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ABSTRACT 
 
 

Targeted drug delivery systems (DDSs) have been widely studied in cancer therapy using 

various chemotherapy drugs. Due to the toxicity of these cancer drugs, it is desired to target them 

into the tumor site, hence increasing their efficiency and decreasing their overall side effects. 

Injectable thermosensitive hydrogels are liquid at lower temperatures before 

administering them, but they form a gel when the temperature is increased from room 

temperature (21°C) to body temperature (37°C) and are considered to be a promising drug 

delivery system. Chitosan (CH) is a natural polysaccharide that has gained a great deal of interest 

for various biomedical applications, and it has the capability of making thermosensitive 

hydrogels when mixed with β-glycerophosphate (β-GP). Nanotechnology has received 

significant attention in biomedical applications, such as drug delivery. Carbon-based materials 

have the advantage of being more environmentally and biologically friendly than inorganic 

materials. In this study, three types of carbon-based nanoparticles—carbon nanotubes (CNTs), 

fullerene (F), and graphene (G)—were used to make CH-based thermosensitive nanohybrid 

hydrogels, which were analyzed mechanically, chemically, and biologically in order to evaluate 

their potential in drug delivery applications, especially cancer treatment. Structural results 

confirmed the formation of physical thermosensitive hybrid hydrogels. The cell viability of 

nanoparticle-infused hydrogels were found to be between 80% and 100%. Swelling and 

degradation behavior were also investigated and found to be improved with the addition of 

nanoparticles. The release behavior of methotrexate as a sample anticancer drug showed a slower 

release behavior in nanohybrid hydrogels. The nanohybrid hydrogels were found to have 

effective anti-tumor effect on cancer cells in vitro.  
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CHAPTER 1 
 

INTRODUCTION 
 
 

Every year one out of eight women in the United States is diagnosed with breast cancer. 

Excluding skin cancer, breast cancer has been ranked as the second most common cancer in 

women in the United States. After lung cancer, it is the second ranked cause of death among 

women. If breast cancer is diagnosed in its early stages, then, based on size, stage, and rate of 

growth, it can be treated using chemotherapy, radiation therapy, biological therapy, hormone 

therapy, and surgery. Among these methods, chemotherapy is the most commonly used and up-

to-date approach. Moreover, chemotherapy is an essential step before and after surgery to treat 

the tumor and prevent reoccurrence and metastasis [1-3]. 

One of the major challenges of chemotherapy is the high toxicity of chemotherapeutic 

agents. In conventional methods of drug delivery, therapeutic agents are administrated 

intravenously, leading to general systemic circulation, and since chemotherapeutic drugs have a 

non-specific nature they will attack both diseased and healthy cells, which consequently will 

cause non-desired side effects. In order to overcome this drawback significant, efforts have been 

focused on the development of new targeted drug delivery systems (DDS) [4]. 

In the past decade, a significant amount of research has been focused on the development 

of novel drug delivery devices for different therapeutic agents. The main issue with conventional 

drug delivery devices is their efficiency and safety, which usually cause undesired side effects 

and reduce patients’ compliance. New drug delivery systems are developed to maximize the 

efficiency and minimize the side effects of therapeutic agents [5, 6]. Among different materials 

used for drug delivery applications, polymeric hydrogels have attracted major attention. 

Hydrogels are defined as crosslinked polymeric networks that have the ability to absorb an 
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enormous amount of water or biological fluid despite the fact that they are actually insoluble in 

water. Their water-holding capacity depends on the presence of hydrophilic functionalities 

(amido, amino, carboxyl, hydroxyl groups, etc.) [7]. Hydrogels can be classified based on 

different criteria, such as their nature. Hydrogels are divided into two groups: natural and 

synthetic. Natural hydrogels can be made up of natural polymers such as chitosan (CH), gelatin, 

collagen, and dextran. Biocompatibility and biodegradability of natural polymers make them 

suitable for biomedical applications, especially in drug delivery [8]. Based on the type of 

crosslinking, hydrogels are divided into two categories: physical gels, which are crosslinked by 

the formation of physical interactions or ionic bonding, and chemical gels, which are covalently 

crosslinked [9, 10]. Some hydrogels have the ability to respond to environmental stimuli such as 

temperature, pressure, light, pH, ions, molecules, and electric, magnetic, and sound fields. These 

kinds of polymeric networks in which their equilibrium state changes in response to external 

stimuli are called smart hydrogels [11]. Smart hydrogels, referred to as stimuli-responsive 

hydrogels, have found considerable interest in drug delivery applications. 

Chitosan is a natural semi-crystalline polysaccharide produced by the hydrolysis of the 

aminoacetyl group of chitin, the second most abundant biopolymer. This cationic polymer 

consists of randomly distributed β-(1-4)-linked D-glucosamine and N-acetyl-D-glucosamine 

units. The unique remarkable properties of chitosan have made it a prospective biomaterial for a 

variety of applications including tissue engineering and drug delivery [8, 12, 13]. Chitosan has 

the ability to make thermosensitive gels using β-glycerol phosphate (β-GP) as a neutralizing 

agent [14]. Chitosan and β-GP form an injectable in situ gel at a temperature close to the body’s 

temperature (37ºC) [15, 16]. 
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Furthermore, in the past decade, chitosan-β-GP hydrogels have been investigated for 

biomedical applications and have been found to be biocompatible [17-19]. The main drawback 

of hydrogels is their lack of mechanical strength, which can be improved by incorporating 

nanoparticles, which can also improve the drug release behavior, remote actuation capability and 

biological interactions [20]. 

This research aims to contribute to the use of thermosensitive chitosan hydrogels for 

targeted and controllable drug delivery applications by introducing nanomaterials into the 

hydrogel matrix. Three types of nanomaterials (graphene [G], carbon nanotubes [CNTs], and 

fullerene [F]) were incorporated into the chitosan hydrogel. The unique mechanical, thermal, and 

electrical properties of carbon-based nanoparticles have made them a prospective material in 

different fields such as nanoelectronics and nanocomposites. However, the application of carbon-

based nanomaterials in the biomedical field is a fairly new concept; a number of research studies 

have focused on carbon-based nanoparticles in biological applications. Carbon materials are 

known to be more environmentally and biologically friendly than inorganic materials, since 

carbon is one of the most common elements in our ecosystem [21-24]. All the three above-

mentioned nanoparticles have been investigated for drug delivery systems and cancer therapy, 

and have been found to improve the delivery of different types of therapeutic agents. 

This work is an effort to improve the existing drug delivery methods by bringing together 

both nanotechnology and polymeric science and then using it in therapeutic agent delivery with 

the possibility for future use in breast cancer therapy. 

1.1 Objectives 

Nanohybrid hydrogels have shown promising results for biomedical applications. The 

idea of using chitosan is because of its biocompatibility and biodegradability. The 
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thermosensitivity of prepared hybrid hydrogels allows them to be injectable and therefore 

suitable for targeted therapy. The addition of nanoparticles not only improves the mechanical 

properties but also provides a more sustainable release behavior. 

 This study has the following objectives: 

 Fabrication of thermosensitive chitosan-based nanohybrid hydrogels. 

 Structural/chemical characterization, including study of the morphology and surface 

adhesion of nanohybrid hydrogels, spectral analysis to confirm the presence of 

nanomaterials and inspect the molecular structure, and X-ray characterizations to study 

the effect of crystallinity on biocompatibility/biodegradability 

 Mechanical analysis, mainly focused on rheological analysis to gain a better 

understanding of the gelation mechanism. 

 Biological analysis, including cytotoxicity tests to test and confirm the biocompatibility 

of nanohybrid hydrogels, in vitro swelling and degradation behavior, and the in vitro anti-

tumor effect on breast cancer cells to investigate the potential application of the prepared 

hydrogel for breast cancer treatment 

1.2 Purpose 

The ultimate goal of this study is to show the effectiveness of prepared nanohybrid 

hydrogels on cancerous cell lines and perform characterization analysis studies to have a better 

understanding of mechanical, structural, and biological behaviors of nanohybrid hydrogels, 

thereby extending this development to future studies. 
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CHAPTER 2 
 

2 LITERATURE REVIEW 
 
 

2.1 Breast Cancer 

The major part of breast tissue is made up of connective lymphatic tissue, milk glands 

(called lobules), and tubes (called ducts) that connect the lobules to the nipples, lymph nodes, 

and blood vessels (Figure 2.1). Generally, breast cancer is caused by the change in cells in the 

lobule and duct tissue. The most commonly occurring type of breast cancer is ductal carcinoma, 

which is initiated in the cells of ducts. Breast cancer can become invasive, spreading from where 

it began in the ducts or lobules to surrounding tissue [1]. 

 

Figure 2.1. Anatomy of female breast [25] 

Breast cancer can be detected before developing symptoms by a screening examination. 

The most common symptom of breast cancer is when a woman feels a lump, which might be 
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benign and not life-threatening. Following the suspicion of cancerous tissue, based on a clinical 

breast examination/imaging, a microscopic analysis of the breast tissue is required in order to 

make a certain diagnosis of breast cancer, [3]. 

Breast cancer is the most common malignancy among women. Every year, one out of 

eight women in the United States is diagnosed with breast cancer. Excluding skin cancer, breast 

cancer has been ranked as the most common cancer in women in the United States. After lung 

cancer, it is ranked second as the leading cause of death among women. In spite of current 

thoughts, breast cancer can occur in both women and men. However, its occurrence in women is 

about ten times that in men. In the United States, each year about 2,300 men and 230,000 women 

are diagnosed with breast cancer. Sadly, women who are diagnosed with metastatic, or 

spreading, breast cancer have a five-year survival rate of about 27.4%. 

The two different forms of local breast cancer are ductal carcinoma in situ (DCIS) and 

lobular carcinoma in situ (LCIS). LCIS, also known as neoplasia, is not a true cancer but rather a 

sign of a developing invasive cancer, while DCIS may or may not develop into invasive breast 

cancer. In 2013, according to American Cancer Society, there were around 65,000 in situ cases 

and 232,000 invasive cases in women in the U.S., and almost 40,000 died from breast cancer. 

Breast cancer progression includes different stages based on the spreading extent of cancer cells, 

where early stages include in situ cancer and clinical stages include invasive cancers. Several 

risk factors including race, age, sex, etc. cause the development and expansion of cancer cells, 

but how exactly some of these risk factors are involved in the growth of cancerous cells is not yet 

known [1, 3, 25]. 

If breast cancer is diagnosed in the early stages, then it can be treated using 

chemotherapy, radiation therapy, biological therapy, hormone therapy, and surgery. Among 



 

7 

those methods, chemotherapy is the major therapeutic option for patients with metastatic breast 

cancer. Moreover, chemotherapy is an essential step before and after surgery to treat the tumor 

and prevent reoccurrence and metastasis [26]. 

However, the major challenges of chemotherapy are the high toxicity of 

chemotherapeutic agents as well as the high frequency of drug resistance in patients. For years, 

intravenous chemotherapy was the promising method for cancer treatment. In conventional 

intravenous drug delivery, therapeutic agents are administrated intravenously and thus general 

systemic circulation occurs. Since chemotherapeutic drugs have a non-specific nature, they will 

attack both diseased and healthy cells, which consequently cause non-desired side effects. 

Chemotherapeutic drugs aim for rapidly dividing cells, but since some normal cells also divide 

rapidly, chemotherapy causes multiple side effects. In order to overcome this drawback, 

significant efforts have focused on developing a new targeted drug delivery system [27-29]. 

2.2 Controlled Drug Delivery 

Drug delivery has become a vital field in medicine and involves both engineering and 

science to improve human health care issues. Severe diseases have been treated using therapeutic 

drug delivery in a variety of forms: tablets, suspensions, ointments, creams, and injections. The 

term “drug delivery” refers to the methods used to administer the therapeutic agents into the 

human body. In order for a drug to be effective after administration into the body, its therapeutic 

concentration should remain in an optimum range (Figure 2.2). Below the minimum 

concentration range, the drug is no longer effective, while beyond the maximum level, the drug 

exhibits toxicity [30]. 
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Figure 2.2: Conventional vs. controlled drug delivery [30] 

To keep the concentration of the drug within the therapeutic range, controlled drug 

delivery systems have been introduced using advanced materials. These systems improve 

treatment by maintaining the drug release rate within the therapeutic range, hence reducing side 

effects [31]. The first modern DDS involving liposomal amphotericin B was approved by the 

Food and Drug Administration (FDA) in 1990, and since then, more than ten types of DDSs have 

become commercially available for treating a diverse range of diseases, from fungal infections to 

cancer [31]. The development of DDSs not only provides patients more comfort but also 

improves the economy of the drug industry. Upgrading an existing drug to a controlled-release 

DDS is significantly lower in cost and time than developing a new drug. The average cost and 

time required for the development of a controlled-release formulation of an existing drug is about 

$20–$50 million and three to four years, respectively, while the development of a completely 

new and different drug costs approximately $500 million over ten years. For that reason, in the 

U.S., a massive growth has occurred in the market for advanced DDSs from $75 million in 2001 
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to $121 billion in 2010. The trend in the development of modern DDSs has been a worldwide 

movement. In 2010, the annual market for polymer-based controlled-release DDSs alone was 

found to be around $60 billion [32]. 

2.3 Targeted Drug Delivery 

The concept of drug targeting was suggested by Paul Ehrlich more than a hundred years 

ago. His hypothetical “magic bullets” for use in the fight against human disease inspired 

scientists to develop and formulate new and modern method of therapies [33]. 

Targeting therapeutic drugs to specific tissues and organs is one of the pioneering 

research topics in the new century [34]. With the rapid rate of development in the scientific 

world, new solutions to medical problems have been offered by scientists and engineers. In this 

new era, conventional therapeutic methods are no longer used for the treatment of diseases such 

as diabetes, osteoporosis, asthma, cardiac problems, and cancer. Advancement in materials 

science and the introduction of biomaterials are leading to new approaches to reduce problems 

with conventional methods for treating and curing diseases [35]. The main goal of drug delivery 

research is to develop new therapeutic formulations in such a way to improve patients’ 

compliance and convenience [36]. Recent advancements in this field allow for the sustained and 

controlled release of drugs for prolonged periods of time. For example, current oral and 

transdermal drug delivery systems can extend the delivery of the drugs up to 24 hours and 

significantly increase drug efficacy while reducing side effects. Moreover, implantable DDSs 

can locally deliver drugs for several months. Despite the improvements and advancements in the 

drug delivery field, there is still a need for considerable upgrading in order to reach to the next 

level of clinical applications. One of the biggest challenges of the drug delivery research field is 
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to target the drug to the solid tumors to minimize the side effects of drug-originated toxic 

properties [37]. 

It is important to pay attention to the difference between the term “targeted drug 

delivery” (also known as “drug targeting”), a commonly used term in drug delivery, and the term 

“targeted therapy” (also known as “targeted medicine”), which is frequently used in drug 

discovery. The former refers to the major drug accumulation within a target area, regardless of 

its administration route, while the latter refers to the specific molecular interaction between a 

drug and its receptor [29, 38]. 

In general, targeted drug delivery is the introduction of high concentrations of 

pharmaceutical agents to a specific site by means of physical, biological, or molecular systems. 

Therefore, successful drug targeting results in a major reduction in drug toxicity, reducing the 

required dose and increasing the treatment efficiency, which consequently provides patients’ 

compliance and comfort. 

Targeted drug delivery techniques can be divided into two categories: passive targeting 

and active targeting, which are explained in more detail in the following section [30]. 

2.3.1 Passive and Active Targeting 

Passive targeting refers to the accumulation of pharmaceutical ingredients at a specific 

site as a result of the enhanced permeability and retention (EPR) effect due to the leaky vascular 

endothelium at some tissues such as cancerous tumors. It is now a known fact some molecules of 

a certain size (usually ranging from 10 to 500 nm) tend to accumulate in diseased tissues and 

infected sites rather than in normal tissues. Some examples of these molecules are micelles and 

liposomes. Therefore, loading these molecules with the therapeutic agents allows the drug carrier 

to target the site through EPR effect, followed by the release of the therapeutic agent from the 
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carrier at the target site. However, this type of targeting requires the drug carrier to circulate in 

the blood system for a long period of time in order to have an adequate amount of drug 

accumulation at the target site. Also, the size of the drug carrier is a vital controlling factor for 

the efficiency of passive targeting. 

Nevertheless, it is important to know that in many biological cases, the EPR effect is not 

possible since the permeability of the vascular endothelium will not change in the diseased sites. 

Here, the concept of active targeting finds meaning. Active targeting involves the interaction of 

the therapeutic agent with an active ligand such as antibodies, proteins, charged molecules, 

peptides, nucleic acids, sugars, and small molecules such as vitamins, which allows the 

attachment of the drug carrier system to a receptor cell at the target site. Target receptors can be 

proteins, sugars, or lipids existing in diseased tissues or on the surface of cells. Active targeting 

is also known as ligand-based targeting. In active targeting, the recognition of the receptor by the 

ligand is the controlling factor of the drug delivery system and the accumulation of the 

therapeutic agents is allowed by the recognition of the ligand by the cell receptor. Active 

targeting can be achieved by the attachment of a ligand to a passive targeting system to improve 

the efficiency of the drug targeting system. Also, properties such as ligand density, size of the 

carrier, or choice of the targeting receptor are the most important factors in the efficiency of 

active targeting [30, 37, 39-41]. 

Choosing the system for targeting a drug to a specific organ in the body depends on the 

delivery route selected. In order for the targeted drug delivery system to be effective, a thorough 

knowledge of the procedures involved in the transport path of the drug carrier from the route of 

administration to the target organ as well as the body’s response to the DDS are required [37]. 
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Therefore, the major prerequisite of a pharmaceutical drug delivery system is biocompatibility 

[6]. 

2.4 Polymers in Drug Delivery Systems 

Polymeric materials are one of the most investigated materials for biomedical 

applications, including drug delivery, scaffolds and implants for tissue engineering, artificial 

tissues, and biomedical devices. They have played a vital role in the development of drug 

delivery systems since they can deliver therapeutic agents for a prolonged period of time, and 

they can provide a controllable release of both hydrophilic and hydrophobic drugs. Therefore, 

polymer applications in drug delivery development are growing rapidly. For more than 30 years, 

scientists have been studying the details involved in the technology of polymeric DDSs. Natural 

and synthetic polymeric materials have been used for different types of drug delivery 

applications since the early 1970’s [42]. Micelles, polymeric nanoparticles, and hydrogels have 

been primarily the focus for the development of advanced DDSs. One of the most important 

characteristics of polymeric materials used for biomedical applications is biocompatibility. A 

pharmaceutical agent can be either dispersed within or bonded to a polymeric material and then 

gradually released during a prolonged period of time from the polymeric matrix [43, 44]. 

