC+5%LHNT (I) 

CTS/CMC+1%ZnHNT (J) CTS/CMC+2.5%ZnHNT (K) CTS/CMC+5%ZnHN 
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Similar results were obtained with respect to S. aureus growth inhibition. The 

gentamicin control disc was more effective at suppressing the growth of S. aureus 

compared to CTS/CMC and CTS/CMC discs doped with different HNT concentrations as 

seen in the graph below. The most inhibition was recorded in CTS/CMC discs doped 

with gentamicin-loaded HNTS and CTS/CMC discs doped with gentamicin-loaded 

ZnHNTs. Similarly, Figure 4-37 below shows CTS/CMC samples and CTS/CMC+HNT 

samples having so visible zones of inhibition, whereas zones of inhibition were seeable 

Figure 4-36 Graphical representation of E. coli susceptibility to different chitosan-based 

samples and gentamicin control disc. N=3 
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around the gentamicin control disc, CTS/CMC discs doped with gentamicin-loaded 

HNTS and CTS/CMC discs doped with gentamicin-loaded ZnHNTs. 

 

Figure 4-37 Image of S. aureus bacteria culture plates with (A) Gentamicin disc (B) 

CTS/CMC (C) CTS/CMC+1%HNT (D) CTS/CMC+2.5%HNT (E) CTS/CMC+5%HNT 

(F) CTS/CMC+1%LHNT (G) CTS/CMC+2.5%LHNT (H) CTS/CMC+5%LHNT (I) 

CTS/CMC+1%ZnHNT (J) CTS/CMC+2.5%ZnHNT (K) CTS/CMC+5%Zn. N=3 
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4.2.2 Cell culture 

Humand dermal fibroblasts were seen to be round shaped and adhered to the 

culture plate hours after seeding. The cells were seen to adopt their spindle-like 

morphology with no signs of contamination upon examination on day 1 and reached 

Figure 4-38 Graphical representation of S. aureus susceptibility to different 

chitosan-based samples and gentamicin control disc. (A) CTS/CMC disc (B) 

CTS/CMC+1%HNT (C) CTS/CMC+2.5%HNT (D) CTS/CMC+5%HNT (E) 

CTS/CMC+1%LHNT (F) CTS/CMC+2.5%LHNT (G) CTS/CMC+5%LHNT (H) 

CTS/CMC+1%ZnHNT (I) CTS/CMC+2.5%ZnHNT (J) CTS/CMC+5%ZnHNT(K) 

CTS/CMC+1%LZnHNT (L) CTS/CMC+2.5%LZnHNT (M) CTS/CMC+5%LZnHNT. 

N=3 
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about 70% confluence on day 3 as seen in Figure 4-39 below.

 

Similar results were obtained for the culture of mouse mesenchymal stem cells as 

seen in Figure 4-40 below. The adipose-derived mesenchymal stem cells adhered to the 

surface of the culture plate hours after seeding on day 0. The cells began to adopt their 

spindled-shape morphology on day 3. 

 

4.2.3 Cell proliferation assay 

The proliferation test using fibroblasts showed that the control group of cells had 

a relatively similar growth profile compared to the pure CTS/CMC samples as well as the 

Figure 4-39 Microscopy images of human dermal skin fibroblasts. 

Figure 4-40 Microscopy images of mouse adipose-derived mesenchymal stem cells. 
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samples incorporated with 1% HNT and 1% ZnHNT. The cells gradually grew in number 

over a period of 5 days and reached a peak optical density of approximately 1 nm on day 

5. On the other hand fibroblasts exposed to CTS/CMC conjugates reinforced with 1% 

ZnHNT and 5% ZnHNT increased in density on day 1 and then experienced stagnated 

growth up until day 5 as seen in figure 4-41 below. A similar proliferation profile is seen 

when adipose-derived mesenchymal stem cells were used. Cells exposed to culture 

medium pre-conditioned with ZnHNT exhibited stagnated growth from day 1 to 5, 

compared to all other samples including the control group. 

 

Figure 4-41 Proliferation assay using human skin dermal fibroblasts cultured in medium 

pre-conditioned with chitosan-based composites. N=3 
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Live/dead assay 

The live/dead assay was carried out as a measure of cytotoxicity to assess the 

effect of CTS/CMC composites and variations of it one the viability of human dermal 

fibroblast cells compared to a control  groups. The control group was made up of cells 

cultured in pristine complete culture medium. Figure 4-43 shows an overlay of both live 

and dead cells cultured for days 1, 3 and 5. From the image below, live cells are stained 

green and dead cells are seen in red. 

Figure 4-42 Proliferation assay using mesenchymal stem cells cultured in medium pre-

conditioned with chitosan-based composites. 
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The results obtained showed that cells treated with pristine halloysites at 

concentrations of 1%, 2.5% and 5% remained viable over the 5-day test period similar to 

Figure 4-43 Overlay Images of Cytotoxicity test (live/dead assay) using human dermal 

fibroblasts cultured for 1, 3 & 5 days in media pre-conditioned with chitosan-based 

samples. Live cells are stained green, dead cells are stained red. 

Figure 4-44 Graph showing viability of fibroblasts (live cells/total cell count) post 

treatment with medium pre-conditioned with chitosan-based composites. Error bars are 

standard deviations where n = 3. 
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the control cells. Cells treated with 1% ZnHNT were viable (98%) on day 1 with 

reference to the control group of cells (100%). However, the viability of the cells 

plummeted to approximately 43% on day 3 and 6% on day 5. Similar results were seen 

with regards to cells treated with 2.5% ZnHNT and 5% ZnHNT. The viability of cells 

recorded were 52.8%, 19.5% and 2.5% on days 1, 3 and 5 respectively for 2.5% ZnHNT. 

For 5% ZnHNT, the viability values obtained were 50%, 10.6% and 1.8%for days 1, 3 

and 5 respectively. Cell counting was done using image J software. 

4.2.4 Alizarin Red Staining Assay 

Figure 4-45 below shows images of pre-osteoblast cells stained with Alizarin Red 

dye for 14 days post exposure to chitosan-based samples compared with untreated control 

group. Calcium deposition, represented by the red staining of cells was seen to increase 

steadily from day 1 to day 7 in cells treated with composites containing 1%HNT, 2.5% 

HNT, 5% HNT, CTS/CMC composites without HNTs as well as the control group of 

cells. The red staining of cells in all these groups was seen to be pronounce on day 14. 

Cells treated with CTS/CMC composites containing 1% ZnHNT, 2.5% ZnHNT and 5% 

Zn HNT were seen to have a distorted morphology while losing their adhesive properties 

thus, became less confluent with increasing number of days. 

Figure 4-46 below shows the alizarin red standard curve plotted using known 

concentrations of alizarin red dye and their corresponding absorbance values at 405 nm. 

The concentrations of alizarin red in all experimental and control groups were determined 

based on the line of best fit obtained from the graph. 

Additionally, a graph showing the quantification of calcium-containing osteocytes 

(concentration of alizarin dye in mM) post-treatment with chitosan-based samples for 14 
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days in comparison with untreated control group is presented in Figure 4-47 below. The 

results confirm that there was no calcium deposition in the experimental and control 

groups on day 1. However, calcium deposition was seen to occur on day 7 with the 

highest concentration of alizarin dye obtained from the CTS/CMC and the control 

groups. In agreement with the results from Figure 4-45, no calcium deposition was seen 

in the groups of cells treated with composites containing zinc-doped halloysites on day 7. 

 

Figure 4-45 Images of Alizarin Red S stain of pre-osteoblast cell after exposure to 

chitosan-based samples compared with untreated control group. 
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Day 14 saw increased deposition of calcium in all experimental and control groups 

except those containing zinc doped HNTs. The highest concentration of alizarin dye was 

seen in the group of cells treated with composites doped with 1% and 5% HNTs. 

Figure 4-46 Alizarin Red Staining standard curve for quantification of calcification level 

of pre-osteoblast cells treated with chitosan-based samples in comparison with untreated 

control group. 

Figure 4-47 Graph showing the quantification of calcium-containing osteocytes post-

treatment with chitosan-based samples for 14 days in comparison with untreated control 

group. N=3 
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4.2.5 S-beta-galactosidase staining 

Figure 4-48 below show images of pre-osteoblast cells stained with S-beta 

galactosidase stain after 7 days of exposure to chitosan-based samples compared with 

untreated control group. S-beta galactosidase positive cells are seen stained in blue in the 

image. 