Encapsulating therapeutic drugs within the polymeric matrix will protect them from the hostile 

environment and prevent their degradation. Furthermore, target functionalization of the system 

will allow the drug release at or near the diseased tissue or organ and therefore reduce the side 

effects of the therapeutic drugs and increase their efficiency. 

Among the available polymers, natural polymers such as polysaccharides, polypeptides, 

or phospholipids are widely used for drug delivery applications and have shown promising 

results for different biomedical applications including drug delivery[45]. Among the different 
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types of polymeric systems for drug delivery, hydrogels have become a main research area 

worldwide [46]. 

2.5 Hydrogels 

Hydrogels are defined as crosslinked polymeric networks that have the ability to absorb 

an enormous amount of water or biological fluid, despite the fact that they are actually insoluble 

in water. The water-holding capacity of hydrogels depends on the presence of hydrophilic 

functional groups existing in their chemical structure, such as amido, amino, carboxyl, and 

hydroxyl groups, among others. [7, 10]. Hydrogels have been investigated for biomedical 

applications for the past 50 years due to their unique properties. Some of the applications of 

hydrogels in biomedical field include contact lenses, wound dressing, artificial organs, implants 

for tissue engineering, bio sensors, and drug delivery. One of the very common applications of 

hydrogels is soft contact lenses which usually are made of N, N-dimethylacrylamide-based 

hydrogels (Figure 2.3) [10, 47]. 

 

Figure 2.3: Commercial soft contact lens made from N, N-dimethylacrylamide-based hydrogel   

The main characteristic of a biomaterial is biocompatibility, which means that when a 

biomaterial is introduced into the body, there should be no harmful reaction. Numerous studies 

have proven hydrogel biocompatibility, the main reasons for which are the following: First, they 
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have a low surface tension, thus minimizing the driving force for cell adhesion, and second, due 

to their high water-absorbing capability, the hydrogel surface is superhydrophilic, which makes it 

particularly biocompatible [48] The hydrophilic nature of hydrogels makes them promising 

materials for drug delivery systems [49]. With an appropriate design, hydrogels can be used in 

targeted or controlled DDSs. The swelling properties of hydrogels can be an important factor in 

drug release behavior. Also, changing the hydrogels’ structure in response to the environmental 

stimuli can be a controlling factor for the drug release [50]. 

Hydrogels can be formed in a variety of shapes: slabs, microparticles, nanoparticles, 

coatings, and films. Furthermore, they can be classified into different categories [7], which are 

listed below: 

 Classification based on the origin: Hydrogels can be divided into two types, natural and 

synthetic, based on the origin of the polymeric chains (Table 2.1).  

 Classification according to crystalline structure: Hydrogels can have an amorphous, 

semicrystalline or crystalline structure. 

 Classification based on polymeric composition: Hydrogels are divided into three groups: 

o Homopolymeric hydrogels are derived from a single monomer and can be crosslinked 

using different methods of polymerization. 

o Copolymeric hydrogels are composed of two different monomers, at least one of 

which should be hydrophilic, and can have a block, alternative, or random 

configuration in the polymeric network chain. 

o Multipolymer interpenetrating polymeric network (IPN) hydrogels are composed of 

two independently crosslinked polymers that can be either synthetic or natural. 
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 Classification according to crosslinking type: Hydrogels are divided into two different 

forms, chemically crosslinked and physically crosslinked. Chemically crosslinked 

hydrogels have strong covalent bonding and are referred to as permanent hydrogels, 

while physically crosslinked hydrogels are bonded by physical interactions such as ionic 

or hydrogen bonding and are known as temporary hydrogels [11, 51-53]. 

TABLE 2.1 
 

NATURAL AND SYNTHETIC POLYMERS/MONOMERS USED FOR HYDROGEL 
FABRICATION [53] 

 

Natural Polymers Synthetic Monomers/Polymers 

Alginate Acryolic Acid (AA) 

Chitosan Hydroxyethylmethacryate (HEMA) 

Collagen N-(2-Hydroxypropyl)Methacrylate (HPMA) 

Dextran Methacrylic Acid (MAA) 

Fibrin N-Isopropylacrylamide (NIPAMM) 

Hyaluronic Acid N-Vinyl-2-Pyrrolidone (NVP) 

 Polyethylene Glycol Acrylate/Methacrylate (PEGA/PEGMA) 

 Polyethylene Glycol Diacrylate/Dimethacrylate (PEGDA/PEGDMA) 

 Vinyl Acetate (VAc) 

 

2.6 Hydrogels in Drug Delivery 

The unique physical properties of hydrogels make them attractive materials for drug 

delivery applications. Various patents and academic papers have been published on the subject of 

using hydrogels in drug delivery applications. However, the actual commercial products are 

limited to only a few formulations. One of the important characteristics of hydrogels is their high 

porosity which can be adjusted by controlling the crosslinking density. This porous structure 

allows drugs and therapeutic agents to be loaded into and then released from them. Drug release 
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from hydrogels may occur by means of different mechanisms: diffusion-controlled, swelling-

controlled, chemically-controlled, and environmentally responsive release [11, 47, 54]. 

In diffusion-controlled release systems, the drug is released by diffusion through 

hydrogel pores. Diffusion-controlled systems are either in the form of matrix systems or 

reservoir systems. In a reservoir system, the core of the system contains the drug, and it is 

surrounded by a hydrogel coating. In the reservoir system, the drug release rate is constant and 

independent of time. On the other hand, the initial rate of drug release is proportional to the 

square root of time. Matrix systems contain uniformly distributed drugs within the hydrogel 

structure (Figure 2.4) [44]. 

 

Figure 2.4: Schematic representation of diffusion-controlled reservoir and matrix devices 

Swelling-controlled release systems are similar to matrix systems where the drug is 

dispersed within a glassy polymer. In this case, upon contact of the hydrogel with water/bio-

fluid, it starts swelling, and the polymeric structure expands beyond its boundary, thus allowing 
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the diffusion of the drug with polymer chain relaxation. Here, the rate of drug release is constant 

and independent of time. 

Environmental responsive drug release systems are a combination of drug delivery 

systems with a sensor that responds to a signal and initiates the drug release, which behaves in a 

pulsatile fashion. Magnetic, electrical, ultrasonic, pH, and temperature signals are different types 

of environmental signals that can initiate the drug release [44, 47]. 

2.7 In Situ-Forming Hydrogels 

Over the past decade, considerable attention has been paid to the development of in situ-

forming hydrogels for drug delivery applications, primarily because of the advantages that 

in situ-forming drug-loaded hydrogels can offer, such as simplicity and reduced frequency of 

administration, improving patients’ comfort and compliance, and ability to display a controlled 

and sustained drug release behavior. In situ-forming hydrogels, also known as smart hydrogels, 

show sol-gel transition upon administration due to the change in different stimuli, such as 

temperature, pH, ions, and electrical [9]. Therefore, in situ hydrogels are divided into five 

different categories based on their mechanism of gelation: 

 Temperature-sensitive gels 

 pH-sensitive gels 

 Electrical-sensitive gels 

 Enzyme-sensitive gels 

 Ion-sensitive gels 

Moreover, in situ hydrogels can be classified into five types of drug delivery systems 

based on the route of administration:  

 Oral  
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 Ocular  

 Rectal and vaginal  

 Injectable  

 Nasal [55] 

2.8 Chitosan  

Chitosan has received a significant amount of attention in the medical and pharmaceutical 

fields for its use as a wound dressing, hypocholesterolemic agent, blood anticoagulant, 

antithrombogenic, and drug delivery system. Moreover, chitosan has wide applications in other 

fields such as waste-water treatment, food and feed additives, wound-healing materials, cosmetic 

preparations, and textile, paper, and film technologies [56-58]. The trend for using chitosan in 

biomedical applications began in the late twentieth century, and its potential use in different 

applications, such as ocular applications [59], implants [60], and injection [61], has been 

reported. Also, Muzzarelli [62] showed that chitosan is biodegradable and can be metabolized by 

particular human enzymes such as lysozyme. Furthermore, chitosan is a bioadhesive due to its 

positive charge [63, 64] and has shown antibacterial effects [65]. Last, but not least, chitosan can 

be produced cost efficiently, from chitin, the second most abundant natural polymer after 

cellulose [66]. 

2.8.1 General Properties of Chitosan 

Chitosan is a natural polysaccharide composed of randomly distributed β-(1→4)-linked 

2-aceta mido-2-deoxy-D-glucopyranose and 2-amino-2-deoxy-D-glucopyranose units. Its 

chemical structure is shown in Figure 2.5 [67].  
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Figure 2.5: Chemical structure of chitosan [67] 

Chitosan is a polycationic biopolymer, which is the product of alkaline deacetylation of 

chitin. Chitin is a natural component of shrimp and crab shells. In order to produce chitosan, 

chitin is deacetylated by chemical or enzymatic hydrolysis under alkaline or enzymatic 

conditions, respectively. The degree of deacetylation (DDA) is the ratio of D-glucosamine to the 

sum of D-glucosamine and N-acetyl D-glucosamine, and is an indication of the number of amino 

groups in the chitosan chain. The minimum DDA to form chitosan is 60%. In other words, when 

the number of N-acetyl-glucosamine groups is higher than 50%, then the polymer is chitin; on 

the other hand, when the number of N-glucosamine units is higher, the polymer is chitosan. As 

the DDA increases, the biocompatibility is enhanced as well [8, 13, 68, 69]. 

Chitosan shows poor solubility in water, which can be considered a disadvantage. This is 

attributed to its primary amine group, which is protonated under acidic conditions (pKa = 6.3). 

On the other hand, the presence of the nitrogen group in chitosan’s structure and its cationic 

nature make it a distinct polysaccharide. The solubility of chitosan highly depends on its 

molecular weight, DDA, distribution of acetyl groups, and pH and ionic concentration of the 

solvent used for dissolving. The typical DDA is between 70% and 95%, and the chitosan 

molecular range can vary between 10 and 1,000 kDa, the lower molecular weight allowing its 
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higher and faster solubility [70]. However, chitosan’s cationic nature allows it to form 

carboxylate salts, such as acetate, formate, and lactate, which are water soluble [12]. Also, 

having cationic behavior, chitosan can easily react with anionic molecules (polymers) and form 

macromolecular polyelectrolyte complexes in the form of hydrogels. Depending on the chemical 

structure of the anionic polymers and the reaction condition, these polyelectrolyte complexes can 

be formed with a variety of formulations with different physical and chemical properties. 

However, the featured characteristic of all chitosan polyelectrolyte complexes is hydrophilicity 

and high swelling capacity. Some of the commonly used polyanions to form polyelectrolyte 

complexes with chitosan are hyaluronic acid, alginate, pectin, carrageenan, and dextran sulfate 

[71]. 

2.8.2 Biological Properties of Chitosan  

Chitosan, the only cationic polysaccharide in nature derived from biomass, is known as a 

non-toxic, biocompatible, biodegradable, and polar material [72]. Its biocompatibility and 

biodegradability make it a promising material in biomedical applications, including tissue 

engineering implantation, drug and gene delivery, and especially wound healing. Chitosan does 

not cause any inflammation in the human body, and being a nontoxic material, it is known to 

have antimicrobial properties as well as the ability to absorb toxic heavy metals such as lead 

(Pb), cadmium (Cd), and mercury (Hg) [8, 73]. 

Chitosan’s amino group can be protonated in a dilute acidic solution and positively 

charge amino groups. The mucoadhesion properties of chitosan can be easily elucidated because 

of the ability of interaction between the positively charged amino groups of chitosan with 

negatively charged residues (such as silicic acid) in the mucin. The degree of deacetylation of 

chitosan can impact the mucoadhesion properties of chitosan. As the DDA increases, the number 
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of positively charged amino groups increase accordingly, which consequently leads to improved 

mucoadhesion properties. Furthermore, positive charges of the chitosan backbone enhance its 

ability to permeate into cells by interacting with the negative parts of the cell membranes. The 

hemostatic activity of chitosan is due to the positively charged nature of this biopolymer, since 

the red blood cell membranes are negatively charged and then interact with the positively 

charged chitosan [12, 74, 75]. Chitosan is known to have antibacterial and antifungal properties, 

which  the main reason was found to be related to the protonated amino groups of chitosan [65]. 

The key biological property of chitosan is its biodegradability. Chitosan is a natural 

polysaccharide which means it contains breakable glycosidic bonds. Chitosan is degradable by 

numerous proteases and more specifically lysozyme. As the result of chitosan’s degradation, 

chitosan’s chain will break down into sugars, which are harmless to the human body, over a 

period of time. The degradation of chitosan is related to the degree of deacetylation and the 

amount of N-acetyl groups and their distribution in the backbone [76]. Chitosan is a semi-

crystalline polymer, and it is known that a polymer’s biodegradation’s kinetic is inversely related 

to its crystallinity. Decreasing the DDA results in a reduction in crystallinity and subsequently 

increases the rate of degradation. In the other words, smaller chitosan chains will degrade more 

rapidly than larger chitosan chains [77, 78]. 

Bearing in mind the above-mentioned properties, it is not unforeseen that chitosan has 

been and will be studied in various biomedical and pharmaceutical applications. It was approved 

by the Food and Drug Administration (FDA) particularly for use in wound dressings. With 

chitosan entering the pharmaceutical arena more than 20 years ago, a considerable amount of 

research has been performed to create a novel and effective therapeutic delivery system based on 

it [58]. 
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After describing chitosan’s main properties in the last two sections, the following section 

will focus on the applications of chitosan hydrogels in biomedical applications, mainly as a drug 

delivery system. 

2.8.3 Chitosan Hydrogels 

Chitosan has the ability to make hydrogels in various shapes, geometries, and 

formulations, such as beads, films, capsules, sponges, microspheres, and liquid gels [79]. Based 

on the type of crosslinking, chitosan hydrogels can be formed in two ways: physically 

crosslinked by physical interactions, or chemically crosslinked by covalent bonding. Crosslinked 

hydrogels are a 3D network of polymeric chains interconnected by crosslinkers, which are 

usually small molecules having a molecular weight smaller than the molecular weight of the 

polymeric chains crosslinked together. The ratio of the moles of crosslinking agent to the moles 

of repeating mer in the polymeric chain is known as crosslinking density and is an important 

parameter in defining the properties of crosslinked hydrogels. Depending on the type and nature 

of the crosslinker molecule, the hydrogel network can be formed by covalent or ionic bonding 

[80]. 

 Physically crosslinked chitosan hydrogels can be prepared by the formation of non-

covalent bonding such as ionic interactions, hydrophobic interactions, and hydrogen bonding 

between polymer chains [81, 82]. The weak bondings in these kinds of hydrogels make them 

reversible hydrogels. Usually, physical hydrogels can be obtained by simply mixing chitosan 

with the second molecular component. The type and concentration of the second component 

impacts the swelling behavior of the physical chitosan hydrogels. Although physical chitosan 

gels have a shorter life span than chemical gels, their application in biomedical fields is 

considered safer than chemical gels because they do not require the toxic covalent crosslinker 
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molecules [8]. Chitosan hydrogels can be prepared by adding a crosslinker or by direct 

interaction between polymeric chains. The simplest way to prepare chitosan hydrogel is to 

dissolve it in an acidic aqueous medium, referred to as an entangled hydrogel. Due to the lack of 

mechanical strength and its tendency to dissolve, entangled chitosan hydrogel is not an attractive 

target for biomedical research. 

On the other hand, chemical chitosan can be formulated by covalent crosslinking using 

crosslinkers such as glutaraldehyde, oxalic acid, formaldehyde, glyoxal, and genipine. The 

physical properties of a chitosan, such as crystallinity, thermal sensitivity, swelling ratio (SR), 

and mechanical strength, can be improved by covalent crosslinking. However, the main issue in 

using chemical crosslinking hydrogels is the toxicity of the crosslinker molecules [8, 55, 58]. 

2.8.4 Injectable Chitosan Hydrogels for Cancer Therapy 

Chitosan hydrogels have gained a major interest in the field of localized chemotherapy 

for cancer treatment. Most anticancer drugs are highly toxic and poorly specific to cancer cells. 

Novel biodegradable hydrogel-based drug delivery systems have shown prominent results in 

targeted chemotherapeutic delivery. Chitosan can be used to make in situ-forming hydrogels, 

which are a flowing solution outside the body and form a non-flowing gel when injected into the 

body. Many different chitosan-based in situ gel systems have been prepared and studied for 

controlled chemotherapeutic delivery. Specifically thermosensitive, pH-sensitive, and 

photosensitive chitosan hydrogel systems have been extensively investigated for use in cancer 

chemotherapeutic treatment [8]. 

2.8.4.1 Thermosensitive Chitosan Hydrogels 

Adding polyol salts bearing a single anionic head, such as glycerol-, sorbitol-, fructose- 

or glucose-phosphate salts (polyol- or sugar-phosphate), has been found to be an ideal way to 
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transform a chitosan solution into a temperature-sensitive solution and at the same time 

neutralizing the pH. As it was mentioned in the previous parts, chitosan is a cationic 

polysaccharide and its combination with a polyol-phosphate allows the formation of different 

types of forces including hydrogen bonding, electrostatic and hydrophobic interactions. These 

synergic forces are favorable to hydrogel formation. The combination of chitosan with phosphate 

salts makes a unique solution that is liquid at room temperature and converts to hydrogel at 

higher temperatures (Figure 2.6). Moreover, the addition of phosphate salts solved the pH 

limitation of the chitosan solution by neutralizing and keeping the pH of the chitosan solution the 

same as the physiological pH. 

 

Figure 2.6: Chitosan/β-glycerophosphate at room temperature (left) and at 37°C (right) [4] 

In a paper published in 2000, Chenite et al. created a thermosensitive in situ chitosan 

hydrogel using β-glycerophosphate (Figure 2.7) and loaded it with bone protein to evaluate the 

release behavior in vivo. In this report, the bone protein-loaded chitosan hydrogels were injected 

subcutaneously above the pectoralis muscle in rats. The histological analysis showed that 

chitosan/β-GP hydrogels can deliver active bone protein leading to the formation of cartilage and 

bone in an ectopic site. The authors of this paper suggested that the mechanism of gelation in the 

chitosan/β-GP thermosensitive hydrogel is due to the formation of multiple interactions: (1) 
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increase in the interchain hydrogen bonding in chitosan’s chains due to the salt’s basic behavior 

of causing a reduction in electrostatic repulsion, (2) electrostatic interactions between the amide 

group of chitosan and the phosphate group in β-GP, and (3) strengthening of chitosan-chitosan 

hydrophobic attractions resulting from the temperature increase in the presence of glycerol 

moiety [83]. Mixing the chitosan solution with β-GP salt increases the pH of the solution to the 

physiologically acceptable neutral pH due to the basic effect of the phosphate group. However, 

the solution remains liquid at around room temperature [78, 83]. 