 

The results show few cells in the groups exposed to chitosan-based composites 

doped with HNTs to be s-beta galactosidase positive. The control group had the least 

number of cells stained positively for S-beta galactosidase. The group of cells exposed to 

chitosan-based composites doped with zinc coated HNTs though s-beta galactosidase 

negative, were seen to have a distorted morphology with decreased viability which is not 

representative of healthy fibroblast cells.  A quantitative analysis of the s-beta 

galactosidase assay was carried out to assess the percentage of positively stained cells, 

with the results presented in Figure 4-49 below. 

Figure 4-48 Images of fibroblast cells stained with s-β-galactosidase staining dye after 

exposure to chitosan-based composites. Pristine fibroblasts cultured in complete 

fibroblast cell culture medium cells served as the control group. 
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4.2.6 Scratch assay  

A scratch assay experiment mimicking the wound closure process was conducted 

over a 12-hour period to assess the migratory effect of fibroblast exposure to chitosan-

based composites with respect to a control group of unexposed fibroblast cells. A 12-hour 

period was chosen due to doubling time of the cells causing the complete closure of the 

scratch area at times beyond 12 hours. The results of tracking migrating cells towards the 

scratch area are presented in Figure 4-50 and Figure 4-51 below. 

Figure 4-49 Quantification of β-Galactosidase positive stained cells cultured in medium 

pre-conditioned with chitosan-based composites compared to control group. Error bars 

are standard deviations where n = 3 
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Figure 4-50 Scratch assay of controls compared to chitosan-based composites from time 

0 hour to 12 hours. 
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4.3 Project 3: Biofabrication and material characterization of 

Chitosan/Carboxymethyl cellulose solution casted membranes for various 

biomedical applications. 

4.3.1 Evaluation of halloysite coating with copper oxide 

FT-IR Analysis 

Similar to the FT-IR results obtained and described in the sections above,  Figure 

4-52 below shows the peak comparison of pristine halloysites, copper oxide, and copper 

oxide halloysites. The HNT FT-IR spectrum of showed peaks at 748, 903, 1000, 3620 

and 3690 cm-1 that are attributed to Si-O stretching vibrations, vibrations of inner 

hydroxyl groups (O-H), in-plane Si-O stretching, inner groups vibrations and inner 

surface O-H group stretching respectively. In agreement with data published in literature 

[135], [138], copper oxide FTIR spectrum showed the most agreeable peaks for CuO 

Figure 4-51 Graphical representation of scratch assay showing the percentage closure of 

scratch area by control fibroblast cells and cells exposed to chitosan-based composites for 

12 hours. N=3 
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located at 440 cm-1 and 480 cm-1 and 540. Copper doped HNTs did not show any distinct 

peaks possibly due to the overlapping of peaks attributed to HNTs and CuO withing the 

400 cm-1 to 1000 cm-1 range. 

 

Scanning electron microscopy and EDX post CuO coating of HNTs 

The structure and morphology of HNTs were captured by SEM with its elemental 

composition assessed via EDX. Similar structural, morphological, and elemental analysis 

of CuO-doped HNTs were carried out with the results present in figure 4-53 below. CuO 

Figure 4-52 Transmission FTIR analysis of HNTs, copper oxide and copper oxide-HNTs 

demonstrating the characteristic FTIR absorption bands. 
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was deposited on the surface of halloysites in a mechanism similar to the deposition of 

zinc oxide nanoparticles on halloysites explained in previous sections. 

 

The results obtained confirm that halloysite nanoparticles exist as hollow 

cylindrical tubes, which are rod-like in nature. Pristine halloysite nanotubes are seen to 

have a plain and smooth surface topography in figure 4-53 A, whereas in figure 4-53B, 

these rod-like tubes are seen to be granulated suggesting the successful coating of their 

surfaces with copper oxide nanoparticles. 

 

Figure 4-53 SEM images of A. Plain HNTs and B. CuO-coated HNTs 

Figure 4-54 The quantitative elemental analysis of zinc doped HNTS, showing the weight 

% of A) carbon [C], aluminum [Al], silicon [Si], oxygen [O] and B) copper [Cu]. 
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The EDS results of pristine HNTs demonstrate the presence of its constituent 

elements in percentage weight. Carbon [C], aluminum [Al], silicon [Si], and oxygen [O] 

had values of 72.39%, 1.93%, 1.78%, and 23.9% respectively. As seen from figure 4-54 

B, the EDS elemental analysis of copper oxide doped HNTs confirmed the presence of 

copper at 10.98%. 

4.3.2 Fabrication of chitosan-based membranes 

Chitosan/carboxymethyl cellulose film membranes (CTS/CMC), CTS/CMC 

membranes reinforced with 1% HNT, CTS/CMC membranes reinforced with 5% HNT, 

CTS/CMC membranes reinforced with 1% CuHNT and CTS/CMC membranes 

reinforced with 5% CuHNT were fabricated via solvent casting method and the results 
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shown in Figure 4-55 below.

 

FTIR Analysis 

Figure 4-56 below confirms the presence of the expected functional groups of 

HNT, Copper oxide and copper oxide HNT, chitosan-based film membrane, as well as 

the membranes reinforced with HNTs, and copper oxide doped HNTs. All functional 

groups were described in previous sections of this dissertation. All the film membranes 

Figure 4-55 Images of chitosan-based membrane reinforced by different concentrations 

of HNTs and Copper doped HNTs. 
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exhibited peaks at approximately 1578 cm-1 attributed to COO- group, which suggests an 

electrostatic interaction between chitosan and carboxymethyl cellulose. 

 

Scanning electron microscopy (SEM) 

The morphology of the fabricated film membranes was assessed via FE-SEM 

with the results shown in Figure 4-57 and Figure 4-58. The CTS/CMC film is seen to 

have a smooth surface structure with no evidence of pores. The CTS/CMC membranes 

incorporated with HNT and CuO-HNTs nanofillers showed roughness of the surface of 

the membranes attributed to the poor dispersion and aggregation of the halloysite 

nanotubes. This non uniform dispersion caused the formation of voids. A stark difference 

in terms of surface homogeneity is evident when comparing the CTS/CMC film to the 

film membranes reinforced with HNTs and copper oxide HNTs due to the presence of 

rod-like structures on the latter membranes. 

Figure 4-56 FTIR wavelengths of the materials and membranes A) HNT B) CuO C) 

CuO-HNT D) CTS/CMC E) CTS/CMC + HNT F) CTS/CMC + CuO-HNT 
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Figure 4-57 FE-SEM images of membranes at 7.00K magnification A) CTS/CMC film 

B) CTS/CMC film + HNT C) CTS/CMC film + CuHNT 
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The figure below further shows the film membranes reinforced with HNTs and 

Copper doped HNTs at a magnification of 20 k, with the nanotubes visibly embedded 

withing the membrane. 

 

Tensile strength test 

Figure 4-59 below shows the relationship between the force applied and the 

resultant displacement of the individual chitosan-based membranes. The CTS/CMC 

experienced a first breakpoint when a force of 2.339 N resulted in a displacement of 

0,776 mm. The membrane withstood further pulling force until complete breakage that 

required a force of 0.806 N at a displacement of 12.195. The breakpoints of membranes 

reinforced with 1% HNT and 5% HNT were observed when forces of 2.006 N and 2.419 

N respectively were applied, resulting in displacements of 0.175 mm and 1.978 mm. 

Great pull forces of 4.094 N and 4.391 N were required to break the CTS/CMC + 1% 

Figure 4-58 FE-SEM  20 k magnification images of chitosan-based film membranes 

reinforced with A) HNTs B) CuO-HNTs 
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CuHNT and CTS/CMC + 5% CuHNT membranes at displacements of 1.176 mm and 

1.778 mm respectively. 

 

From the tensile strength assessment results in Figure 4-60 below a significant 

difference (p<0.05) was seen between the CTS/CMC, CTS/CMC +1% CuHNT and 

CTS/CMC + 5% CuHNT membranes. The highest tensile strength was exhibited by the 

CTS/CMC + 5% CuHNT membrane. The addition of 1% CuHNT also significantly 

increased the tensile strength of the membrane in comparison with the CTS/CMC 

Figure 4-59 Graph showing the stress-displacement relationship of the various 

membranes. 
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membrane. Figure 4-61 below shows the tensile strength measurements being taking on a 

Cellscale instrument.  