 

Figure 2.7: Structure of β-glycerophosphate 

Nevertheless, the actual mechanism of thermosensitive gelation of chitosan in the 

presence of β-GP is not clear, and various hypotheses have been suggested. In a report by Cho et 

al., hydrophobic interactions between chitosan upon heating and reduced solubility were 

introduced as the main reasons of sol-gel transition of chitosan/β-GP hydrogel at higher 

temperatures. They concluded that the sol-gel transition does not affect the pH of the hydrogels 

[78]. In a patent published in 2006, Buschmann et al. presented the sol-gel transition of 

chitosan/β-GP hydrogel in two steps. The first step is neutralization of the polyelectrolyte 

chitosan solution by adding a weak base (β-GP), which brings the chitosan close to the 

precipitation stage. The second step involves heating the chitosan solution, which results in the 
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release of protons from the chitosan. At this time, the phosphate group acts as a receptor for the 

proton, and if there is enough phosphate in the solution, then a sufficient amount of protons will 

be transferred from the chitosan and induce the sol-gel transition by means of chitosan 

precipitation. Therefore, the authors concluded that there are no ionic interactions between the 

phosphate group and the chitosan chain [84]. 

The rheological analysis of a typical thermosensitive chitosan/β-GP hydrogel at pH ≈ 

7.15 and pH ≈ 6.8 (physiological pH) is illustrated in Figure 2.8. At a pH of around 7.15, the 

sharp increase in the elastic modulus by increasing the temperature indicates that the sol-gel 

transition at about 37°C (Figure 2.8). However, the gelation temperature increased by decreasing 

the pH to around 6.8 (Figure 2.9). The sol-gel transition starts as soon as the phosphate salt is 

added; however, low temperature and low pH decelerate the gelation process. Moreover, the 

drop in elastic modulus during the cooling process shows a thermoreversibility tendency of the 

chitosan/β-GP hydrogels. A complete thermoreversibility behavior is expected at lower 

temperature (pH ≈ 6.8) [83, 85]. 

The degree of deacetylation of chitosan was found to be an important parameter 

influencing the sol-gel behavior of the chitosan/glycerophosphate hydrogel. With the decrease in 

DDA, the gelation temperature increases. This behavior can be attributed to the higher 

crosslinking density between phosphate groups of the glycerophosphate and the amide groups of 

chitosan. It was also found that the molecular weight of chitosan has no significant effect on the 

sol-gel behavior [83, 86]. 
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Figure 2.8: Sol-gel transition behavior of chitosan/β-glycerophosphate at pH ≈ 7.15 [83] 

 

 

Figure 2.9: Sol-gel transition behavior of chitosan/β-glycerophosphate at pH ≈ 6.85 [83] 
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In 2004, Ruel-Gariépy et al. developed a thermosensitive chitosan hydrogel using β-

glycerophosphate and used that system for the local delivery of paclitaxel to inhibit EMT-6 

cancer cells in mice. Their results confirmed that one intratumoral injection of a thermosensitive 

drug delivery system was as efficient as an intravenous injection of paclitaxel [4]. In another 

study, in 2009, Ta et al. reported the formation and use of an in situ gelling chitosan/dipotassium 

orthophosphate for doxorubicin (DOX) delivery. Their in vivo results in mice showed a 

reduction in cardiac and dermal toxicity of doxorubicin; therefore, they suggested the application 

of the prepared in situ hydrogel for an anti-cancer drug delivery system for the treatment of 

osteosarcoma [87]. 

Regarding the case of cytotoxicity behavior of thermosensitive chitosan-β-

glycerophosphate hydrogels, several studies have confirmed their biocompatibility [17-19, 88]. 

Moreover, various drugs have been incorporated with the thermosensitive chitosan hydrogels and 

investigated for drug delivery applications. In a study by Kim et al., the application of a 

chitosan-β-GP system was investigated for the delivery behavior of ellagic acid (EA) as a 

method to improve brain cancer treatment [15]. Based on their results, the chitosan-β-GP was 

found to be an effective carrier for the delivery of EA and reduced the growth of human U87 

glioblastomas and rat C6 glioma cancer cells. In another study, in 2011, Cheng and his 

colleagues [89] developed a novel injectable thermosensitive chitosan-gelatin-β-GP hydrogel and 

evaluated the delivery ferulic acid (FA) delivery in nucleus pulpous (NP) regeneration. They 

suggested the potential use of the FA-incorporated chitosan-gelatin-β-GP hydrogel for treating a 

spinal disc in the early stages of degeneration before it developed into the latter irreversible 

stages. The same group, in a following work, showed that the developed thermosensitive 
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chitosan-gelatin-β-GP hydrogel was able to cure the damaged caused by oxidation stress in the 

NP cells [90]. 

2.8.4.2 Photosensitive Chitosan Hydrogels 

In this method of crosslinking, photoreactive biological adhesive groups, such as the 

azide group, can be introduced to chitosan to form photoresponsive hydrogels. In 1999, for the 

first time, Ono et al. formulated a photocrosslinkable chitosan by introducing azide and lactose 

moieties. The lactose moieties provided a better solubility of chitosan in neutral pH while the 

addition of azide group formed an insoluble hydrogel by crosslinking to the amide groups of 

chitosan with the exposure to an ultraviolet (UV) light within 60 seconds [91]. 

In 2005, Obara et al. made a photoresponsive chitosan hydrogel loaded with paclitaxel. 

The hydrogel began forming upon UV light exposure in 10 seconds. The treatment of 

subcutaneously induced tumors with Lewis lung cancer (3LL) cells was more effective with the 

photoresponsive chitosan/paclitaxel system than only paclitaxel [92]. 

2.8.4.3 pH-Sensitive Chitosan Hydrogels 

In situ pH-sensitive chitosan hydrogels uses the chitosan solution pH sensitivity at low 

pH values. These solutions form a gel once injected into the body upon facing a different pH 

environment. In an inventive research in 2004, Ganguly and Dash [93] developed a novel 

chitosan-glyceryl monooleate (GMO) pH-sensitive in situ system for sustained drug delivery and 

targeting. The mechanism of such a system has been explained by the interaction between 

negatively charged mucosal surfaces and positively charged amino groups of chitosan. This  

system can be used in sustaining delivery of both hydrophilic and hydrophobic therapeutic 

agents, as well as targeting drugs to cells producing mucin [94]. 
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2.9 Nanocomposite Hydrogels  

The revolution in polymer chemistry, micro-nano fabrication technology, and 

biomolecular engineering has resulted in the fabrication and development of nanocomposite 

hydrogels with modified characteristics. Nanocomposite hydrogels, also referred to as hybrid 

hydrogels, are 3D crosslinked polymeric networks that interact either physically or chemically 

with each other and/or with nanostructure materials. With advances in nanocomposite 

fabrication, there has been a growing interest in using nanocomposite hydrogels in various 

biomedical applications, including biosensors, tissue engineering, and drug delivery. Figure 2.10 

shows the number of publications, according to the InterScience Institute (ISI) Web of Science®, 

in the field of hydrogels and nanocomposite hydrogels. It can be seen that the trend of using 

nanocomposite hydrogels is relatively new compared to hydrogel usage. The growing number of 

publications, especially after 2010, indicates the emerging trend in nanocomposite development 

[95]. 

 

Figure2.10: Number of publications in nanocomposite hydrogel fields  
(based on ISI Web of Science®) [95] 
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The trend of using nanocomposite hydrogels in biomedical related research is relatively 

new and was only begun in the past decade. Figure 2.11 shows the currently increasing research 

interest in nanocomposite biomedical application research [96]. 

 

Figure 2.11: Number of publications in nanocomposite hydrogel fields (based on PubMed 
biomedical literature citation source) [96] 

 
2.10  Carbon Nanotubes 

Carbon nanotubes were first synthesized and discovered by Iijima in 1991. Since their 

discovery, they have been studied for diverse applications and are one of the most highly 

researched materials in the past 25 years [97]. 

The unique electrical, mechanical, and thermal properties of CNTs have made them 

useful for a wide range of applications. Their superior thermal and electrical properties make 

them suitable materials for sensors, probes, and other types of electronic devices, such as 

semiconductors. CNTs have shown extraordinary mechanical strength, which makes them a 

promising material for polymer reinforcement in composite manufacturing. Recently, carbon 

nanotubes have attracted a great deal of interest in biological applications, including tissue 
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engineering, diagnostic and imaging tools, drug delivery systems, cancer treatment, and neuron 

prostheses [98, 99]. 

Carbon nanotubes are hollow tubes comprised of sp2-bonded carbon atoms with a 

diameter of less than 100 nm. Based on their structure, which is composed of wrapped graphitic 

sheets in the form of hollow cylindrical tubes, CNTs are divided into two categories: single-

walled carbon nanotubes (SWCNTs), containing a single graphene sheet layer, and multi-walled 

carbon nanotubes (MWCNTs), containing multiple layers of graphene. The length of CNTs is 

usually in the micrometer range and ranges between 0.2 and 5 µm, while the diameter could be 

less than 2 nm or 2–100 nm for SWCNTs and MWCNTs, respectively (Figure 2.12) [21]. 

 

Figure 2.12: Schematic of structures and dimensions: (a) graphene (b) SWCNT,  
and (c) MWCNT [23] 

 
2.10.1 Mechanical Properties of Carbon Nanotubes 

The mechanical properties of carbon nanotubes depend on their structure and 

morphology, such as number of walls and orientation. CNTs have been as composite 

reinforcement due to their strong tensile strength [21]. The Young’s modulus and tensile strength 

of MWCNTs have been reported to be 0.2–0.9 TPa and 11–150 GPa, respectively, and for 

SWCNTs 0.9–1 TPa and 13–126 GPa, respectively [100]. 
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2.10.2 Biological Applications of Carbon Nanotubes 

The remarkable physiochemical properties of carbon nanotubes, such as ordered 

structure, high aspect ratio, ultra-light weight, high surface area, great mechanical strength, and 

high thermal and electrical conductivity make them a unique material for diverse applications 

[101]. However, CNT applications in medicine bring up the concern of adverse and unexpected 

effects on human health. Therefore, various studies, both in vitro and in vivo, have been 

performed to evaluate the cytotoxicity behavior of CNTs, and most of these evaluations have 

shown their toxicity to be low. The biocompatibility and cytotoxicity of carbon nanotubes are 

dependent on a number of factors: fabrication process, presence of impurities (normally metallic 

catalysts), size and shape, dispersion and aggregation station, method of administration, and 

cellular uptake [102, 103]. The main reason for CNT toxicity is the presence of residual metal 

catalysts such as Cr, Ni, Fe, etc. resulting from its synthesis. Therefore, some studies have 

suggested that purification of carbon nanotubes could reduce and diminish the inflammatory 

reactions [104]. Although most of the metal impurities are removed through the production 

process, some metal impurities remain, up to 15% by mass. It has been suggested that acid 

treatment, oxidation, annealing, and filtering could decrease the amount of iron impurities to 

0.23%. However, other research has speculated that purified CNTs might be more toxic [101]. 

Similar incompatibilities have been found in other effective factors in CNT toxicity. For 

instance, Sato et al. found the in vitro toxicity of MWCNTs of 220 nm and 825 nm to be 

approximately similar. However, Becker et al. showed that there is a threshold for the size of 

CNTs for toxicity and CNTs smaller than (189 ± 17) nm are excessively toxic [105, 106]. 

The remarkable physiochemical properties of carbon nanotubes, mentioned previously, 

make them a unique material for biological applications. However, CNTs show poor solubility in 
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aqueous solutions, which has been recognized as the main obstacle in biological applications and 

has led to a large number of studies focusing on a solution for this issue. Since solubility and 

stability in biological media are one of the criteria for biocompatibility, it is critical to improve 

the CNT issue of solubility in an aqueous media. Therefore, recent developments based on 

chemical modifications and/or functionalizations of CNTs as well as conjugation of biological 

and bioactive species (e.g., proteins, carbohydrates, and nucleic acids) with CNTs have been 

successful in solubilizing and dissolving CNTs in water [101, 103]. 

CNTs are currently being considered as a promising material in the medical field for 

growth of cells for tissue regeneration, delivery systems for a diverse number of diagnostic or 

therapeutic agents, and vectors for gene transfection [107]. Sections 2.10.3 and 2.10.4 briefly 

review some aspects of CNTs as a novel delivery system for therapeutic agents, mainly focusing 

on cancer treatment. 

2.10.3 Carbon Nanotubes and Drug Delivery Systems 

The unique optical and electrical properties, and most importantly high surface area, of 

carbon nanotubes make them an efficient carrier of drugs and biomolecules. CNTs have the 

ability to be bonded to drugs covalently or non-covalently. Their excessive surface area allows 

the conjugation of numerous molecules to their sidewalls. Moreover the polyaromatic graphitic 

surface of carbon nanotubes allows for non-covalent p-p interactions with molecules. It is 

important in biological applications that the properties of carbon nanotubes are not a function of 

their orientations. Additionally, carbon nanotubes can penetrate into membranes and cell walls 

due to their long and narrow shape, which makes them like a miniature needle. Researchers have 

used the needle-like feature of CNTs to attach them to small biomolecules, such as cancer drugs 

and investigated them in targeted drug delivery applications [107, 108]. Therefore, carbon 
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nanotubes could be capable carriers with a great potential for the advancement of a new-

generation delivery system for drugs and biomolecules. Over the last two decades, CNT-based 

drug delivery systems have been investigated extensively, especially in the targeting of 

anticancer drugs to tumor sites in the body. A significant number of publications have been 

devoted to the application of carbon nanotubes in DDSs. Figure 2.13 shows the increasing 

number of published articles relative to CNT-based DDSs over the last decade [108]. They have 

shown that active biomolecules and CNTs can interact in three different ways: entrapment of the 

active molecule within the CNT mesh through a porous absorbent, functionalization of the outer 

surface of the CNT with the active molecule, and using CNTs as nanocatheters [109]. 

 

Figure 2.13: Number of published articles relating to CNT-based drug delivery systems [108] 

Various therapeutic drugs to be loaded and delivered by carbon nanotubes have been 

studied, and these studies have shown promising results over using conventional delivery 

vehicles. CNTs have also been studied for gene delivery. Pantarotto et al. used SWCNTs for the 

delivery of plasmid deoxyribonucleic acid (DNA). First, they functionalized SWCNTs with 

ammonium and then loaded plasmid DNA into ammonium-functionalized SWCNTs through 
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ionic interactions. Then the delivery of the plasmid DNA to Hela cells was investigated, and it 

was observed that SWCNTs delivered a higher amount of DNA, and the gene expression levels 

increased by up to 10 times over that of DNA alone [110]. In another study, Richard et al. 

functionalized single- and multi-walled CNTs by two cationic amphiphiles and concluded that 

the delivery of plasmid DNA was highly increased by using functionalized CNTs than using 

naked DNA [111]. Moreover, Nunes et al. used chemically conjugated MWCNTs to 

polyethylenimine (PEI) and polyallylamine (PAA) in order to investigate the potential of the 

resultant MWCNT complex for the delivery of plasmid DNA. An improvement in gene 

expression was observed by using the MWCNTs complex compared to the naked plasmid DNA 

or to equivalent amounts of PEI polymer alone [112]. 

2.10.4 Carbon Nanotubes for Anti-Cancer Applications 

The high surface area of CNTs allows for a high drug-loading capacity. Also, therapeutic 

drugs can be released over an extended period of time from drug-loaded CNTs, due to the 

enhanced permeability and retention effect. Therefore, using carbon nanotubes can improve 

anticancer therapeutic efficacy [104, 113, 114]. Using CNTs for cancer therapy has advantages: 

(1) they can be used for selective diagnosis and imaging of tumors [106]; (2) they have the 

ability to selectively destroy cancer cells by local heating induced by near-infrared (NIR) pulses 

[115]; and  (3) they can act as intracellular drug delivery systems, entering the cancer cells and 

acting efficiently as anti-cancer carriers [116]. The major drawback of anticancer drugs is their 

system toxicity, whereby most anticancer drugs do not differentiate between cancer cells and 

other fast-dividing cells such as hair follicles. A targeted DDS based on CNTs has the ability to 

overcome this drawback. Due to the benzene ring structure of CNTs, drugs containing the poly-

benzene ring can bind to the surface of CNTs mostly by ᴨ-ᴨ interaction [21]. Doxorubicin is one 
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of the essential chemotherapeutic drugs that can be used for treating a variety types of cancers. 

The poly-benzene ring structure of DOX allows the ᴨ-ᴨ interaction with CNTs; therefore, DOX 

has been studied as a sample anticancer drug to be loaded and released by CNTs [117, 118]. 

In another study of using CNTs for cancer therapy, Liu et al. [119] investigated the 

efficacy of SWCNTs for the delivery of paclitaxel both in vitro and in vivo. Results showed that 

SWCNTs are promising drug delivery vehicles for cancer therapy with high treatment efficacy 

and low toxicity [108]. 

2.11 Fullerene  

Fullerene, the third form of carbon, was first discovered in 1985 by the Krotto/Smalley 

research group, which brought them the Noble Prize in chemistry in 1996. Since then this novel 

material has been the center of attention for a very large number of research groups for its 

practical and potential applications [120]. Theoretically, an infinite number of possible fullerenes 

exist. Its cage-like structure is composed of sp2-hybridized carbons arranged in hexagons and 

pentagons (Figure 2.14). Fullerene C60 ([60] fullerene) is known as the most accessible type of 

fullerene which, also known as typical fullerene, is composed of twelve pentagon and twenty 

hexagons in its structure, and is the most accessible type of fullerene. However, it is not 

necessarily the most stable type of fullerene [121]. At the University of Arizona in 1990, 

Kraetschmer et al. developed and produced C60 fullerene in bulk amount by resistive heating of 

graphite. The first atomic resolution image of C60 was taken at the University of Belgrade in 

1992 [120]. Fullerene C60 has a spherical hollow structure composed of carbon atoms. This 

spherical fullerene is also known as buckyballs. The diameter of buckyball fullerene is about 0.7 

nm, which makes it a unique nanomaterial for electronic, sensors, and biomedical applications 

[120, 122]. 
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Figure 2.14: C60 fullerene structure [123] 

2.11.1 Biological Applications of Fullerene 

The C60 molecule and other members of the fullerene family have shown remarkable 

physical, photo-, and electrochemical properties, which makes them suitable and promising 

materials for various biological applications. The promising characteristics of C60 fullerene have 

led to the development of numerous fullerene-based compounds with a variety of biological 

targets, ranging from anticancer or antimicrobial therapy, cytoprotection, enzyme inhibition, 

controlled drug delivery, and diagnostic imaging [123, 124]. Moreover, fullerenes, specifically 

C60, have come to be known as “radical sponges,” due to their ability to trap multiple radicals in a 

molecule, which can be attributed to a delocalized ᴨ double bond system of the fullerene cage 

structure. In contrast, fullerene exposure to visible or UV light results in the formation of highly 

reactive singlet oxygen (O2). Both singlet oxygen and other reactive oxygen species (ROS) are 

able to react with a wide range of biological objects and are known to be involved in both 

cellular signaling and cell damage. This dual characterization of C60 fullerene can be used in the 

development of cytoprotective or cytotoxic anticancer/antimicrobial fullerene-based materials 

[125]. 