 

 

Figure 4-60 Graph showing the tensile strengths (σ) of the various membranes. N=3 

Figure 4-61 Tensile strengths (σ) testing using the various membranes on a Cellscale 

instrument. 
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Thermogravimetric analysis 

The TGA plot for CTS/CMC membrane in figure 4-57A below showed an initial 

gradual 5% weight loss at approximately the 250 o C temperature mark associated with 

the loss of adsorbed water mo;ecules. A second weight loss of 40% is observed from 250 

º C to 350 o C attributed to the thermal degradation of the composite material. A 50% 

weight loss of the CTS/CMC film was seen at 475 o C. 

 

The film membranes reinforced with halloysites, and copper oxide doped 

halloysites showed similar TGA profiles as seen in Figure 4-63 and Figure 4-64 below. 

Further thermal degradation processes resulting in weight loss is observed at 

temperatures beyond 450 º C and is characteristic of degradation of halloysites. With 

respect to the film membranes incorporated with halloysites and copper oxide halloysites, 

30% and 40% weight losses were observed at 600 º C respectively.  

Figure 4-62 TGA analysis of CTS/CMC film membrane. 
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Figure 4-63 TGA analysis of film membrane reinforced with HNTs. 

Figure 4-64 TGA analysis of film membrane reinforced with copper oxide HNTs. 
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Kirby Bauer Disk Susceptibility Test 

The standard gentamicin disk inhibited the growth of E. coli, creating a zone of 

inhibition with a mean value of 1.9 ± 0.06 cm as seen in Figure 4-65 below. The 

CTS/CMC, CTS/CMC+1%HNT, CTS/CMC+1% CuHNT, CTS/CMC+5% HNT, and  

CTS/CMC+5%CuHNT film membranes did not exhibit antimicrobial activity against E. 

coli. However, the film membranes reinfoced with gentamicin sulphate loaded HNTs and 

copper oxide HNTs significantly inhibited bacterial growth in comparison with the 

samples without gentamicin sulphate. The highest zone of inhition, with a value of 2.37 ± 

0.33 was seen in the film membrane incorporated with 1% copper oxide HNT loaded 

with gentamicin as seen in Figure 4-65 and Figure 4-66. 

 

Figure 4-65 Image of E. coli bacteria culture plates with different membranes (A) 

Gentamicin control disc (B) CTS/CMC disc (C) CTS/CMC+1%HNT (D) CTS/CMC+1% 

CuHNT (E) CTS/CMC+5% HNT (F) CTS/CMC+5%CuHNT (G) CTS/CMC+1%LHNT 

(H) CTS/CMC+1%LCuHNT (I) CTS/CMC+5%LHNT (J) CTS/CMC+5%LCuHNT 
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Similar to the test results using E. coli, the membranes showed antimicrobial 

properties against S. aureus as seen in figures Figure 4-67 and Figure 4-68 below. The 

gentamicin control disc significantly suppressed the growth of S. aureus compared to the 

film membranes with and without halloysites and copper oxide halloysites. The control 

disc resulted in a zone of inhibition with a mean value of 1.93 ± 0.11. The CTS/CMC, 

CTS/CMC+1%HNT, CTS/CMC+1% CuHNT, CTS/CMC+5% HNT, and  

CTS/CMC+5%CuHNT film membranes did not exhibit antimicrobial activity against S. 

aureus. The chitosan-based film membrane incorporated with 1% copper oxide HNT 

loaded with gentamicin had the highest zone of inhibition with a value of 2.77 ± 0.25 cm.   

Figure 4-66 Graphical representation of E. coli susceptibility to different chitosan-based 

samples and gentamicin control disc. N=3 
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Figure 4-67 Image of S. aureus bacteria culture plates with different membranes (A) 

Gentamicin control disc (B) CTS/CMC disc (C) CTS/CMC+1%HNT (D) CTS/CMC+1% 

CuHNT (E) CTS/CMC+5% HNT (F) CTS/CMC+5%CuHNT (G) CTS/CMC+1%LHNT 

(H) CTS/CMC+1%LCuHNT (I) CTS/CMC+5%LHNT (J)CTS/CMC+5%LCuHNT 

Figure 4-68 Graphical representation of S. aureus susceptibility to different chitosan-

based samples and gentamicin control disc. 
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Cell proliferation assay 

The results of the proliferation assay, which was carried out as a measure of cell 

viability post exposure to different chitosan-based film membranes in comparison to a 

control group of cells, are presented in Figure 4-69 below. A steady cell growth was seen 

in all groups of cells after day 1. This steady growth continued on days 2 and 3 but 

fibroblasts in the CTS/CMC +5% HNT and CTS/CMC +5% Cu HNT grew at a slightly 

higher rate. The growth rate in all groups plummeted on day 4 before steadily rising on 

day 5. 