However, fullerene shows extreme hydrophobicity, water insolubility as well as tendency 

to aggregate, which may cause difficulty in its biological applications. Not only is fullerene not 
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soluble in water, but also when in contact with water, fullerene can form toxic colloidal 

aggregates (nC60). In order to overcome these issues, some tactics have been suggested: (1) 

chemical modification of fullerene by incorporation with hydroxyl, amino, and carboxyl groups; 

(2) using surfactants to reduce the surface effects and improve water solubility; (3) using a 

solvent exchange method, meaning using volatile water-miscible organic solvents to dissolve 

fullerene, with the addition of water and solvent evaporation as the next step, thus leading to 

fullerene suspension in water; and (4) long-term stirring of C60 fullerene in water [123, 126]. The 

most common technique to improve the solubility of fullerene is chemical modification, which 

leads to the formation of a wide range of fullerene-based derivatives with different physical and 

chemical properties. Various studies have been performed to synthesize chemically modified 

water-soluble fullerene. In one of the superior studies, Brettreich and Hirsch [127] developed a 

highly water-soluble C60 fullerene derivative by synthesizing a carboxylic modified fullerene 

(Figure 2.15). In another study Filippone and his group covalently linked C60 with synthesized 

cyclodextrins to cover the fullerene sphere, not only improving the solubility but also decreasing 

its aggregation [128]. 

 

Figure 2.15: Carboxylic denderimeric fullerene [127] 
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Fullerenes have gained significant attention for investigation as anti-oxidant and 

neuroprotective agents, and their ability to react with oxygen radical species such as superoxide 

(O2
-) and hydroxyl (OH) radicals as well as attack lipids, proteins, DNA, and other 

macromolecules [124]. Lipids, which are a vital part of cell walls, are degradable by lipid 

peroxidation, which essentially is based on the bonding between free radicals (atom/molecule 

having unpaired electrons HO● OOH●) with lipids in the cell membrane, which consequently 

results in cell damage. In a study by Wang et al., the comparison of C60 fullerene and vitamin E 

showed that C60 has greater protection from lipid peroxidation than Vitamin E [129]. 

The most important prerequisite for biomedical applications is biocompatibility; 

therefore, the valuation of C60 toxicity has an absolute and vital status. However, many standard 

cytotoxicity studies were not able to confirm the acute in vivo toxicity of fullerene due to the fact 

that C60 fullerene will not produce ROS unless it exposed to a strong light source [123, 130]. 

Fullerenes have the potential to be used in magnetic resonance (MRI) and X-ray imaging 

(XRI). These applications are possible by the formation of endohedral metallofullerenes, which 

are the result of metallic atoms entrapped in a fullerene cage structure [124]. Moreover, 

fullerenes have been found to be promising anticancer agents in the photodynamic killing of 

cancer cells due to their ability to photosensitize the transition of molecular oxygen to highly 

reactive ROS. Numerous studies have investigated the potential of several water-soluble C60 

fullerene derivatives as anticancer agents in vivo, and their results confirm the effectiveness of 

the photodynamic action of C60 fullerene derivatives against a diverse range of cultured cancer 

cell lines, including cervical, larynx, lung, and colon carcinoma and malignant tumors [131]. 

Fullerenes could be also used as drug carriers for a selective tissue targeting, which the 

former application is explained in the next section in more detail. 
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2.11.2 Fullerene and Drug Delivery 

As stated in the previous section, fullerene derivatives have the capability of crossing cell 

membranes and binding to mitochondria. Also, the lipophilic behavior of modified fullerenes 

enables slow release, which can be valuable for drug delivery research. In addition, C60 fullerene 

has been found to be a biologically stable agent, with the ability to covalently attach to multiple 

drugs [24]. One primary research study on fullerene-based lipophilic slow-release drug delivery 

systems was performed by Zakharian et al. in 2005. They developed a fullerene-paclitaxel 

conjugate for liposome aerosol delivery for lung cancer therapy and concluded that this 

conjugate can enhance the efficacy of paclitaxel in vivo and would be a promising anticancer 

drug delivery system [132]. In another study, in 2008, Partha et al. [133] prepared and studied 

the in vitro evaluations of a fullerene-based nanocarrier for the delivery of paclitaxel. They 

synthesized a self-assembled, spherical nanostructure composed of amphiphilic fullerene with 

diameters in the range of 100–200 nm. These types of self-assembled fullerene-based 

nanostructures are known as “buckysomes.” This group also compared the therapeutic efficacy 

of their synthesized paclitaxel-conjugated buckeysome with a commercially available 

nanoparticle-albumin-bound formulation of paclitaxel, known as Abraxan, and reported a similar 

efficacy for both. They suggested that fullerene-based buckysomes are promising nanomaterials 

for the delivery of paclitaxel as well as other hydrophobic drugs. 

In 2009, Chaudhuri et al. reported the synthsis of a polyhydroxylated fullerene 

(fullerenol) conjugated with DOX to investigate its application in cancer drug delivery in vitro 

and in vivo. The in vivo results indicated that the fullerenol-DOX conjugate demonstrated 

similar antitumor efficacy as the free drug, while not showing the systemic toxicity of free DOX 

[134]. Fullerenol has been studied by different groups of researchers for drug delivery 
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applications and has been found to have a burst release following by a sustained release behavior 

of over 100 hours. Also, it has been proven that fullerenol alone had minimal cytotoxicity except 

at the highest concentrations. In vivo investigations of a DOX-fullerenol conjugate indicated that 

this increases the therapeutic index of the cytotoxic agent compared to free doxorubicin [24]. 

2.12 Graphene  

Graphene has a unique two-dimensional structure composed of sp2-bonded carbon atoms 

arranged in a honeycomb lattice. Graphene is a single-atom-thick sheet with a very thin atomic 

thickness (0.335 nm) [135]. Graphene is the basic structural block of further carbon allotropes 

such as zero dimensional fullerenes, one-dimensional carbon nanotubes, and three-dimensional 

graphite (Figure 2.16) [136, 137].  

 

Figure 2.16: Three major types of sp2-nanocarbons including (from left to right)  
fullerene, carbon nanotubes, and graphene [136] 

 
Since its discovery won researchers the Noble Prize in physics in 2010, graphene has 

become one of the most exciting topics of material science research [138]. Due to its unique 

physical, chemical, electrical, optical, thermal, and mechanical properties, graphene has been 
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influencing various fields including energy technology [139], sensors [137, 140, 141], catalysis 

[137], and bioscience/biotechnologies [137, 142]. Graphene possesses a large surface area 

(around 2,600 m2/g), tremendous electrical conductivity (1,738 siemens/m), high mechanical 

strength (tensile strength of 130 GPa), and superior thermal conductivity (5,300 W/mK) [143, 

144]. Its extremely high electron mobility as well as size-dependent electrical properties make it 

a favorable material in high-performance electronic devices [144]. Moreover, graphene exhibits 

interesting optical properties, exhibiting light absorption over a wide range of wavelengths from 

UV to NIR regions. Remarkable optical transparency and conductivity of graphene make it a 

desirable material for many photonic devices [137, 138]. Other advantageous properties of 

graphene include ease of fabrication and low cost. Graphene can be produced both by top-down 

methods such as chemical exfoliation from graphite and bottom-up methods like chemical vapor 

deposition [145]. 

2.12.1 Biological Properties of Graphene  

In addition to the applications mentioned above, the application of graphene in the 

biomedical field is still in the earlier stages. However, the results of studies have confirmed its 

significant potential use in biomedical applications. Since 2008, when the pioneering study by 

Liu et al. using graphene oxide (GO) nanoparticles as a capable nanocarrier for drug delivery 

was published, a great number of motivating studies have been carried out regarding the use of 

graphene in an extensive range of biomedical applications including antibacterial materials, 

bioimaging, biosensors, tissue-engineering scaffolds, and gene/drug delivery [22, 142].  

Graphene is a single layer of graphite, a naturally occurring material. Since graphite has 

not shown any serious harmfulness during hundreds of years of daily use in human life, it would 

be expected that this single layer of graphite, or graphene, can be safe and applicable for 
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biological purposes [145]. Therefore, graphene materials, and in particular GO, are considered to 

be promising materials for biological applications. The extremely large surface area and 

sp2-bonded carbon atoms of the graphene structure allow the absorption of a variety of aromatic 

biomolecules through a ᴨ-ᴨ stacking and electrostatic interaction, which make graphene 

materials ideal for biosensor and drug delivery applications [137]. Many of the aromatic drug 

molecules can be physically adsorbed on the polyaromatic graphene surface via ᴨ-ᴨ interactions 

[138]. Furthermore, graphene-based materials were reported to have great antimicrobial 

properties [146-148]. In 2008, Liu et al., motivated by the idea of carbon nanotube-based drug 

delivery systems, investigated the use of their synthesized graphene oxide nanoparticles as a 

novel nanocarrier for the delivery of the water-insoluble anticancer drug SN38 into cells. They 

also functionalized synthesized GOs by polyethylene glycol (PEG) to improve the 

biocompatibility, as well as solubility and stability, of physiological solutions [142]. 

According to a research study in 2010 by Hu et al., the antibacterial activity of graphene 

oxide and reduced GO was studied, and it was concluded that graphene-based nanomaterials can 

excellently inhibit the growth of E. coli bacteria with minimal cytotoxicity. They were also able 

to produce cost-effective freestanding and flexible papers using GO. Therefore, they suggested 

that graphene-based materials may find vital environmental and biomedical applications [146]. 

In 2010, Fan et al. produced graphene-chitosan composite films using a solution casting 

method, and tested the mechanical properties and biocompatibility of the produced graphene-

chitosan composite films. The cell biocompatibility results on L929 cells indicated that the cells 

could adhere to and grow on top of the graphene-chitosan composite films, consequently 

indicating their biocompatibility. They also found that the addition of a small amount of 

graphene (0.1–0.3 %) to chitosan films can increase the elastic modulus more than 200%. Based 
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on the mechanical and biological results, the authors suggested graphene-chitosan composite 

films as potential candidates for scaffold materials and tissue engineering [149]. 

In 2011, Liao et al. investigated the biocompatibility of various sizes of graphene sheets 

(GSs) and graphene oxide on human skin fibroblast cells. According to their results, GSs are 

more cytotoxic than GO on human fibroblast cells. They suggested GO particles as a potential 

material for implant applications [150]. 

Very recently, Sayyar et al. prepared conductive graphene-chitosan composite films and 

investigated their optical, mechanical, and biological properties. They concluded that the 

addition of graphene is less toxic than the addition of CNTs (their previous work) and increases 

the mechanical and optical properties of chitosan. Their analysis showed that the resulting 

graphene composites could be used as a tough, conductive material for extrusion-printing in 

order to make 3D scaffolds [151]. 

2.12.2 Graphene in Drug Delivery  

As mentioned in the previous section, one of the pioneering studies using graphene-based 

materials was reported in 2008 by Liu et al. [142] who used PEG-functionalized graphene oxide 

nanoparticles as a nanocarrier for the delivery of doxorubicin, an aromatic anticancer drug. 

Shortly after this report, in another innovative study, Yang et al. prepared a GO-DOX 

hydrochloride nanohybrid using a simple noncovalent method, and investigated the loading and 

release behavior of DOX hydrochloride. The electrochemical characterization confirmed the 

strong ᴨ-ᴨ stacking interaction between GO and DOX chloride. Also, the release behavior of 

DOX chloride showed a pH-responsive behavior with higher release amount under the acidic 

condition than the basic condition. This behavior was attributed to the partial dissociation of 

hydrogen bonding between GO and DOX chloride in an acidic medium. The authors concluded 
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that the prepared GO-DOX chloride nanohybrid can be used in drug deliver and biosensor 

applications [152]. The proven pH-sensitive drug-release behavior of GO was also investigated 

by other researchers. In one of these studies, Depan et al. [153] synthesized a GO-folic acid-

chitosan-conjugated nanocarrier system for the delivery of doxorubicin and confirmed the pH-

dependent loading and release behavior for this novel prepared nanohybrid.  

In 2010, Bai et al. reported the fabrication of a novel pH-sensitive graphene oxide-

polyvinyl alcohol (GO-PVA) composite hydrogel and explored its drug-release behavior by 

using vitamin B12 as the model drug [154]. In addition to the pH-sensitive graphene-based drug 

delivery systems, Pan et al. functionalized graphene sheets and developed thermosensitive 

graphene sheet-poly(N-isopropylacrylamide) (GS-PNIPAM) composite films and used them to 

study the release behavior of a water-insoluble anticancer drug, camptothecin [155]. Moreover, 

Zhang et al. [156] synthesized functionalized GO nanoparticles for the controlled release of two 

anticancer drugs,  doxorubicin and camptothecin. In 2011, Pandey and coworkers explored the 

release and anti-bacterial behavior of gentamicin sulfate from a developed methanol-derived 

graphene nanosheets and resulted that the controlling mechanism of drug release from 

nanosheets is through Fickian diffusion [157]. 

In most of the previous studies, graphene oxide was used as a filler in nanocomposites; 

however, in this study, we chose pristine graphene since the process of reduction of GO sheets 

effects the unique properties of graphene [158]. 

2.13 Methotrexate  

Methotrexate (MTX) (Figure 2.17), with the chemical formula of ((2S)-2-[(4-

[(2,4diaminopteridin-6-yl)methyl](methyl)amino fabenzoyl)amino] pentanedioicacid), is a folic 

acid antagonist, an antiproliferative, and immunosuppressive agent. Although MTX is one of the 



 

47 

oldest drugs, it is still a widely used medication. It is a well-known antineoplastic agent used for 

treating various types of cancers, especially breast cancer [159, 160]. Since its introduction in the 

1980s, it has also have been used for treating some autoimmune disorders such as rheumatoid 

arthritis [159, 161].  

 

Figure 2.17: Molecular structure of methotrexate 

Methotrexate is an extremely toxic drug with a wide range of toxicity and can show 

antagonistic reactions such as hepatic, renal, pulmonic, and hematological disorders, as well as 

the possibility of damage to the central nervous system [161]. Moreover, a large portion of the 

MTX that is administrated is removed by the kidneys shortly thereafter, which consequently 

causes a low concentration of the drug at the diseased tissue [162]. In order to overcome these 

disadvantages and improve the therapeutic efficiency, MTX has been encapsulated in 

biocompatible matrixes such as polymeric microcapsules [163, 164]. 
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CHAPTER 3 
 

3 EXPERIMENT 
 
 

In this study, three types of carbon-based nanoparticles were used along with chitosan to 

fabricate thermosensitive nanohybrid hydrogels. These hydrogels were then examined and 

characterized for targeted drug delivery applications. The analysis methods used can be divided 

into three major types: chemical/structural, mechanical, and biological. A schematic of the 

experimental procedures is presented in Figure 3.1. 

 
Figure 3.1: Schematic of experimental procedures 
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3.1 Fabrication of Chitosan-Based Hydrogels with Nanomaterial Inclusions 

In this study, four different types of hydrogels were used for the targeted delivery and 

controllable release of methotrexate. Trial-and-error experiments were performed to determine 

the appropriate chitosan/acetic acid concentration in order to have a homogenous solution. In 

addition to the pure chitosan hydrogel, three different types of carbon-based nanomaterials were 

added to the other three chitosan-based hydrogels: carbon nanotubes (CNT-CH hybrid hydrogel), 

graphene (G-CH hybrid hydrogel), and fullerene (F-CH hybrid hydrogel). 

3.1.1 Materials and Apparatus Used to Fabricate Nanohybrid Hydrogels 

The following materials were used in the preparation of the nanohybrid hydrogels. They 

are also shown in Figures 3.2 and 3.3. 

 Chitosan: Medium molecular weight chitosan used for hydrogels fabrication was 

purchased from Sigma-Aldrich, USA. Chitosan powder has a white to beige color and 

the degree of deacetylation is 75–85%. 

 β-glycerophosphate (sodium salt hydrate): This white crystalline solid with the purity of 

≥ 95% was purchased from Cayman Chemical, USA. Its molecular formula is C3H7O6P. 

2Na [5H2O], and its molecular weight is 306.1 g/mol. 

 Glacial acetic acid: This solvent was purchased from Fischer Scientific and has the 

following properties: purity of ≥ 99.7% w/w, normality of 17.4, molecular formula of 

C2H4O2, and formula weight of 60.05 g/mol. Its boiling point and pH are 117˚C and 2.5, 

respectively. 

 Graphene: This material was acquired from Angstron Materials Inc., USA with an 

estimated thickness of 50-100 nm, and x-y dimensions of, at most, 5 μm. The carbon 
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content is approximately 97.0%, oxygen content is less than 2%, purity is ≥ 98.48%, 

density is ≤ 2.2 g/cm3 , and specific surface area is approximated at 30 m2/g. 

 Carbon nanotubes: High-purity (≥ 95%) MWCNTs were obtained from Sun Innovation’s 

Nanomaterial Store, China. Their dimensions are 1–2 μm length and 10-20 nm OD. The 

density is 0.22 g/cm3, and the surface area is 40–300 m2/g. 

 Fullerene: Carbon 60 fullerenes were acquired from SES Research and contained ≥ 

99.5% of C60 fullerene (with mean ball diameter of 0.71 nm and density of 1.72 g/cm3) 

and 0.5% of other carbon fullerenes.  

 Methotrexate: Pharmaceutical secondary standard methotrexate provided by the 

Department of Biological Sciences at Wichita State University was obtained from 

Sigma-Aldrich. Methotrexate is a yellow powder with the formula of C20H22N8O5 and 

molecular weight of 454.44 g/mol. 

   
    

Figure 3.2: Materials used for hydrogel preparation: chitosan (left) and acetic acid (right) 
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                           (a)                                                 (b)                                            (c) 

Figure 3.3:  Materials used for nanohybrid hydrogel fabrication: (a) graphene, (b) fullerene,  
and (c) MWCNTs 

  
The apparatus used to form the chitosan-nanoparticles hybrid hydrogel formation 

included the following: 

 Magnetic stirrer  

 Beakers and other glassware 

 Incubator  

 Autoclave  

 Ultrasonic bath  

3.1.2 Preparation of Thermosensitive Cross-Linked Chitosan Hydrogels 

For the preparation of the thermosensitive cross-lined chitosan hydrogels, first, a solution 

of chitosan (2.5%) in acetic acid (0.05 M) was made under magnetic stirring for 12–24 hours at 

room temperature. Also, a 40% (w/v) β-glycerophosphate solution was made. Both solutions 

were kept in a refrigerator for 15–30 minutes in order to chill down. Then β-GP was added to the 

chitosan solution in two different concentrations, mixed well, and placed at 37°C in order to 
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create hydrogels. For all biological tests, the chitosan solutions were sterilized in an autoclave 

(121°C, 20 minutes), and β-GP solutions were sterilized by filtration. 

3.1.3 Preparation of Nanoparticle-Embedded Hybrid Hydrogels 

In this study carbon nanotubes, graphene, and fullerene in different concentrations were 

used to embed into chitosan thermosensitive hydrogels. Nanoparticles were added to the chitosan 

solution and sonicated for 1 hour to disperse, followed by magnetic stirring for 12–24hours at 

room temperature in order to make a homogenous solution. β-glycerophosphate was added to the 

nanoparticle-embedded chitosan solution and formed hybrid hydrogels at 37°C. The schematic of 

hydrogel preparation is shown in Figure 3.4. 

 

Figure 3.4: Schematic of hydrogel preparation 

3.1.4 Methotrexate-Loaded Nanoparticle Hybrid Hydrogels  

Methotrexate was simply added to the chitosan/nanoparticle-chitosan solution, and 

hydrogels were made by first adding of β-glycerophosphate, and then the physical gel was 

formed at 37°C. 

3.2  Chemical/Structural Analysis 

3.2.1 Scanning Electron Microscopy 

The shapes and surface morphology of the chitosan/β-GP hydrogels and CH/CH-NP/β-

GP hybrid hydrogels were observed using scanning electron microscopy (SEM) (Carl Zeiss 
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Microscopy, LLC, Thornwood, NY) (Figure 3.5). Hydrogel samples were first prepare at 37°C 

and then lypholized. Next, the samples were attached to a carbon tape on a metal stub and coated 

with 1.5 µm of gold under a vacuum to improve conductivity and imaging.  

 

Figure 3.5: Scanning electron microscope 

3.2.2 Contact Angle Measurement 

To understand how the addition of nanoparticles affects the hydrophilicity of the prepared 

hydrogels, the static sessile drop method was performed to measure the surface water contact 

angle using a goniometer (CAM 100, KSV Instruments Ltd., Helsinki, Finland) (Figure 3.6). The 

nanohybrid hydrogels were dried in 37°C overnight to make dry nanocomposite films. A drop of 

Milli-Q water was placed on the film surface, and the shape of the droplet was recorded as a 

function of time with a FireWire connectable CCD camera with 50 mm optics. The image was 

captured at the rate of ten frames per second with ten repetitions. The contact angles were 

measured on both sides of the droplet and averaged. 
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Figure 3.6: Contact angle goniometer 
 
3.2.3 Fourier Transform Infrared Spectroscopy 

Fourier transform infrared spectroscopy (FTIR) (ThermoNicolet Avatar 360 FTIR) 

(Figure 3.7) was used characterize the chemical structure of the chitosan-nanoparticles hybrid 

hydrogels. All hydrogel samples were p at 37°C and then lyophilized. FTIR spectra of 

lyophilized samples were recorded at 400–4000 cm-1 on a transmittance mode.  

 

Figure 3.7: Fourier transform infrared spectroscopy 
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3.2.4 Raman Spectrometry 

Raman analyses of the nanohybrid hydrogels were carried out using an XploRATM 

PLUS Raman spectrometer (Horiba Scientific) (Figure 3.8) at a wavelength of 100–3200 cm−1 

using a 532 nm laser. All samples were dried at 37ºC overnight, and measurements were carried 

out at room temperature.  

 

Figure 3.8: XploRATM PLUS spectrometer used for Raman analysis 

3.2.5 X-Ray Diffraction  

In this study, the crystallinity of the prepared hybrid hydrogels was evaluated using wide-

angle X-ray diffraction (XRD). Measurements were carried out with a fixed-anode X-ray 

generator (Rigaku Geigerflex, 40 kV and 30 mA), shown in Figure 3.9, with Cu Kα radiation (λ 

= 0.1542 nm) with 2θ ranging from 10° to 60°. Specimens were prepared by drying the 

hydrogels in a petri dish at 37°C for 12 hours. 
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Figure 3.9: Rigaku Geigerflex X-ray generator 

3.3 Mechanical Analysis 

3.3.1 Rheological Properties 

Rheology is the study of deformation and the flow of a subject mainly in liquid and soft 

solid state in response to an applied stress or strain [165]. A simple, quick, and sensitive method 

for mechanical properties investigation of hydrogels is rheological characterization [166]. 

Rheological characterization was performed on chitosan solutions and chitosan solutions 

containing 5% nanoparticles using an AR 2000 rheometer (TA Instruments) (Figure 3.10). The 

test geometry was a 40-mm-diameter plate with a gap size of 1 mm. Each sample was dispensed 

on the lower Peltier plate while in the liquid state, and any excess hydrogel was discarded. Rapid 

heating or cooling of the Peltier plate allowed gel formation. The testing sequence was then 

applied to the sample. 
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Figure 3.10: AR 2000 rheometer (left) and schematic of rheology measurements  
on hydrogel sample (right) 

 
In the first step, the values of strain amplitude were confirmed to verify that all 

measurements were done in the linear viscoelastic regime, which is defined as the region where 

the storage (G′) and loss (G″) modulus are independent of the strain amplitude. A frequency 

sweep step was performed at constant temperatures of 10°C (solution) and 37°C (gel).  

In order to determine the gelation temperature, oscillatory temperature measurements 

were performed. Gelation temperature has been defined as the temperature whereby G′ ≈ G″. In 

the final step, oscillatory time measurements of both moduli were performed at 37°C on cold 

solution samples that were dispensed on the Peltier plate and heated to 37°C before starting the 

measurements. The gelation time was defined as the crossover point of G′ and G″ [85]. 
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3.4 Biological Analysis  

3.4.1 Cytotoxicity  

The 3T3 fibroblast-like cell line was used to study the in vitro biological response of the 

nanoparticle-chitosan hybrid hydrogels. Cells were cultured in Dulbecco’s modified eagle 

medium (DMEM) medium, 10% fetal bovine serum (FBS), and 1% penicillin streptomycin in a 

humidified atmosphere at 37ºC and 5% CO2. 

The hydrogels were sterilized for all cell culture experiments by autoclaving the 

chitosan/nanoparticles-chitosan solutions at 121ºC for 20 minutes. Also, before using, the β-

glycerophosphate solution was filtered using a syringe filter with a 25-cm cellulose acetate 

membrane (0.2 μm pore size). Then the hydrogels were formed in 24-well culture plates, mixing 

chitosan/nanoparticle-chitosan solutions with β-GP solution and keeping the plate in the 

incubator at 37ºC and 5% CO2. Finally, 3T3 cells, with a density of 100,000 cells/well were 

cultured on the surface of the hydrogels’ for four days in an incubator at 37°C with 5% CO2. 

Three different concentrations of nanoparticles (0.1%, 0.5%, and 1% w/V) and two 

different concentration of β-GP (0.13 and 0.26 M) were evaluated for cytotoxicity validation. 

3.4.1.1 Alamar Blue® Assay 

Cell viability and proliferation were evaluated by using the alamarBlue® assay. This 

method is based on a redox reaction that occurs in the mitochondria of the cells; the colored 

product is transported out of the cell and can be measured spectrophotometrically. 

At day four of cell seeding, the medium was removed from each well and replaced with a 

medium containing 10% (v/v) alamarBlue® reagent. Then the plates were incubated at 37°C 

with 5% CO2 for another 2–3 hours. In the last step, 200 μL of the medium was subsequently 

removed from the wells and transferred into a 96-well plate. The optical density was 
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immediately measured with a microplate reader (Synergy MxMonochromator-based Multi-Mode 

Microplate Reader, BioTek Instruments, Winooski, VT) (Figure 3.11) at wavelengths of 570 and 

600 nm. The number of viable cells is correlated with the magnitude of dye reduction and 

expressed as a percentage of the alamarBlue® reduction (%AB reduction), according to the 

manufacturer’s protocol. Hydrogels with no cell seeding were used as a control. Each test was 

performed three times. 

 

Figure 3.11: BioTek microplate reader 

3.4.2 Histological Studies by Immunofluorescence 

In order to confirm the cell viability performed using the alamarBlue® assay, a 

fluorescent staining technique was used to test the cells’ healthy morphology. Here, rhodamine 

phalloidin was used to check morphology of the 3T3 cells using the following procedure: 

 The cells were fixed with paraformaldehyde (PFA) on the surface of gels in the 24-well 

plate. Enough PBS solution was added to each well to prevent the gels and the cells from 

drying out. 

 A rhodamine phalloidin solution was prepared by adding 100% methanol, which can be 

stored in a freezer at –20˚C for up to six months. 
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 A diluted solution of rhodamine phalloidin was prepared by adding PBS. 

 The medium from the wells containing the cell covered gels was removed and gently 

rinsed with PBS. 

 Triton, a wetting agent, was added to each well and kept at room temperature for 10 

minutes in order to improve the permeability of the gel membranes to the dye. 

 After 10 minutes, triton was removed from the wells, and the gel membranes were rinsed 

three times with PBS. 

 The PBS was removed, and rhodamine phalloidin was added to wells and kept there for 

an hour. 

 In the last stage of preparation, after one hour, the rhodamine phalloidin solution was 

removed, and 100 μl of BLUE stain was added to each well and kept there for 5–10 

minutes. 

 Finally, all solutions were removed from the wells, enough amount of PBS was added to 

each well to cover the gels, and the gel membranes were viewed under a fluorescence 

microscope (Figure 3.12). The images were overlaid using ImageJ software. 

 

Figure 3.12: Carl Zeiss fluorescence microscope 
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3.4.3 Swelling Behavior 

The prepared CH/CH-NP hydrogels formed at 37°C were weighed, immersed in 1 ml of 

PBS (pH = 7), and kept in a shaker incubator at 37°C for 24 hours. At predetermined time 

intervals, the medium was replaced with 1 ml of fresh PBS, and the weight of the hydrogels was 

recorded. The percent swelling ratio was calculated using the following equation: 

 0

0

%  100tW W
Swelling Ratio

W


   (3.1) 

where Wt and W0 are the hydrogels’ weight at the beginning and any time, respectively [167]. 

The average value of the weight of three hydrogel samples was taken into account into the above 

formula. 

3.4.4 In Vitro Degradation 

The in vitro biodegradation of hydrogels was studied by incubating them in a phosphate- 

buffered solution with and without enzymes and then monitoring their weight losses at different 

incubation times. Prepared hydrogels were accurately weighed, then immersed in 1 mL of a PBS 

solution in centrifugal tubes, and incubated at 37ºC in a shaking incubator. To analyze the effect 

of enzyme in degradation rate, a similar test was performed using PBS containing 0.02 mg/ml 

lysozyme. At predetermined time intervals, the hydrogels were removed from the incubation 

medium and weighed. Weight loss was then determined as the difference between dry mass of 

the sample before and after incubation. The weight of the hydrogels at each time point was the 

average value of three hydrogel samples during degradation. 

3.4.5 In Vitro Methotrexate Release  

The release behavior of methotrexate from the CH/CH-NP hybrid hydrogels was 

quantified over time by an in vitro release assay. Methotrexate-loaded hydrogels were prepared 

at 37°C and allowed to completely become gel for 3 hours. Then 2 ml of PBS solution (pH = 7) 
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was added to the hydrogels and kept in an incubator at 37°C while shaking at medium speed. At 

predetermined time intervals, 1 ml of the release media was sampled and replaced with fresh 

PBS. Then the collected samples were analyzed to measure the released MTX using a double 

beam UV-Visible (Vis) spectrophotometer equipped with quartz cells with a 1-cm light path at 

303 nm. The Hitachi-2900 UV-Vis spectrophotometer (Figure 3.13) was used in this study.  

 

Figure 3.13: Hittachi 2900 UV-Vis spectrophotometer 

3.4.6 In Vitro Anti-Tumor Activity 

In order to evaluate the anti-tumor effect of CH/CH-NP hybrid hydrogels loaded with 

methotrexate on the cancer cell lines, the number of viable cells (MCF7) was measured by 

alamarBlue® assay. CH/CH-NP solutions containing 0.26 M β-glycerophosphate were loaded 

with 2.5 mg/ml methotrexate, and the 0.5 ml of the hydrogel solutions was placed in the bottom 

of each well in a 24-well culture plate and incubated at 37ºC to form stable gels prior to cell 

culture. Then the MCF7 cells with a density of 100,000 cells/well were seeded on the surface of 

hydrogels with 0.5 ml of cell culture medium. After incubation for 4 days, the number of viable 

cells was determined using alamarBlue® assay as described previously [15]. 



 

63 

3.4.6.1 Tumor Cell Line Culture  

MCF7 breast cancer cells were supplied from the Department of Pathology and 

Laboratory at the University of Kansas School of Medicine, and cultured in DMEM containing 

10% fetal bovine serum and 1% antibiotic in a humidified atmosphere with 5% CO2 at 37°C. 

The medium was changed every 3–4 days. 
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CHAPTER 4 
 

4 RESULTS AND DISCUSSION 
 
 

4.1 Chemical Structural Analysis 

4.1.1 SEM Analysis 

SEM images of the lyophilized hydrogels are shown in Figures 4.1 to 4.10. It can be seen 

that the chitosan hydrogels presented a structure with smaller pores, while the addition of 

nanomaterials increased the roughness of the surface, giving the hybrid hydrogels a flaking 

appearance with larger pores. In general, increasing the amount of nanoparticles in the hydrogel 

matrix increased the porosity of the surface. All hydrogels showed a compact and homogeneous 

structure but still presented pores of different sizes. These results indicate that the fabricated 

hybrid hydrogels are suitable for various biomedical applications, especially drug delivery. 

The word “pore” has a Greek root meaning “passage,” which indicates the role of pores 

as a passageway between the external surface and internal structure of a solid, thus allowing 

transportation into, through, or out of solid materials. Therefore, porosity is one of the key 

requirements of a drug carrier, permitting the loading of drugs into the matrix and subsequent 

drug release at a predesigned rate. The release rate of drugs is also dependent on porosity since 

the diffusion coefficient in small drugs is a function of porosity [53, 54, 168]. 

In the carbon nanotube and graphene samples, the agglomeration of CNTs and graphene 

nanoparticles were seen in the SEM images. However, in the fullerene samples, the fullerene 

nanoparticles were not as visible and agglomerated. This observation can be attributed to the size 

and density of fullerenes, which are much smaller than CNTs and graphene nano sheets. 

Therefore, at a higher weight percentage, fewer fullerene particles existed in the hybrid solution, 

compared to the CNTs and graphene nano sheets.   
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Figure 4.1: SEM images of plain chitosan hydrogels with varying amounts of 
β-glycerophosphate: (a) 0.13 M and (b) 0.26 M 

 

      

Figure 4.2: SEM images of chitosan + CNT 0.1% hybrid hydrogels with varying amounts of 
β-glycerophosphate: (a) 0.13 M and (b) 0.26 M 

  

       

Figure 4.3: SEM images of chitosan + CNT 0.5% hybrid hydrogels with varying amounts of 
β-glycerophosphate: (a) 0.13 M and (b) with 0.26 M  

a b 

a b 

a b 



 

66 

     

Figure 4.4: SEM images of chitosan + CNT 1% hybrid hydrogels with varying amounts of 
β-glycerophosphate: (a) 0.13 M and (b) 0.26 M  

 

     

Figure 4.5: SEM images of chitosan + fullerene 0.1% hybrid hydrogels with varying amounts of 
β-glycerophosphate: (a) 0.13 M and (b) 0.26 M  

 

     

Figure 4.6: SEM images of chitosan + fullerene 0.5% hybrid hydrogels with varying amounts of 
β-glycerophosphate: (a) 0.13 M and (b) 0.26 M 

 

a b 

a b 

a b 
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Figure 4.7: SEM images of chitosan + fullerene 1% hybrid hydrogels with varying amounts of 
β-glycerophosphate: (a) 0.13 M and (b) 0.26 M  

 

      

Figure 4.8: SEM images of chitosan + graphene 0.1% hybrid hydrogels with varying amounts of 
β-glycerophosphate: (a) 0.13 M and (b) 0.26 M  

 

      

Figure 4.9: SEM images of chitosan + graphene 0.5% hybrid hydrogels with varying amounts of 
β-glycerophosphate:  (a) 0.13 M and (b) 0.26 M 

 

a b 

b 

a b 

a 
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Figure 4.10: SEM images of chitosan + graphene 1% hybrid hydrogels with varying amounts of 
β-glycerophosphate: (a) 0.13 M and (b) 0.26 M 

  
4.1.2 FTIR Characterizations 

FTIR spectroscopy is a powerful technique to identify unknown substances. One of the 

most useful applications of FTIR is to study the bonding types. By coupling FTIR with 

chromatography, the mechanism of chemical reactions and the detection of unstable substances 

can be investigated. FTIR results are shown in Figures 4.11 to 4.14.  

Figure 4.11(a) displays the FTIR spectrum of β-glycerophosphate. The peak at 3233 cm-1 

is due to hydrogen-bonded O-H stretching. Typical bands of the inorganic phase for the PO4
3 

groups are shown as the mode at 900–1200 cm-1. In the FTIR spectrum of chitosan, Figure 

4.11(b), the C-O stretching at 1150, 1060, 1014, and 892 cm-1 indicate characteristic peaks of the 

saccharide structure. The C-CH3 symmetric deformation appeared at around 1380 cm-1. Two 

peaks occurred in regions between 3000 to 3600 cm-1, which are mainly assigned to the 

stretching vibration of O-H, the extension vibration of N-H, and intermolecular hydrogen bonds 

of the polysaccharide. Some weak absorption peaks occurred at 1640 and 1560 cm-1. The C-O 

stretching at 1640 cm-1 corresponded to amide I, while the N-H deformation at 1560 cm-1 was 

attributed to amide II. Figure 4.11(c) exhibits the FTIR spectrum of CH/β-GP resulting hydrogel. 