 

Cytotoxicity test (live/dead assay) 

Results of the live/dead assay carried out as a measure of cytotoxicity is 

illustrated in Figure 4-70 below. From the results, a steady increase in number of cells in 

both the experimental and control groups is seen with increasing number of days. Viable 

cells are seen labeled in green with no dead cell (red) recorded in any of the groups. The 

Figure 4-69 Proliferation assay using fibroblasts cultured in medium pre-conditioned with 

chitosan-based film membranes. 
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fibroblasts were seen to maintain their morphology over the 5-day period. A graph was 

plotted quantifying the viability of the fibroblasts post exposure to the chitosan-based 

film membranes, compared to the control group of cells cultured in complete growth 

medium as seen in Figure 4-70 Overlay Images of Cytotoxicity test (live/dead assay) 

using fibroblasts cultured for 1, 3 & 5 days in media pre-conditioned with chitosan-based 

membranes. Live cells are stained green, dead cells are stained red.Figure 4-70. One way 

ANOVA test showed no significant difference between the experimental and control 

groups p ≥ 0.05. 
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Figure 4-70 Overlay Images of Cytotoxicity test (live/dead assay) using fibroblasts 

cultured for 1, 3 & 5 days in media pre-conditioned with chitosan-based membranes. 

Live cells are stained green, dead cells are stained red. 
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The results above showed that fibroblast cells remained 100% viable over the 5-

day experimental period in the control group as well as the experimental group of cells 

cultured in medium pre-conditioned with the different chitosan-based membrane samples. 

 

 

  

 

 

Figure 4-71 Graph showing viability of fibroblasts (live cells/total cell count) post 

treatment with medium pre-conditioned with chitosan-based membranes. 
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CHAPTER 5 

 

DISCUSSION 
 

5.1 Project 1: Fabrication and characterization of Sol-Gel 

Chitosan/Carboxymethylcellulose composite incorporated with zinc-doped 

halloysites (HNTs) and characterization of its physico-chemical properties. 

The Sol-Gel composite fabrication method was shown to be a quick and effective 

way of fabricating chitosan-carboxymethyl cellulose composites, possibly reinforcing the 

composites with halloysites and zinc-doped halloysites for added functionality. The 

halloysite nanoparticles served the function of nanocarriers for the attachment of metal 

nanoparticles on the surface and loading antibiotics. The successful electrodeposition of 

zinc oxide nanoparticles on the surface of halloysites was demonstrated in this study and 

confirmed by the aggregation of particles seen on the SEM images. The results are in 

agreement with those obtained by Humayan and co-authors [119], [134]. These 

nanotubes could, therefore, effectively play the role of nanocarriers in various drug 

delivery systems, as demonstrated by this research and numerous other research works 

[122], [139]. In addition, the minimum inhibitory concentration test showed promising 

results as all the components used for the composite material fabrication exhibited some 

antibacterial properties by suppressing the growth of gram-positive and gram-negative 

bacteria, specifically E. coli and S. aureus at concentrations as low as 2 mg per 

microliter. The good swelling property demonstrated by the CTS/CMC composite points 
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the hydrophilic nature of carboxymethyl cellulose as well as the porous nature of the 

fabricated composite. Incorporation of HNTS and zinc coated HNTS acted as nanofillers, 

occupying the void and pores formed by the conjugate polymer materials, thus reducing 

the swelling properties and water content of the fabricated biomaterials.  

Hydrogels used in biomedical research, including wound healing, mimic the 

extracellular matrix that supports cell growth and influences cell behavior [140]. With the 

core of the chitosan/carboxymethyl cellulose formulation being based on a gelation 

process, it was necessary to develop a firm gel that would influence cell function. The 

viscoelastic parameters of the fabricated composites are attributed to the strong 

electrostatic force of attraction between the mixture of chitosan and carboxymethyl 

cellulose molecules, with the 1:1 mixing ratio resulting in a strong gel (G’≥G”). Porosity 

studies were carried out to assess how effectively the fabricated composite would 

regulate oxygen diffusion, an essential property of composite biomaterials. Porous 

materials are classified as microporous, mesoporous, and microporous based on the size 

of the pores they possess [51], [141].  