The peaks of amides I and II of the pure chitosan were shifted due to the hydrogen bond created 

a b 
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between the amide of CHI and the O-H and PO4
3 of β-GP. This result indicated the formation of 

hydrogen bonding between chitosan and β-GP [13]. 

FTIR spectra of chitosan/CNT, chitosan/fullerene, and chitosan/graphene nanoparticle 

hybrid hydrogels are shown in Figures 4.12 to 4.14. The characteristic peaks of chitosan can be 

observed in all spectra. The C-O stretching at 1150, 1050, and 890 cm−1 indicates the 

characteristic saccharide structure of chitosan. The C-CH3 symmetric deformation appeared at 

around 1420 cm−1. The FTIR spectrum of chitosan/nanoparticles hybrid hydrogels showed a 

slight variation in stretching, which could be because of the ᴨ-bonds interaction of the carbon-

based nanoparticles with the amide and OH groups of chitosan. Although most of the peaks 

observed in the spectra fit to chitosan moieties, the change in intensity is a confirmation of the 

presence of carbon-based nanoparticles in the hydrogel matrix [169-171]. 

 

Figure 4.11: FTIR spectra: (a) chitosan powder (b) β-GP, and (c) CH-βGP hydrogel 
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Figure 4.12: FTIR spectra: (a) plain CH, (b) CH-0.1% CNT, (c) CH-0.5% CNT hybrid hydrogel 
 

 

Figure 4.13: FTIR spectra: (a) plain chitosan, (b) CH-0.1% F, and (c) CH-0.5% F hybrid hydrogel 
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Figure 4.14: FTIR spectra: (a) plain chitosan, (b) CH-0.1% G, and (c) CH-0.5% G hybrid hydrogel 

 
4.1.3 Raman Spectroscopy Characterization 

Raman spectroscopy has been applied on nanohybrid hydrogels in order to confirm and 

complete the FTIR results. FTIR and Raman are both energy-sensitive vibrational spectroscopy 

methods. In FTIR, vibrational activities are based on changes of dipolmoments, while the Raman 

vibrational spectroscopy is based on polarizabilities. These changes are due to molecular 

vibrations of molecules or groups of atoms, the combined district energy transition, and changes 

of frequencies occurring during absorption (FTIR) or scattering (Raman) of the electromagnetic 

radiation of wavelengths. If a bond is strongly polarized, then a small vibration in its length will 

have a small effect on polarization; therefore, vibrations of polar bonds are weak Raman scatters. 

However, polarized bonds convey their charges during the vibrational motion, which causes a 

big change in net dipole moment and produce strong infrared (IR) absorption band. Overall, 
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strong bands in the IR spectrum of a compound correspond to weak bands in the Raman 

spectrum, and vice versa. In other words, some frequencies are only active in either the Raman 

or IR spectrum, while some frequencies are active in both spectrums [172]. 

Raman spectrums of the nanoparticle-included chitosan hydrogels are depicted in Figure 

4.15. The samples were dried overnight before performing the test. Raman spectroscopy is 

particularly well suited to molecular morphology characterization of carbon materials. Raman 

spectroscopy can be added to the FTIR analysis for a more comprehensive study of how 

nanoparticles changed the chemical structure of hydrogels.  

In the case of chitosan-fullerene Raman spectra, the fairly sharp peak at around 1450 cm-1 

is known as the pentagonal pinch mode, which is the main feature in the C60 spectrum and shows 

the sp2 bonded carbon composition of fullerene and sharpness that indicates the uniform nature 

of the bonds. In the chitosan-graphene spectra, the characteristic D-band and G-band peaks of 

graphene are visible at 1330, and 1580 cm−1, respectively. In the spectra of chitosan-CNT 

hydrogels, the main peaks are revealed. The Raman spectrum of a CNT is similar to graphene, 

which is not too surprising since CNTs are rolled up sheets of graphene. In all the nanohybrid 

hydrogels, the intensities of the nanoparticles peaks were much higher than the intensity of the 

chitosan peaks; therefore, none of the chitosan peaks were observed. Overall, Raman 

spectroscopy confirmed the presence of nanoparticles in the hybrid hydrogels and showed no 

changes in the chemical structure of the nanoparticles [151, 173-175]. 
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Figure 4.15: Raman spectra: (a) CH-fullerene (b) CH-graphene, and (c) CH-carbon nanotube 
hybrid hydrogels  

a 

b 
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Figure 4.15: (continued) 
 
4.1.4 Surface Free Energy Estimation by Contact Angle Measurement 

Surface characterization is possible by investigating surface wettability and calculating 

the surface free energy. A vital characteristic of biomaterials is the surface free energy (SFE), 

which is defined as the attraction force of the surface and cannot be measured directly, but it can 

be calculated indirectly by evaluating the wettability and contact angle. Wettability is the 

capacity of a substrate to be covered by liquid while dipped in a liquid solution. This is a useful 

technique to understand the substrate behavior in relation to its environment. Contact angle 

measurement can be done to investigate the wettability and surface free energy of materials. 

There are several simple and inexpensive techniques for measuring contact angles. Direct 

methods for measuring contact angle are very common and include the sessile drop, the captive 

bubble, and the tilting plate [176]. Here in this study, the sessile drop method we used. This 

static method is based on dropping a drop of liquid on the surface of a solid to measure the 

c 
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contact angle of the surface characterization. By dropping a liquid on a solid surface three phases 

occur: solid, liquid, and gas (Figure 4.16).  

 

Figure 4.16: Contact angle measurement and interfacial energies among three phases 

Surface tension of the liquid phase, density of the liquid and solid phases, surface free 

energy, and gravity are the main factors that affect the drop’s shape. In three-phase equilibrium, 

the interfacial energies of the three phases are related to the contact angle based on Young’s 

equation: 

 SG SL

LG

Cos
 



  (4.1) 

where θ is the contact angle between liquid and solid, γLG is the interfacial energy between liquid 

and gas, γSG is the interfacial energy between solid and gas, and γSL is interfacial energy between 

solid and liquid.  

However, solving Young’s equation to estimate the surface energy of solid faces the 

problem of presence of one or more unknown quantity. To cope with this limitation, many 

approaches have been suggested. In this work, the Young-Dupré method was used. This method 

is based on the follwoing equation: 
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 A LG SG SLW       (4.2)  

where WA is the work of adhesion.  

Combining equation (4.2) with equation (4.1), the work of adhesion can be found by the 

Young-Dupré equation: 

 (1 cos )A LGW     (4.3) 

There are some concerns about the accuracy of the Young-Dupré equation due to the 

effects of vapor adsorption and spreading pressure. However, equation (4.2) is found to be 

satisfactory for polymer-liquid systems. Since surface energy is related to the work required to 

split a bulk sample into two surfaces, the work of adhesion provides an estimate of the surface 

energy [177]. 

In the contact angle measurement, water was used as the liquid phase, since the density of 

water (1g/cm3) is similar to the density of extracellular fluid within the body, which is mainly 

blood (1.06 g/cm3). From the literature, the surface tension of pure water (γLG) at 25ºC was found 

to be 7.2 N/m, meaning that the surface energy density is 7.2 m J/m2. The work of adhesion is 

the energy required for two surfaces to adhere to one another and is a rough estimation of the 

surface energy. The results for contact angle and work of adhesion for different hydrogel coating 

samples are shown in Figure 4.17 and Table 4.1. 
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Figure 4.17: Contact angle of hybrid hydrogels 

TABLE 4.1 
 

CONTACT ANGLE AND WORK OF ADHESION OF HYBRID HYDROGELS 
 

Sample Contact Angle (º) Work of Adhesion (m J/m2) 

Chitosan 82 ± 1 8.14 

Chitosan/CNT 0.1% 85 ± 2 7.80 

Chitosan/CNT 0.5% 89 ± 2 7.23 

Chitosan/Fullerene 0.1% 87 ± 2 7.58 

Chitosan/Fullerene 0.5% 91 ± 2 7.08 

Chitosan/Graphene 0.1% 84 ± 2 7.95 

Chitosan/Graphene 0.5% 89 ± 2 7.29 

 
From Table 4.1, it can be seen that the addition of nanoparticles increases the contact 

angle and hydrophobicity. It has been reported that hydrophobic materials are desirable options 

for drug delivery applications since hydrophobicity decreases the degradation kinetic and lowers 

the drug release behavior [176]. Moreover, cell adhesion and biocompatibility were found to be 
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maximized on surfaces with water contact angles of 60–90º [178]. The work of adhesion 

decreases with increasing nanomaterial concentration. Surface adhesion and contact angle are 

dependent on a variety of factors, such as chemical bonding presence, impurities, surface 

roughness, etc. Therefore, the accurate conclusion is complicated due to the interaction of 

different factors. However, the results are consistent with literatures. All three carbon-based 

nanomaterials used in this work have been shown to increase surface hydrophobicity [179-181]. 

4.1.5 X-Ray Diffraction 

X-ray diffraction is a useful technique to determine the mean size of the nano crystallite. 

In this method, X-rays are produced by bombarding a metal target (Cu and Mo are common 

metals) with a beam of electrons emitted from a hot filament (usually tungsten). An XRD 

analysis offers useful information about a crystal’s type, crystallinity, crystalline size, distance 

between adjacent reflecting planes, etc. However, further analysis might be required to provide 

more accurate information. 

One of the parameters that can be calculated from XRD analysis is the distance between 

adjacent reflecting planes, which can be related to the angles between incident planes (Bragg’s 

angle) using Bragg’s equation (Figure 4.18): 

2n dSin   

where λ is the wave length, θ is the angle between the incident beam (Bragg angle) and the 

surface of the crystal, and d is the distance between two adjacent planes of the same orientation. 

When n is a whole number, that constructive interference occurs [182]. 
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Figure 4.18: Schematic of Bragg’s law 

Another parameter that can be determined form XRD analysis is the “crystallite size.” 

According to the famous Scherrer formula, the average crystallite size, L, is 

 
K

L
Cos


 

  (4.4) 

where λ is the X-ray wavelength, β is the line broadening of the diffraction peak profile at half 

maximum height, and K is a constant that is dependent on crystallite shape. The constant K 

normally has a value between 0.62 and 2.08, depending on the crystal form and is normally is 

taken as 1. The important point in using the Scherrer formula is that the value of β in the 2θ axis 

of the diffraction profile must be in radians; however, θ can be in degrees or radians, since the 

cos θ corresponds to the same number [182]. The percent crystallinity was also determined by 

measuring the sum of the areas of crystalline peaks versus the total area (using OriginPro 

software). 

The XRD pattern for the chitosan powder is shown in Figure 4.19. In the chitosan 

diffractogram, only one peak is clearly visible, the maximum of which occurs at the angle 2θ = 

20° caused by diffraction from (020) plane, and a slight peak is also visible at the angle 2θ = 11° 
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caused by diffraction from (110) plane. From the diffractometer readings of chitosan, it can be 

determined that chitosan as a polymer with low crystallinity index is a rather amorphous body. 

However, it does not affect the absolute intensities of the crystalline phase and the peak position. 

Chitosan’s transformation into the form of hydrogel membranes has been reported to change the 

crystalline structure [183-185]. 

 

Figure 4.19: XRD patterns of chitosan powder 

With the addition of β-GP, more crystalline peaks were obtained in the XRD pattern of 

chitosan-βGP hydrogel, which can be attributed to the crystalline structure of β-GP [186, 187]. 

Table 4.2 summarizes the XRD analysis of the chitosan and chitosan-nanoparticle hybrid 

hydrogels based on the measurements of the chitosan main peak at 20°. 

(110) 

(020) 
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TABLE 4.2 
 

XRD ANALYSIS RESULTS 
 

Hydrogel 
Sample 

Bragg Angle at 
Max Intensity, 

2θ 
(ᵒ) 

Average 
Crystallite Size, 

L 
(nm) 

Distance Between 
Adjacent Reflecting 

Planes, d 
(nm) 

Crystallinity,
Xc 
(%) 

CH 20.68 6.3 0.43 76 

CH-CNT 20.70 7.5 0.43 76 

CH-Fullerene 20.74 10.1 0.43 73 

CH-Graphene 20.46 6.2 0.43 75 

 

Comparing the results shown in Table 4.2, it can be seen that the presence of 

nanoparticles has not changed the value of d, which indicates that nanoparticles do not affect the 

lattice parameters, thus inferring the presence of nanoparticles in the interstitial spaces. The 

addition of nanoparticles to the chitosan hydrogel seems to have a noticeable effect on the 

crystallite size. Carbon nanotubes and fullerene increased the crystallite size of hydrogels, while 

graphene slightly decreased the crystallite size. These changes can be attributed to the variances 

in morphologies of these nanoparticles. However, giving a precise rationale and mechanism is 

complicated and requires a more complex analysis.  

XRD plays a great role in determining the crystallinity of biomaterials including metals, 

ceramics, and polymers. This analysis can provide helpful information regarding degree of 

crystallinity, crystal size and orientation, phase transformation, and stress or strain 

measurements. XRD is a weak technique to acquire quantifying information about elemental or 

molecular composition; however, once the crystalline phases are identified, chemical 

composition can be obtained. Crystallinity has been found to play an important role in 

biomedical applications. In research performed by Karavelidis and coworkers, the effect of 
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crystallinity of prepared polyester nanocarriers on drug release behavior was evaluated. They 

concluded that the degree of crystallinity of polyester was found to be a key parameter, since 

higher drug release was observed in polyesters with a lower degree of crystallinity [188]. 

Chitosan is a semicrystalline polymer; β-glycerophosphate, on the other hand, is a 

crystalline solid. The XRD diffractogram of β-GP has been attached in Appendix A, Figure A.1. 

From the XRD images of the chitosan hydrogels shown in Figure 4.20 it can be seen that 

composites with 0.5 wt% of nanoparticles yielded more intense and sharp peaks, which indicated 

a more uniform arrangement of the polymer chains with the addition of nanoparticles. The 

addition of 0.5% CNTs to chitosan hydrogel did not seem to make a noticeable change in the 

XRD pattern. However, a graphite-like peak (002) at 25.78° is present, which is the main 

characteristic peak of CNTs [189]. The addition of 0.5% fullerene showed the characteristic 

peaks of fullerene at 2θ = 10.82° (111), 17.74° (220). The main change was seen in the XRD 

pattern of CH-graphene hybrid hydrogel where a high intensity peak is observed at 26.36°, 

which is associated with a graphitic (002) plane [190]. The formation of hydrogels showed the 

increasing crystallinity of chitosan, and the addition of nanoparticles slightly changed the 

crystallinity percentage. Where the addition of fullerene and graphene reduced crystallinity, the 

addition of CNTs did not show a change in the degree of crystallinity, which is consistent with 

the literature [191, 192]. In general, the patterns for the hybrid hydrogels showed the diffraction 

peaks corresponding to nanoparticles, which consequently confirms results of the FTIR and 

Raman spectroscopy analyses, indicating that there is no chemical crosslinking reaction between 

nanoparticles and chitosan.  



 

83 

 
(a) CH powder 

 

 
(b) CH-CNT 

 
Figure 4.20: XRD patterns of chitosan powder and chitosan-nanoparticles hybrid hydrogels  

 

(022)
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(c) CHT-fullerene 

 

 
(d) CH-graphene 

 
 Figure 4.20: (continued) 

 

(220) 

(111) 

(002)
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4.2 Mechanical Analysis 

4.2.1 Rheological Properties  

Rheology, or the study of deformation and flow of the matter in response to applied stress 

or strain, is an applicable technique for characterizing the mechanical properties of hydrogels. 

This type of analysis helps to understand the gelation mechanism, which is an important factor in 

optimizing the properties of hydrogels for drug delivery applications [193]. 

The word “rheology” has a Greek root, “rheos,” meaning flow or stream. Rheometers are 

common instruments for investigating flow characterization and textural behavior of substances, 

particularly in the liquid and soft solid states. The term “rheology” was first used by Bingham 

and Reiner in 1929 at the same time that the American Society of Rheology was founded in 

Columbus, Ohio. There are two general types of fluid flow behavior: elastic behavior and plastic 

(viscous) behavior. An elastic fluid goes back to its original shape after the removal of an 

external stress, while a viscous fluid (such as ideal Newtonian fluid) does not restore its original 

shape, even after the removal of the external applied force. Figure 4.21, shows a schematic of 

different types of fluid flow behavior [165, 193]. 

 

Figure 4.21: Different types of fluid flow behavior 

The behavior of fluids can be examined by the relationship between apparent viscosity 

with time and shear rate as is shown in Figure 4.22. 
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Figure 4.22: Apparent viscosity (a) vs. shear rate (time-independent fluids)  
and (b) vs. time (time-dependent fluids) [165] 

 

In liquid materials, a shear stress, defined as the ratio of force applied on a unit sample 

area, causes the flow of a liquid. The velocity of the fluid flow has a decreasing behavior from 

maximum to zero in a direction perpendicular to the shear stress (Figure 4.23).  

 

Figure 4.23: Shear force in rheology [193] 
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Strain (shear strain) is also defined as the gradient of the shear in this perpendicular 

direction: 

 
d

d

x

h
   (4.5) 

Also, the velocity gradient of the fluid is called shear rate or shear strain rate: 

 
dd d

d d

x
h

t t

    (4.6) 

In fluid materials, the shear stress depends on the rate of strain (rate of change in strain 

with time) instead of depending on the amount of strain. Therefore, the shear viscosity is defined 

as 

 






 (4.7) 

where ƞ is the shear viscosity, γ Is shear strain rate, and τ is the shear stress [193, 194].  

The mechanical properties of hydrogels can be determined by small strain rheology 

experiments on hydrogels. The rheological behavior of hydrogel materials is known and defined 

as viscoelastic behavior, which determines that hydrogels are neither completely viscous nor 

elastic materials. In order to characterize the rheological properties of hydrogels, the main 

technique is small-amplitude oscillatory shear (SAOS). In this technique, a small amount of 

sample (less than 1 g) is loaded onto the appropriate geometry plate (parallel plates or conical 

plate), and a shear flow is generated on the sample by a small-amplitude torsional oscillation. 

Oscillatory rheology is a powerful technique that can provide a wide range of behaviors by 

changing the amplitude and frequency of the applied strain and can be used to study a detailed 

measurement of the critical gel points for hydrogel materials. The gel point in hydrogels is 
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defined as the point of transition of material from a viscoelastic liquid to a viscoelastic solid. 

Figure 4.24 shows the principles of a small-amplitude oscillatory shear measurement.  

 

Figure 4.24: Oscillatory shear measurement [193] 

In the case of strain-controlled rheometers, the material is subjected to a small oscillatory 

strain as a sinusoidal function of time in the form of 

 sin( )A t   (4.8) 

where γ is strain, A is the amplitude of oscillation, and ω is the angular frequency of oscillation. 

The resulting shear stress as the response to the applied sinusoidal strain will also show a 

sinusoidal function of time as  

 0 (sin )t      (4.9) 

where τ0 is the amplitude of the response shear stress, and δ is the phase difference between the 

two sinusoidal curves, as shown in Figure 4.24. 

In contrast, in the case of stress-controlled rheometers, the shear stress will be applied as 

sinusoidal function of time as 

 0 sin( )t    (4.10) 
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and the resulting shear strain response will be measured as  

 sin( )A t     (4.11) 

In an elastic material, both strain and stress waves are in phase (according to Hooke’s 

law), or in other words, δ = 0, while the response of a viscose material shows that the stress and 

strain waves are out of phase, or δ = 90°. In the case of a viscoelastic material, the phase angle is 

between 0° and 90° (Figure 4.24).  

The response of a viscoelastic material can be explained by the definition of the complex 

shear modulus, which takes into account the part that is out of phase and the part that is in phase, 

in response to deformation as shown in the equation below:  

 * '2 "2 1/2( )G G G   (4.12) 

where G’ is the solid-like elastic modulus, is a measurement of the energy stored within the 

material during the shear process, and shows the stiffness of the material; G” is the liquid-like 

loss modulus, which is an indicator of the dissipated energy during the shear process: 

 ' sin( )G t  (4.13) 

 " cos( )G t  (4.14) 

 
"

'
tan( )

G

G
   (4.15) 

where tan (δ) is called the loss factor and is an important characteristic of flow response. If 

tan (δ) > 1, then G” > G’ and the material behavior is closer to a viscose liquid; whereas if tan (δ) 

< 1, then the material behavior is like an elastic solid, or G’ > G”.  

In small-amplitude oscillatory shear, the main properties in the rheology of hydrogels are 

the shear storage modulus, G′, loss modulus, G″, and loss factor, tan δ, which should be 

examined against time, frequency, and strain [193, 195].  
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In using the small-amplitude oscillatory shear measurement, it is essential that the 

measured moduli are independent of applied strain or stress, which means the measurement 

should be performed in the linear viscoelastic region (LVER) (Figure 4.25). In the linear 

viscoelastic regime, the response of hydrogels can be studied without gel structure disruption. 

The linear viscoelastic region can be determined by monitoring the moduli of the material as a 

function of strain. 

 

Figure 4.25: Linear viscoelastic region [193] 

In this study, the strain amplitude was checked to ensure that the measurements were 

conducted within the linear viscoelastic regime. The measurements were performed at two 

different temperatures, 25°C when the sample was in solution state, and at 37°C after giving the 

solution sample sufficient time to form a gel. These graphs are provided in Appendix A, Figures 

A.2 to A.9. 

In order to determine the gelation temperature of the gel formation of chitosan-

nanoparticles solutions, changes in the storage (elastic) and loss (viscous) modulus were 

investigated with the temperature increasing from 10 to 45°C. The oscillatory measurements 

were performed at a frequency of 1 Hz and strain amplitude of 1% (based on the viscoelastic 
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measurements results). Results of the temperature-dependent shear moduli for the chitosan 

solution and the chitosan-nanoparticle solutions are presented in Figure 4.26. 

 
(a) CH hydrogel, G’ and G” vs. temperature 

 

 
(b) CH-CNT G’ and G” vs. temperature 

 
Figure 4.26: Temperature-dependence of elastic (G′) and viscous (G″) moduli  
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(c) CH-fullerene G’ and G” vs. temperature 

 

 
(d) CH-graphene G’ and G” vs. temperature 

 
Figure 4.26: (continued) 
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When a polymeric solution undergoes the crosslinking reaction, its average molecular 

weight increases. The gelation point is the critical point, which prior to, the material is classified 

as a liquid and after, the material is classified as a solid. At this critical transition point, the 

viscosity of the material diverges to infinity; therefore, the material is no longer a liquid; on the 

other hand, the equilibrium elastic modulus is zero and the material is not yet categorized as a 

solid [195]. 

In the case of temperature-sensitive crosslinking, one of the useful techniques to 

determine the gel point during the crosslinking process is to measure the shear moduli as a 

function of temperature. At the temperature below the crosslinking temperature, both elastic and 

loss moduli have low values and the elastic modulus is smaller than loss modulus which is a 

characterization of viscoelastic polymeric solution at low frequencies. As the crosslinking 

procedure progresses, the polymer’s molecular weight increases, which results in a greater 

contribution of elastic behavior; therefore, both viscosity and elastic modulus increase. At the 

temperature where crosslinking occurs, the elastic modulus and loss modulus are equal (tan (δ) = 

1), and after that point, the elastic modulus becomes larger than the loss modulus and increases at 

a much faster rate than the loss modulus. The higher values of the elastic modulus contribute to 

the gel’s strength; in very stiff gels, the viscous contribution will be insignificant [15, 165, 194, 

195]. 

As it can be seen in Figure 4.26, all of the chitosan-based containing nanoparticle 

solutions are making gels at temperatures close to the physiological temperature, which makes 

them preferable for biomedical applications. The critical gelation temperatures were found to be 

34.2, 31, 34.5 and 37.3°C for chitosan, chitosan-CNT, chitosan-fullerene, and chitosan-graphene 

nanohybrid hydrogels, respectively. It was expected that the addition of nanoparticles would 
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increase the elastic modulus [196]. However, graphene did not show such behavior, and the 

increase in elastic moduli was insignificant compared to plain chitosan hydrogel. This can be 

attributed to the rather high concentration of graphene that might cause the confinement of 

polymer chains within the graphene layers [197].  

The hydrogel gelation times were investigated by performing time oscillatory 

measurements of shear moduli of the solutions at 37°C. The measurements were started just after 

dispensing the solutions on the Peltier plate of the rheometer (Figure 4.27).  

Time sweep measurements were also conducted at a strain amplitude of 1% and 

frequency of 1 Hz (viscoelastic region). The gelation point is defined as the crossover point of 

elastic (G′) and loss (G″) moduli. The gelation times were found to be 310, 250, 280, and 510 

seconds for chitosan, chitosan-CNT, chitosan-fullerene, and chitosan-graphene nanohybrid 

hydrogels, respectively. It was concluded that all the samples were making gels within 4 to 8 

minutes after exposure to 37°C. These results confirm the in situ-forming behavior of 

nanohybrid hydrogels. In general, the strength of the gel is determined by the magnitude of the 

storage modulus (G′) or the great difference between the storage modulus (G′) and the loss 

modulus (G″). Results suggested that chitosan, chitosan-CNT, and chitosan-fullerene solutions 

have comparable strength, while chitosan-graphene has a lower strength, which is probably a 

result of the lower hydrophobic interaction between the chitosan chains due to their captivity 

within the graphene layers [197]. 
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(a) CH hydrogel  

 

 
(b) CH-CNT hybrid hydrogel 

 
 Figure 4.27: Time sweep measurements of shear moduli at 37°C  
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(c) CH-fullerene hybrid hydrogel 

 

 
(d) CH-graphene hybrid hydrogel  

 
Figure 4.27: (continued) 
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In the last set of tests, the oscillatory frequency sweep tests were performed on the 

solution samples at 25°C and on the gel samples at 37°C. Results are shown in Figure 4.28. The 

formation of a gel is related to the low-frequency plateau of the SAOS frequency sweep. For 

having reliable results from SAOS analysis, the testing frequency must correspond to this low-

frequency plateau [166]. As the frequency increases, the crosslinking of the polymer starts to 

affect the material response, causing the rise in storage and viscous moduli. As the frequency 

reaches its highest values, the shear moduli almost overlap. The reason for this behavior has been 

attributed to the local interaction between polymer chain and physical gelation being 

indistinguishable from chemical crosslinks. Moreover, a high-strength gel has an almost purely 

elastic response, whereas the elastic modulus is much higher than the viscous modulus [195]. 

 
(a) CH solution at 25°C 

 
Figure 4.28: Frequency sweep measurements at 25°C and 37°C  
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(b) CH hydrogel at 37°C 

 
 

 
(c) CH-CNT solution at 25°C 

 
Figure 4.28: (continued) 
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(d) CH-CNT hybrid hydrogel at 37°C 

 
 

 
(e) CH-fullerene solution at 25°C 

 
Figure 4.28: (continued) 
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(f) CH-fullerene hybrid hydrogel at 37°C 

 
 

 
(g) CH-graphene solution at 25°C 

 
Figure 4.28: (continued) 
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(h) CH-graphene hybrid hydrogel at 37°C 

 
Figure 4.28: (continued) 

The frequency sweep results at 25°C have the viscoelastic liquid behavior, and at 37°C 

the moduli show more of elastic behavior (Figure 4.28). The gels’ strength is consistent with the 

last results with chitosan-graphene hybrid hydrogel having the least strength. Moreover, all of 

the hybrid gels showed increasing moduli with increasing frequency which is characteristic of 

physical gels and therefore it can be concluded that the hybrid hydrogels are formed physically 

and the hydrophobic interaction of the chitosan chain played the most important role in gel 

formation. 

4.3 Biological Analysis 

4.3.1 Cytotoxicity Analysis of Nanohybrid Hydrogels  
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Rockford, IL). This is one of various methods to measure cell proliferation, which is based on 

the reducing power of living cells. When cells are metabolizing, they maintain a reducing 

environment within their cytosol, and this reduced state can be measured spectrophotometrically 

through the conversion of fluorometric/colorimetic REDOX indicators, such as alamarBlue® 

agent. Resazurin is the oxidized form of alamarBlue® agent, which is weakly fluorescent and 

has a blue color, while the reduced form of alamarBlue® agent, or resorufin, is highly 

fluorescent and has a red color. The reducing environment of the cells causes the conversion of 

resazurin to resorufin, thus changing the overall fluorescence and color of the media that 

surrounds the cells. Cell proliferation can be measured using either, based on absorbance or 

fluorescent changes. The alamarBlue® assay is known as a highly sensitive quantitative 

measurement of various human and animal cell lines, bacteria, and fungi [198]. 

From Figure 4.29, it can be seen that cell viability varied between 60% and 100%. In the 

case of chitosan-graphene, viability was a little more than 100%, which means that the cells 

proliferated more than they did in the absence of the nanohybrid hydrogel, thus signifying that it 

has very low toxicity. CNT at a concentration of 0.1 % showed a great deal of cell viability, 

while at 0.5% and 1%, cell viability dropped to 60%. However, even at the higher 

concentrations, the cells grew on the surface of chitosan-CNT hydrogels compared to the control 

hydrogels. Fullerene-loaded chitosan hydrogels were also shown to be biocompatible, with high 

cell viability percentage values. Moreover, the concentration of β-GP did not have a major 

impact on cell viability. Further histological studies were performed to confirm the cell viability 

results. 
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(a) CH-CNT  
 

 
(b) CH-fullerene  

 
Figure 4.29: Cell viability of hybrid hydrogels  
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(c) CH-graphene  

 
Figure 4.29: (continued) 

 
4.3.2 Histological Studies by Fluorescent Staining 

The actin structure of fixed cells can be visualized by three methods: actin antibodies, 

fluorescent compounds, or electron microscopy. Among these methods, cell visualization with 

fluorescent compounds offers wide-ranging information when investigating cell functions. 

Staining with fluorescent compounds allows targeting various activities and structures of a cell. 

The staining characteristics are different, depending on different types of fluorescent 

phalloidins, due to their variety in structure. Depending on their ionic charge, phalloidins can 

create a high background (negatively or positively charged fluorescent dye) or a low background 

(non-ionic acti-stain series). Correctly designed fluorescent phalloidins only bind to the native 

quaternary structure of F-actin and therefore have a low background. To create the correct 

fixation conditions for phalloidin-binding, paraformaldehyde must be used as the fixative 
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because it retains the quaternary protein structure, which is necessary for high affinity. Methanol 

destroys the native conformation and hence is not suitable for actin staining with phalloidin. 

Fluorescent dyes with aromatic amino or guanidine groups, such as diaminophenylindole 

(DAPI) and Hoechst dyes, interrelate with nucleotides to produce fluorescence. The mechanism 

of DAPI and Hoechst dye molecules is to attach at the minor groove of the DNA double helix. 

Under physiological conditions, Hoechst dyes are positively charged and are able to pass through 

viable cell membranes. 

Overall, rhodamine phalloidin stains are more resistant to photobleaching and can be 

subjected to longer exposures to visualize better quality of the cells. The Hoechst stain is a 

popular fluorescent dye that interacts with nucleotides and emits blue fluorescence when bound 

to dsDNA. In this part of the study, the fixed cells were stained with the red dye (rhodamine 

phalloidin) and the blue stain (Hoechst), as explained in the experimental section [199]. 

The images that were overlaid by ImageJ are shown in Figure 4.30 and clearly confirm 

the viability of 3T3 cells after being cultured on the surface of nanohybrid hydrogels for 4 days. 

The results are also consistent with the alamarBlue® results and show that by increasing the 

concentration of nanoparticles, the cell viability is decreasing. 
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(a) CH 

 

 
(b) CH-CNT 0.1% 

Figure 4.30: Fluorescence microscopic images of 3T3 cells with rhodamine phalloidin and 
Heochst dyes on nanohybrid hydrogels: (a) chitosan, (b,c) chitosan-CNT, (d,e) chitosan-

fullerene, (f,g) chitosan-graphene 
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(c) CH-CNT 0.5% 

 

 
(d) CH-F 0.1% 

 
Figure 4.30: (continued) 
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(e) CH-F 0.5% 

 

 
(f) CH-G 0.1% 

 
Figure 4.30: (continued) 
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(g) CH-G 0.5% 

 
Figure 4.30: (continued)  

 
4.3.3 Swelling Behavior 

Swelling indicates water uptake by a polymeric system, which results in increasing 

volume. Although swelling can refer to the beginning of dissolution, a polymeric system can 

swell without being dissolved in water, if the water and polymer are inadequately compatible, if 

the polymer chain length is large enough, or if the polymer is crosslinked to a polymeric network 

(hydrogels). Hydrogels can absorb a significant amount of water in their swollen state. 

The swelling process is more rapid than the dissolution of a polymer in water (if it takes 

place), since water entering into the polymer is a quick process, while dissolution of the 

polymeric hydrogels is a comparatively slow process because disentanglement of the polymer 

chains is required. The degree or magnitude of swelling depends on compatibility of the polymer 

chain with water and the crosslinking density of the polymeric chain. 
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Swelling can be the controlling process in drug release. If the swelling process is slow, 

then it can be the controlling process for drug release; however, if the swelling process is fast, 

then usually drug diffusion is the process that controls the drug release. Normally, a glassy 

polymer shows the swelling-controlled drug release behavior, where water uptake is initially 

resisted by the glass, but eventually it makes its way into the free volume at the surface. In glassy 

polymers, swelling is accompanied by a glass-to-rubber transition. 

Swelling dynamics are considerably complex, and a diversity of sequential release forms 

can be observed under swelling control. Under suitable conditions, swelling, dissolution of 

polymer chains, and drug release may occur simultaneously, further contributing to complexity.  

The swelling behavior of chitosan/nanoparticle-chitosan hydrogels was evaluated by 

immersing hydrogel samples in PBS at 37ºC. These results are shown in Figure 4.31. It was 

observed that the addition of carbon nanotubes and graphene nanoparticles increased the 

swelling ratio, while fullerene-containing hydrogels showed a lower SR, which can be attributed 

to the hydrophobic nature of fullerene nanomaterials that can hinder water permeation inside the 

polymeric hydrogel. The hydrophilic hydroxyl groups (-OH) of chitosan can form H-bonding 

with water molecules, uniformly distribute the water molecules within the hydrogel matrix, and 

provide a higher SR [200]. However, increasing the amount of fullerene enhanced the SR which 

can be explained by the porosity increase that can control water diffusion. 
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(a) CH-CNT  

 

 
(b) CH-fullerene  

 
Figure 4.31: Swelling ratios of hybrid hydrogels  
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(c) CH-graphene  

 
Figure 4.31: (continued) 

 

From the swelling test, the swelling kinetics of hydrogels can be investigated. The 

amount of water that can be absorbed by hydrogel at a specific time (t) is shown as Mt, which is 

equal to (Wt –W0). Therefore, the water uptake (swelling ratio) can be presented as (Mt /W0), 

which is an exponential function of time: 

 
0

SW =  = ktntM

W
 (4.16) 

where k is the swelling characteristic constant, n is the diffusional exponent, and both are 

dependent on the polymer-solvent system. Based on this equation, two types of swelling 

processes can be considered: (1) Fickian, or diffusion controlled swelling, and (2) non-Fickian 

swelling. In Fickian swelling, the rate of solvent diffusion is slower than the rate of the relaxation 

of the polymer chain, and the value of the diffusional exponent (n) is ≤ 0.5, while in non-Fickian 
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swelling, there is relaxation, controlled when the rate of diffusion is more than the rate of 

relaxation (n = 1), or there is anomalous diffusion, when the rates of diffusion and relaxation are 

comparable (0.5 < n < 1). The values of “n” and “k” were obtained by plotting the logarithmic 

values of SR versus time, where the slope of the plot is “n” and the intercept value is “k.” These 

results are shown in Table 4.3. The values of “n” are nearly equivalent to 0.5; therefore, it can be 

concluded that the swelling behavior of the chitosan hydrogels with and without nanoparticles 

follow Fickian behavior. The graphs of logarithmic values of SR vs. time are shown in Appendix 

� 愁 摧Ĥ ῶï es A.10–A.16. 