The porosity of biomaterials is influenced by several factors, including pH, with 

stimuli-responsive hydrogels able to undergo conformational changes in response to cues. 

The significant increase in pore size and surface area post-incorporation of 5% HNT 

could be explained by the increased distribution of hollow halloysite within and on the 

outer perimeters of the fabricated composites. Additionally, increasing pH resulted in an 

increase in pore size and a decrease in total surface area. This can be explained by the 

lower degree of protonation of chitosan at higher pH, resulting in lesser electrostatic 
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interaction with carboxymethyl cellulose. The resulting porous material decreased in 

surface area, in agreement with results obtained in another study [142]. 

5.2 Project 2: In vitro assessment of the effect of the fabricated chitosan-based 

composite on wound closure and cell migration. 

The antibacterial test generally showed promising results for the use of the 

fabricated composites in suppressing the growth of both gram positive and gram-negative 

bacteria. The Kirby-Bauer disc susceptibility test is based on the principle that antibiotics, 

in the form of discs placed on a lawn of bacteria grown on an agar plate, diffuse from the 

disc into the agar killing or repelling bacteria in close proximity to it [143]. This creates a 

zone which is void of any bacteria. The static nature of the CTS/CMC discs as well as 

discs incorporated in HNTs and ZnHNTs meant that there was no diffusion of metal ions 

or polymer molecules, hence no significant zones of inhibition were created. However, 

discs reinforced with halloysites, and zinc oxide doped halloysites loaded with antibiotics 

resulted in prominent zones of inhibition since the antibiotics diffused readily from the 

discs into the surrounding agar, thus suppressing bacterial growth.  

Furthermore, the proliferation tests showed the continued growth of fibroblasts 

and mesenchymal stem cells in groups exposed to the different chitosan-based 

composites. This outcome points to the biocompatibility property of chitosan and 

carboxymethyl cellulose, as reported by other researchers [138], [144]. However, several 

other researchers have indicated the toxicity of zinc and halloysites to cells in either a 

concentration-dependent manner or depending on the buffer conditions of the cell growth 

medium [126], [135], [145]. This phenomenon is shown by the stagnated growth, and 

increased number of dead cells in media pre-conditioned with CTS/CMC composites 
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containing 1% and 5% zinc oxide doped halloysite nanotubes.  The incorporation of zinc 

nanoparticles therefore, negatively affected the viability of bacterial cells as well as 

fibroblasts and mesenchymal stem cells. S-beta-galactosidase has been implicated as a 

cell senescence marker in a number of studies [146]. One way ANOVA tests did not 

reveal any significant difference between groups exposed to chitosan-based composites 

and the unexposed control group. 

5.3 Project 3: Biofabrication and material characterization of 

Chitosan/Carboxymethyl cellulose solution casted membranes for various 

biomedical applications. 

The tensile strength test demonstrated that incorporating HNTs and CuO-HNTs 

into the film membranes generally improved the strength of the materials compared to the 

pure CTS/CMC film membranes. However, there is a possibility of observing an opposite 

effect, possibly due to the non-uniform distribution of halloysite nanotubes within the 

film membrane, which hinders the displacement movement of the film when the pulling 

force is applied. This was demonstrated in the film membranes reinforced with 1% HNT 

and 5% copper oxide HNT. In addition, increased HNT aggregate formation leading to 

the reduction in HNT-polymer interfacial regions has been suggested by some studies 

[136], [147].  

The surface properties of the CTS/CMC film membrane incorporated with HNT 

compared to that of the pure CTSCMC film membraned showed the random dispersion 

of HNTs within the membrane layer. Increased concentrations of HNT could lead to 

aggregation of these nanotubes, thus affecting the physico-chemical properties of the film 

membranes [147]. The FTIR analysis confirmed the strong electrostatic attraction 
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between chitosan and carboxymethyl cellulose. Further reinforcement of the film 

membranes with halloysite and copper oxide doped halloysite nanotubes was confirmed 

by the presence of peaks attributed to the corresponding nanomaterials. These results 

conform to results obtained from similar studies [136], [147]. The thermal stability 

gained by the membranes after incorporation of HNTs and copper oxide doped halloysite 