TABLE 4.3 
 

SWELLING KINETICS CHRACTERISTICS 
 

Hydrogel Sample Swelling Ratio (%) Swelling Diffusional 

Chitosan 19.83 1.0103 0.2187 

Chitosan/CNT 0.1% 23.72 1.094 0.2208 

Chitosan/CNT 0.5% 31.66 1.2188 0.2207 

Chitosan/Fullerene 14.28 0.755 0.3071 

Chitosan/Fullerene 18.05 0.8623 0.294 

Chitosan/Graphene 23.95 1.0551 0.2562 

Chitosan/Graphene 28.1 1.1339 0.2461 

 

4.3.4 Degradation Behavior 

Biodegradable hydrogels are more desired than non-degradable hydrogels for most 

biomedical applications since the former do not require an additional step of surgery to remove 

the implanted hydrogel. Studying and predicting the rate of hydrogel degradation are essential 

factors for successful application of these degradable hydrogels as drug delivery systems and 
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help in the design of implants with optimal degradation profiles that result in proper rates of drug 

release and hence maximize therapeutic effects [201]. 

Hydrogel degradation has been stated to have a vital impact on drug release behavior. 

The hydrophilic nature of hydrogels allows them to absorb a large amount of aqueous solution 

and causes degradation through different mechanisms such as erosion, hydrolysis, 

solubilaization, etc. However, the nature and chemical interactions of polymers can hinder the 

degradation dynamic. Chitosan degradation in the presence of enzymes has been reported widely 

in the literature. Furthermore, in vitro degradation behavior of chitosan in the presence of 

enzymes such as lysozyme showed more similarity to the in vivo degradation. Chitosan 

degradation also depends on the degree of deacetylation, whereby a higher DDA shows a longer 

residence time (up to several weeks), and a lower DDA indicates a shorter residence time. 

Consequently, a shorter residence time results in inflammatory cell initiation, while a longer 

residence time shows no detectable inflammation. 

Results of the degradation behavior of chitosan-based hybrid hydrogels are shown in 

Figure 4.32. It can be seen that the presence of lysozyme amplified the degradation rate in all 

samples. Also, the inclusion of nanoparticles indicated a decrease in weight loss. While chitosan 

hydrogels in the presence of lysozyme degraded about 60% in three weeks, the nanoparticle-

loaded chitosan hydrogels had a degradation value of 20 to 36%. These results confirm that the 

interaction between chitosan and nanoparticles improves the biological properties. 
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(a) CN-CNT without lysozyme 

 
 

 
(b) CN-CNT with lysozyme 

 
Figure 4.32: Degradation behavior of chitosan-nanoparticle hybrid hydrogels  
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(c) CH-fullerene without lysozyme 

 
 

 
(d) CH-fullerene with lysozyme 

 
Figure 4.32: (continued) 
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(e) CH-graphene without lysozyme 

 
 

 
(f) CH-graphene with lysozyme 

 
Figure 4.32: (continued) 
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4.3.5 In Vitro Methotrexate Release 

For the in vitro release studies of methotrexate, the methotrexate-loaded hybrid hydrogels 

were immersed in PBS solution at pH = 7. This study was conducted at a constant temperature of 

37°C under a low-rate shaking condition. The amount of released methotrexate at different time 

intervals was measured by UV-Visible spectrophotometer. The maximum absorbance of 

methotrexate was found to be at the 303-nm wavelength. The calibration curve for methotrexate 

at different concentrations is shown in Figure 4.33. The absorbance graphs are presented in 

Appendix A, Figures A.17–A.23. 

 
 

Figure 4.33: Calibration curve of MTX absorption vs. concentration 
 
The cumulative MTX release from chitosan hybrid hydrogels is shown in Figure 4.34 for 

7 days in vitro. It can be seen from the graphs that the initial burst release decreased with the 

addition of nanoparticles. MTX release from the plain chitosan hydrogel was 24.7% in the first 4 

hours, while adding 0.1% of CNT, fullerene, and graphene decreased the MTX release to 12.9, 

15.2, and 13.0%, respectively. With increasing the concentration of nanoparticles in the 
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hydrogel’s matrix to 0.5%, the initial burst release decreased to 6.09, 6.75 and 5.32% for CNT, 

fullerene, and graphene, respectively. The release rate decreased by time, and the MTX release 

profile showed a similar trend for plain and nanoparticle-infused chitosan hydrogels. This trend 

can be explained by partial adsorption of MTX onto the surface of the hydrogels during gelation, 

which is the initial burst release, and the rate of the MTX release decreased due to the receding 

MTX in the gel matrix. Also, the decrease in the MTX concentration gradient (dC/dx) is another 

reason for the slowing of the MTX release rate over time. Increasing the amount of nanoparticles 

in the hydrogel matrix resulted in extensive bonding, and therefore a rigid network was formed. 

Evidently, the diffusion of MTX from a rigid network is slower than a loose network. Decreasing 

the release behavior, especially reducing the amount of burst release, is desired for drug delivery 

applications and allows the therapeutic drug to be maintained at a satisfying therapeutic level for 

a prolonged period of time [16, 157]. 

 
(a) CH-CNT 

 
Figure 4.34: Release of methotrexate from chitosan hybrid hydrogels  
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(b) CH-fullerene 

 

 
(c) CH-graphene 

 
Figure 4.34: (continued) 
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Furthermore, in order to understand the in vitro release kinetics (or pharmacokinetics) of 

methotrexate from the chitosan hydrogels and nanohybrid hydrogels, the drug release data was 

fitted into a suitable model, the Korsmeyer-Peppas model, which, based on the literature and 

from the trend of the release profiles, seemed to be a fitting model. 

 ntM
Kt

M

  (4.17) 

where Mt /M∞ is the fraction of drug release at time t, K is the release rate constant, and n is the 

release exponent. 

In order to fit the data into the model, A Solver tool on Excel 2013 (Microsoft® 

Corporation, Redmond, WA, USA) was used, and the release rate constant (K) and the release 

exponent (n) were measured as well as the correlation coefficient. results are shown in table 4.4. 

The graphs of the curve fitting are presented in Appendix A.  

TABLE 4.4 
 

RELEASE RATE CONSTANT (K) AND CORRELATION COEFFICIENT (R2) FOR 
CHITOSAN HYBRID HYDROGELS 

 

 K n R2 

Chitosan 17.3 0.18 0.998656 

Chitosan/CNT 0.1% 9.0 0.17 0.999709 

Chitosan/CNT 0.5% 7.6 0.17 0.999873 

Chitosan/Fullerene 0.1% 10.9 0.16 0.999658 

Chitosan/Fullerene 0.5% 8.3 0.15 0.999876 

Chitosan/Graphene 0.1% 9.1 0.16 0.99977 

Chitosan/Graphene 0.5% 7.4 0.18 0.999803 

 
In 1983, Korsmeyer et al. described the drug release from a polymeric system with a 

simple model, which is now known as the Korsmeyer-Peppas model [202]. This model fits well 
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for cylindrical shape matrices, and the mechanism of drug release is characterized by the value of 

the release exponent (n). If n is ≤ 0.45 the mechanism of release will be through Fickian 

diffusion, while 0.45 < n < 0.89 corresponds to non-Fickian transport. The following assumption 

has been made in this model: 

 This model is effective for short times, and the region of release curve where Mt/M∞ < 

0.6 should be used to determine the exponent “n.” 

 The release of drug occurs in a one-dimensional direction. 

 The ratio of length to height of the drug release system should be ≥ 10 [203]. 

All of these assumptions were consistent with the drug delivery systems in this 

dissertation. Therefore, based on the obtained values of “n” shown in Table 4.4, it can be 

concluded that the MTX release from all the chitosan hybrid hydrogels had a Fickian diffusion 

behavior and the addition of nanoparticles did not change the mechanism of drug release in the 

hydrogels. 

4.2.6 In Vitro Anti-Tumor Activity  

In this work, the anti-proliferative effect of prepared hydrogels loaded with methotrexate 

on MCF-7 breast cancer cell lines using almarBlue® assay was investigated. The percent 

reduction of alarm blue agent was converted to percent cell viability. The graphs showing cell 

viability for MTX-loaded hydrogels are shown in Figure 4.35. Results show that metabolic 

activity decreased significantly when cells were cultured with methotrexate-loaded hydrogels. It 

can also be seen that the addition of nanoparticles did not change the proliferation of cells except 

the higher concentration of CNT, which reduced cell proliferation. However, the effect of the 

addition of the MTX effect on the cells was still noticeable and cancer cells showed a 50% 

decrease in viability when the CNT-chitosan hydrogels were loaded with MTX.  
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(a) Nanohybrid hydrogels containing 0.1% nanoparticles inclusion 

 

 
(b) Nanohybrid hydrogels containing 0.5% nanoparticles inclusion 

 
Figure 4.35: Anti-tumor efficiency of MTX-loaded chitosan hybrid hydrogels 
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Chitosan hydrogel containing 0.1% fullerene showed 21% decrease in cell proliferation; 

however, increasing the fullerene concentration to 0.5%, dropped the cell viability percentage to 

43%. The reason for this behavior, as explained in the literature, can be described by the anti-

proliferative effect of fullerene against human breast cancer cells including MCF-7. The anti-

proliferative behavior of fullerene has been ascribed to the antioxidant and free radical scavenger 

effect of fullerene, which can alter and redox the state of the cell [204]. The addition of graphene 

also showed a good cell viability without the MTX, and when loaded with MTX, cell viability 

decreased by 15% and 24% with 0.1% and 0.5% of graphene concentrations, respectively. These 

results are also in compliance with results from the cell viability section. 
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CHAPTER 5 
 

CONCLUSION 
 
 

Early diagnosis and having a targeted and sustained therapeutic delivery system would 

significantly improve the efficacy of cancer therapy [28]. Hydrogels have shown very unique 

properties that allow them to play a major role in biomedical applications. With the growing 

interest and effort dedicated to controlled therapeutic drug release, the applications of hydrogels 

will continue to grow in the future, and research on developing novel hydrogels is essential [10]. 

Among various types of hydrogels, injectable thermosensitive hydrogels formed by the sol-gel 

phase transition have recently been paid much attention since they can form gel spontaneously 

with the employment of body temperature [9]. In particular, chitosan-based thermosensitive 

hydrogels have notable potential as drug carriers for controlled-release applications [15]. 

Furthermore, with advances in nanotechnology, significant interest has been paid to the 

development of nanocomposite hydrogels for various biomedical applications, including drug 

delivery. Nanocomposite hydrogels, also known as hybrid hydrogels, are composed of hydrated 

polymeric networks, crosslinked with each other and/or with nanoparticles or nanostructures, 

either chemically or physically. Carbon-based nanoparticles are one of the major groups of 

nanostructured materials that can be reinforced within the polymeric matrix of hydrogels and 

improve mechanical, thermal, and electrical properties [96]. 

In this work, thermosensitive chitosan hydrogels with three types of nanomaterial 

inclusions—carbon nanotubes, graphene, and fullerene—were successfully fabricated. The 

surface morphology was analyzed using SEM, and it was found that increasing the nanoparticle 

concentration increased porosity and surface roughness. Contact angle results showed 

nanoparticles increasing the hydrophobicity; where chitosan hydrogel films had a contact angle 
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of 82º, the addition of nanoparticles increased the contact angle up to 91º. The hydrophobicity of 

hydrogels lowers the degradation rate and consequently will provide a slower drug release 

behavior. Also, the work of adhesion was calculated, and it was found that chitosan-graphene 

hydrogel film had the lowest work of adhesion value. The lower the work of adhesion increases 

the time for cell attachment and cell viability. 

Rheology measurements were performed for characterizing the mechanical properties of 

hybrid hydrogels. The temperature sensitivity of gel formation was confirmed, and it was proven 

that all the hydrogels studied here are created at temperatures close to the physiological 

temperature and therefore are potential materials for biomedical applications. The gel formation 

was rapid, and all the solutions began transferring to a gel state within 4–8 minutes, meaning that 

these hybrid hydrogels are injectable and have an in situ-forming behavior. It was also concluded 

that all the hybrid hydrogels investigated in this study are physical and weak gels, which makes 

them promising for drug delivery applications as well as tissue engineering substrates. 

The almarBlue® assay was used to perform cell viability tests to confirm the 

biocompatibility of the prepared nanoparticle-chitosan-based hybrid hydrogels. The cell-seeded 

hydrogels showed high cell viability—from 80% to 100%. Chitosan-carbon nanotube hydrogels 

showed the lowest cell viability, and chitosan-graphene hydrogels had the highest cell viability. 

The swelling behavior of the prepared hybrid hydrogels showed that CNT and graphene 

inclusions improved the swelling behavior, while the addition of fullerene decreased the swelling 

ratio. The reason for the lower swelling ratio of chitosan-fullerene hydrogels can be attributed to 

the formation of hydrophobic regions in the hydrogel matrix as the result of adding fullerene. 

The swelling kinetics of the nanoparticle-chitosan hydrogels was found to follow Fickian 

behavior. 
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The in vitro degradation behavior of the prepared hydrogels with and without the 

presence of lysozyme was assessed. As expected, the rate of weight loss of the hydrogels was 

higher in the presence of lysozyme. Moreover, the inclusion of nanoparticles lowered the 

degradation rate. However, the higher concentration of nanoparticles (0.5%) showed a higher 

degradation rate compared to the lower concentration of nanoparticles (0.1%). Yet the addition 

of 0.5% nanoparticles improved the weight loss of chitosan hydrogel up to 52%. 

The release behavior of methotrexate from the chitosan-based nanohybrid hydrogels was 

investigated, and the amount of cumulative release was found to decrease with the addition of 

nanoparticles to chitosan hydrogels. This provides a slower and more controllable release 

behavior and will also allow for the potential of electrical stimuli release behavior. The release 

behavior is thought to take place by diffusion for all four types of chitosan-based hydrogels 

evaluated in this study. 

The anti-tumor effect of nanohybrid hydrogels on breast cancer cells was also evaluated. 

The results of this study showed that the hydrogels loaded with methotrexate could inhibit the 

growth of MCF-7 breast cancer cells. The cancer cell viability showed that the addition of 

methotrexate to the hydrogels prohibited the growth of calls, while the addition of nanoparticles 

reduced the cell viability of cancer cells up to 50%. These results are consistent with 

methotrexate release-behavior results. These outcomes showed the significant anti-tumor activity 

of methotrexate via a local targeted delivery system without the requirement of a surgical 

procedure for implantation. In this study, methotrexate was delivered via an injection of a liquid 

formulation. In this regard, the injectable chitosan nanohybrid hydrogels can deliver the anti-

cancer activity of methotrexate via a simple injection, and therefore can be considered as a 

promising delivery method for a local targeted and sustainable chemotherapy.  
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CHAPTER 6 
 

FUTURE WORK 
 
 

The chitosan-based nanohybrid hydrogels studied in this work need to be further 

optimized and improved to develop them into sustained and controllable release carriers for 

different types of drugs. For each specific drug and drug carrier, a systematic evaluation of 

various factors, including physiological properties of drugs that may affect their transport 

behavior, would be significant. 

The excellent electrical properties of the carbon-based nanoparticles used in this study 

can provide an electrical stimulation drug-release behavior. An electrical stimulation drug 

delivery system can be triggered to release drug in vivo. This technique facilitates greater control 

over drug delivery, and allows the change and modification of release behavior of therapeutic 

agents in response to changing therapeutic needs. 

All of the carbon-based nanomaterials used in this study can be functionalized, which has 

proven that their dispersion issues can be improved. The effect of functionalization on the 

mechanical and biological properties can be investigated. Crosslinking behavior might be 

affected by the functionalization method and is dependent on the method of functionalization. 

Although in vitro studies provide an insight and indication of the bio-nanomaterials, in 

vivo tests are vital for establishing a path through clinical trials. In order to design a clinical 

testing outline, additional experimental studies are required to issue the nano structural materials 

in clinical trials, studies such as their in vivo biodegradability or biostability, their functional 

performance, and their potential long-term toxicity. The vascular response and compatibility and 

recovering conditions should also be included in the in vivo evaluation. Finally, it is necessary to 
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use diverse animal models to provide persuasive and convincing experimental records to 

demonstrate the efficacy of nano-structured hybrid hydrogels in drug delivery applications.
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APPENDIX 
 

ADDITIONAL AND COMPLEMENTARY DATA 
 
 

Figure A.1 shows the XRD pattern of β-glycerophosphate, which has been explained in 

section 4.1.5. Figures A.2 to A.9 show the strain sweep behavior of plain chitosan and chitosan-

nanoparticles hydrogels at two different temperatures (25°C and 37°C) in order to determine the 

LVER parameters. Figures A.10 to A.16 present the logarithmic relationship between swelling 

ratio and time in order to evaluate swelling parameters. Figures A.17 to A.23 exhibit the fitting 

of MTX release results into the Korsyer-Peppas model. 

 

 

Figure A.1: XRD diffractogram of β-glycerophosphate 
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Figure A.2: CH solution strain sweep at 25°C 

 

Figure A.3: CH hydrogel strain sweep at 37°C 
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Figure A.4: CH-CNT solution strain sweep at 25°C 

 

Figure A.5: CH-CNT hydrogel strain sweep at 37°C 
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Figure A.6: CH-fullerene solution strain sweep at 25°C 

 

Figure A.7: CH-fullerene hydrogel strain sweep at 37°C 
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Figure A.8: CH-graphene solution strain sweep at 25°C 

 

Figure A.9: CH-graphene hydrogel strain sweep at 37°C 
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APPENDIX A (continued) 

 

Figure A.10: Chitosan logarithmic dependency of swelling ratio and time 

 

Figure A.11: Chitosan-CNT 0.1% logarithmic dependency of swelling ratio and time 
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Figure A.12: Chitosan-CNT 0.5% logarithmic dependency of swelling ratio and time 

 

Figure A.13: Chitosan-fullerene 0.1% logarithmic dependency of swelling ratio and time 
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Figure A.14: Chitosan-fullerene 0.5% logarithmic dependency of swelling ratio and time 

 

Figure A.15: Chitosan-graphene 0.1% logarithmic dependency of swelling ratio and time 
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Figure A.16: Chitosan-graphene 0.5% logarithmic dependency of swelling ratio and time 

 

Figure A.17: Cumulative release modeling of chitosan hydrogel 
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Figure A.18: Cumulative release modeling of chitosan-CNT 0.1% hybrid hydrogel 

 

Figure A.19: Cumulative release modeling of chitosan-CNT 0.5% hybrid hydrogel 
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Figure A.20: Cumulative release modeling of chitosan-fullerene 0.1% hybrid hydrogel 

 

Figure A.21: Cumulative release modeling of chitosan-fullerene 0.5% hybrid hydrogel 
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Figure A.22: Cumulative release modeling of chitosan-graphene 0.1% hybrid hydrogel 

 

Figure A.23: Cumulative release modeling of chitosan-graphene 0.5% hybrid hydrogel 