nanotubes at different concentrations is explained by the possible formation of char 

which has been implicated in the reduced loss of volatiles [148]. Increased thermal 

stability of the CTS/CMC membranes incorporated with HNTs and CuO-HNTs due the 

suppression of heat and mass transfer by the lumen of HNTs in an entrapment mechanism 

is also plausible as mentioned by Du and co-authors [149]. Current research into wound 

care and implant development point to the increased need to suppress biofilm formation 

on implants as well as keeping wound surfaces void of infections throughout the healing 

process [150], [151]. The results of the antibacterial studies in this research demonstrate 

the plausibility of using HNTs as nanocarriers for sustained release of antibiotics for 

suppressing bacterial growth. These nanotubes also provide a point of attachment of 

metal oxide nanoparticles that play crucial roles in wound healing, tissue regeneration 

and other biomedical applications [152]. The fabrication of the CTS/CMC film 

membranes as well as membranes containing HNTs and CuO-HNTs proved to be 

biocompatible in 2D applications as seen in the results from the proliferation test, as well 

in cytotoxicity test. The proliferation rate drop seen in cells from all the groups is 

explained by the fact that fibroblast grow in a monolayer and upon reaching confluence, 

cell growth is stagnated as there is not enough space for cell expansion. 
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CHAPTER 6 

 

CONCLUSIONS AND FUTURE WORK 
 

Three distinct projects related to the study of chitosan-based composed used in 

wound healing and other biomedical applications were elaborated on in this dissertation. 

The conclusions drawn from the observed results and the future prospects are presented 

in this chapter. 

6.1 Conclusions 

6.1.1 Project 1: 

In conclusion, a chitosan/carboxymethyl composite for wound healing and other 

biomedical applications was fabricated via a solution – gel method. The physico-

chemical properties of the fabricated membrane were also studied. A composition ratio of 

one-part chitosan to one-part carboxymethyl cellulose was shown to be ideal for 

fabricating a composite with strong spreadability, porosity, and swelling properties. The 

incorporation of HNTs and zinc oxide doped HNTs significantly improved the thermal 

stability, pore size and total surface area of the freeze-dried composite, while relatively 

reducing the contact angle and ultimately, the spreadability of the fabricated composites. 

6.1.2  Project 2:  

In conclusion, the fabricated chitosan-based composites were assessed for their 

effect on wound closure and cell migration. It was established that the composites were 

biocompatible and facilitated the closure of an in-vitro wound model, though high 
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concentrations of incorporated zinc oxide doped halloysite nanoparticles conferred some 

degree of cytotoxicity to human dermal fibroblasts as well as mouse adipose tissue-

derived mesenchymal stem cells. 

6.1.3 Project 3:  

In conclusion, pristine chitosan film membranes and membranes reinforced with 

HNTs, and copper oxide doped HNTs were successfully fabricated by solution casting 

method. The physico-chemical and cellular characteristics of the fabricated membranes 

were also studied. The incorporation of HNTs and CuO-HNTs improved the mechanical 

properties and the thermal stability of the film membranes significantly. The membranes 

were also seen to be biocompatible, making them ideal candidates for biomedical 

applications. 

6.2 Future Work 

Advances in technology has seen the development of tissue-mimicking platforms 

that are aimed at cultivating cells in a spatially organized three-dimensional 

microenvironment. The data obtained from this study indicate biocompatibility and non-

cytotoxicity of the fabricated chitosan/carboxymethyl cellulose composites, but this 

property has not been fully investigated in association with the ECM. Future work will, 

therefore, be directed towards studying the effect of the chitosan-based composites on 

cells in vivo or in a 3D culture under the influence of the extra cellular matrix. This will 

give a better understanding of the role external cues play in molecular and cellular 

mechanisms of wound healing and tissue repair. Additionally, phenotypic markers of 

aging were studied in this work, with the exposure of cells to the fabricated chitosan-

based composites not showing any significant effects to these markers. Future work will 
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seek to elucidate to role of genetic markers, particularly the role of the small Rho family 

GTPase CDC 42, implicated in various cellular activities including cell adhesion, cell 

aging and senescence-associated inflammation. 

Elucidating the influence of the fabricated biomaterial composites on biological 

materials has potential for use in biomedical, bioengineering and tissue regeneration 

fields. 
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